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We consider the possibility that the solar wind emits photons via bremsstrahlung when colliding with
dark matter particles within the Solar System. To this effect, we calculate the bremsstrahlung spectrum that
a proton would emit when colliding with a neutral spin-1=2 particle through the exchange of a scalar
neutral particle. We assume a speed of 600 km=sec for the solar wind and assume that the speed of the dark
matter halo is due to the motion of the Sun through our Galaxy, which we take as 300 km=sec. We assume a
dark matter density of 0.3 GeV=cm3 and a solar wind composed primarily of protons with a total rate of
ejection mass set at 109 kg=sec. We use a Monte Carlo technique to let this interaction take place within the
Solar System and calculate the photon rate an observer would detect on Earth or at the edge of the Solar
System as a function of photon energy. We find that the rates are in general very small but could be
observable in some scenarios at wavelengths in the mm range at a telescope like ALMA; this could lead to
interesting constraints on couplings and masses.
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I. INTRODUCTION

About one year ago, Xenon1T reported a clean signal
above known backgrounds [1]. This measurement triggered
a flurry of activity aiming at explaining this signal in the
context of dark matter (DM) [1–5] or others [6,7]. Xenon1T
is one of several direct detection cryogenic detectors [8–13]
where the DM particle interacts directly with the nucleus of
the detector and one records its recoil [14–16]. There are
also direct detectors where the energy deposited by the DM
particles causes the explosion of a superheated droplet
embedded in a gel and one simply records the sound wave
[17–20]. The direct detection approach suffers from a mass
threshold: when the mass of the DM particle becomes small,
it becomes very difficult for the DM particle to deposit
enough energy in the nucleus to produce a detectable signal.
In order to overcome this low mass threshold, new mech-
anisms based on theMigdal effect use the effect of the recoil
of the nucleus on the electronic cloud [21–30] or the
bremsstrahlung photon that could result from this interaction
[31]. Another avenue is to explore the possibility that theDM
particles be upscattered by more energetic particles such as
neutrinos [32] or cosmic rays [33,34].
The indirect detection approach relies on the gravita-

tional pull of massive bodies that could lead to the

accumulation of DM particles in their core, be they the
Earth, the Sun or the Galaxy. This increase in density will
lead to an enhanced probability of the annihilation of a DM
particle antiparticle which would then produce standard
particles that could be detected on Earth [35]. The presence
of DM inside the Sun would have an effect on its behavior
and some interesting limits on axion-photon couplings have
been obtained from a global fit to solar data, including
helioseismology [36]. Allowing both the accumulation of
DM particles inside the Sun and their interaction with
electrons would lead to DM upscattering off the electrons
and possibly interesting rates on Earth of DM energetic
enough to produce a signal in the direct detection experi-
ments [37]. A similar accumulation could take place within
exoplanets and would affect their evolution [38].
The presence of DM in the early Universe will also have

an effect on its early evolution [39] and could produce a
distortion in the cosmic microwave background at recom-
bination [40] as well as affecting the evolution of galaxies
and their satellites later on [41].
Recently, an Earth-scale detector called GNOME [42]

reported a first null result from a relatively short operation
time aiming at measuring a topological defect due to an
axionlike particle field propagating through space [43]. The
signal from such a field as the Earth crosses it would be a
slight perturbation in high precision/sensitivity instruments
such as atomic clocks occurring at slightly different instants.
DM particles could also be produced at high energy

colliders such as the LHC [44,45].
In this paper, we calculate the bremsstrahlung photon

flux one would receive from the collision between a proton
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from the solar wind and a DM particle in the vicinity of the
Solar System. We consider space itself as a collider whose
collision angle and luminosity will vary throughout the
Solar System. We neglect cosmic magnetic fields and
assume that the solar wind travels in straight line at a
speed of 600 km= sec (βM ¼ 0.002). We consider that
protons constitute most of the solar wind and the ejection
mass rate from the Sun is set at 109 kg= sec ¼ Rsw. We
assume that the dark matter has a density of 0.3 GeV=cm3

[46–48] and that it is at rest in our part of the Galaxy; its
relative motion is due to the motion of the Sun, which we
take as 300 km= sec (βDM ¼ 0.001).
In the following sections, we describe some technical

points before presenting our results and conclusions.

II. PROCEDURE

The process we are interested in is

pðpÞ þ qðqÞ → pðp̄Þ þ qðq̄Þ þ γðkÞ; ð1Þ

where p is the proton, q is the DM particle and γ is the
photon. As it is a three-body final sate, we will use a
Monte Carlo technique to calculate this spectrum.
Bremsstrahlung has been studied by Bethe and Heitler in

the context of a charged particle colliding with a much
more massive particle; for example, a proton impinging on
a heavy nucleus [49,50]. This process is still of interest as
higher corrections are added to the original work [51–56].
Processes where a hard photon is produced through the
interaction of a particle with a DM particle have been
studied recently [57,58], but the bremsstrahlung we study
here is a little different in that it is due to the exchange of a
light neutral particle. When a proton collides with an atom,
it does not feel an important positive charge until it is well
inside the electronic cloud and feels the full nuclear electric
charge when it is inside the innermost electronic shell. This
takes place at a distance that is less than 0.053 nm since
the average value of r is a0

2Z ð3n2 − lðlþ 1ÞÞ. With DM, it
does not see the object until it is within the range of
the messenger scalar, which is about 2 × 10−15 m for a
messenger of 0.1 GeV.
In order to calculate the photon flux, we will proceed as

follows:
(1) Using a Monte Carlo technique based on the

matrix element of the process at hand, we build
the distribution d2σ=dEγd cos θγ for several collision
angles between the proton and the DM particle.

(2) We pick an observation point with an observation
cone of a given opening angle and orientation:
we will consider two observation points and four
orientations.

(3) Using a Monte Carlo technique, we scan the
observation cone in a random and uniform way.

Each observation point within this cone defines
completely all angles and distances of the collision.

(4) Since we have calculated d2σ=dEγd cos θγ for that
given colliding angle and outgoing photon angle, we
select σ at random within the distribution and read
the corresponding Eγ for this event.

(5) Multiplying this partial cross section by the lumi-
nosity L at that position and different geometrical
parameters that take into account the fact that the
photon can be emitted anywhere on a cone of angle
θγ and will not necessarily reach the Earth, we obtain
Φγ and Eγ for this event.

(6) Averaging the distribution produced within the cone
and multiplying by the number of independent
colliders in the cone, given by Vcone=Vaccelerator, will
give the desired flux.

We set our axes such that the Sun is at the origin, the
Earth is along the positive y axis and its rotation around the
Sun is from the positive x to the positive y axes.

III. MATRIX ELEMENT

We consider a relatively simple, generic model where a
proton scatters off a neutral spin-1=2 DM particle through
the exchange of a scalar neutral DM particle. We set the
mass of the proton at 1 GeV. The DM masses and the
couplings are free: p − p −DMexchange ¼ λ andDMcollide−
DMcollide −DMexchange ¼ Λ, where DMcollide is the DM
particle that collides with the proton and DMexchange is
the DM particle exchanged between the proton and the
DMcollide particle. Since we do not take into account the
spin of the proton, the only angles that can be defined in
the process are with respect to β⃗M: θDM, the angle between
the incoming proton and the DM particle, and θγ, the angle
of the outgoing photon with respect to the incoming proton,
are the relevant angles of the process since we do not
observe neither the proton nor the DM particle after the
collision.
As the speeds of the colliding particles are small, we

have a nonrelativistic problem where the maximum energy
of the photon is

Emax
γ ¼ ð1=2ÞðMMMDMÞðβ⃗M − β⃗DMÞ2

MM þMDM
; ð2Þ

where M as a subscript stands for matter or proton in
our case.
We are mostly interested in the low energy part of the

photon spectrum: the eV and sub-eV scale. As is well
known [59–61], bremsstrahlung processes tend to diverge
if we let the energy of the photon go to 0, the divergencies
being canceled by the higher order corrections. In our case,
we set the minimal energy of the photon at 10−10 GeV. The
null mass of the photon is potentially a numerical problem;
in order to avoid numerically negative photon masses and
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instabilities, we give a mass to the photon (k2 ¼ m2
γ ) and

include the extra terms in the matrix element that come
with this mass: the summation over polarization states is
(gμν − kμkν=m2

γ ). We have verified that masses between
10−13 and 10−16 GeV give identical results, but a mass of
10−11 GeV does not; we worked with 10−14 GeV.
At this point, when considering a head-on collision

process and varying the incoming energies of the colliding
particles, we observe the usual behavior of bremsstrahlung
photons as having a slightly enhanced emission probability
at a right angle at low energy and peaking more and more in
the forward direction at higher energies.

IV. MONTE CARLO TECHNIQUE

Clearly, in the process that we want to study, the solar
wind will not be in a head on collision with the DM. We
then modify the boost factor of our center of mass system
(CM) to take into account the angle of incidence of the DM
[50,62,63]. In every collision, the motion of the solar wind
particle defines our positive z0 axis. The angle between the
matter particle and the DM particle θDM is defined such that
a head-on collision corresponds to θDM ¼ 0 and collinear
collision corresponds to θDM ¼ 180. We then consider a
boost factor at a given angle θDM:

β⃗CM ¼ ð−qx0 ;−qy0 ; pz0 − qz0 Þ=ðp0 þ q0Þ ð3Þ

and

χCM ¼ ð1=2Þ logðð1þ βCMÞ=ð1 − βCMÞÞ; ð4Þ

where χ is the rapidity factor of the process. The
Mandelstam variable s≡ ðpþ qÞ2 becomes

s ¼ M2
M þM2

DM

þ 2MMMDMγMγDMð1þ βMβDM cosðθDMÞÞ; ð5Þ

where γM and γDM are the usual relativistic parameters.
Taking these into account, we use a Monte Carlo

technique to build the different distributions. The distribu-
tions are dσ=d cosðθγÞ; dσ=dEγ and d2σ=d cosðθγÞdEγ;
where Eγ is the energy of the emitted photon and θγ is
the photon angle with respect to the positive z0 axis, i.e., the
incoming matter particle. The energy distribution con-
verges very smoothly, but the angular distribution, due
to the three-body final state, is slower to converge and
required 2 × 109 events to reach a relatively clean distri-
bution. There was still a fairly large spread in the amplitude
of the angular distributions and we used a fifth-order
smoothing algorithm [64]:

yi ¼
1

35
ð−3yi−2 þ 12yi−1 þ 17yi þ 12yiþ1 − 3yiþ2Þ: ð6Þ

After 150 iterations, the spread is reduced by about a factor
5 and keeps the general features of the original distribution
as can be seen on Fig. 1 where the narrow band is the final
distribution.
The doubly differentiated distribution d2σ=d cosðθγÞdEγ

is the most important in what follows. In order to study the
interaction of the solar wind with the DM halo, we built this
distribution for collision angles (θDM) from 0° to 180° by
increments of 10°; we have then 19 distributions.

V. SCANNING THE SOLAR SYSTEM

Once we have these distributions, we let the solar wind
scatter off the DM in the Solar System and beyond. We first
pick an observation point from which originates an obser-
vation cone of a given opening angle (δC), length and
orientation; all photons observed must be produced within
this cone. Once we have picked a collision point at random
within the cone, all angles and distances are well defined:
θDM, θγ, R⃗ (the vector from the observation point to the

collision point) and D⃗ (the vector from the Sun to the
collision point).
We build the photon flux (Φ in 1=m2 sec) as

dΦ
dEγ

¼ 1

N

�
dΦ
dEγ

��
Vcone

Vcollider

�
; ð7Þ

where

�
dΦ
dEγ

�
¼

�XN
i¼1

�
d2σ

d cosðθγÞdEγ

�
i

·Gi

����� cosðθγ Þi¼
cosðθEarthγ Þi

����
r̂i∈cone

ð8Þ

and

FIG. 1. Angular distribution before and after smoothing; the
narrow band is the final distribution.
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Gi ¼
ðΔ cosðθγÞÞiLi

2πðR sinðθγÞÞiðRΔθγÞiÞ
: ð9Þ

Li is the luminosity at the colliding point, r̂i is a unit vector
from the observation point to the colliding point, Δ cosðθγÞ
is the width of the bin previously defined, and Δθγ is the
angular width of the band that we consider at the Earth. Gi
takes into account the fact that the photon is emitted on a
cone of angle ðθγÞi and will not necessarily reach the Earth.
Once the cone has been sampled and averaged, we multiply
by the number of independent accelerators that we have in
our cone.
The Sun is at the origin of our coordinate system and our

observation point is along the positive y axis; this is R⃗o. We
define the elevation angle of the observation apparatus as θ
above the ecliptic plane and ϕ from the positive y axis
towards the positive x axis. The aperture of the observing
apparatus defines the opening angle of the observing cone;
δC such that the total angle of the cone is 2δC. We will
use δC ¼ 40°.
In order to sample the cone in a uniform and random

manner, we embed the cone in a cube (x00; y00; z00) tailored to
the cone and produce random numbers within each axis of
the cube. We keep the events that fall within the cone and
do not take into account those that lay outside of our cone.
Due to the 1=D2 behavior of the solar flux that will appear
later in the luminosity and the 1=2π R sin θγ RΔθγ behav-
ior of the area of the ring where the photon can be emitted,
one expects that the contribution of very far away colliders
will decrease and, therefore, when building our distribu-
tions, we should reach a plateau, a maximum photon flux
once the length of our cone of integration reaches a certain
value. Numerically, we should even observe a decrease in
the amplitude of the distributions if we increase the length
of the cone since integration up to very far distances would
take a very large number of events in order to scan properly
the regions that contribute most. We observe this behavior
in our distributions. We should also observe an increase in
the number of photons when we increase the opening angle
of the observational cone; this relation is not so straightfor-
ward though as the emission of the bremmstrahlung photon
is not uniform in the collision process and some regions
of the observation cone might be better at producing
photons than others. We also observe this behavior in
our distributions.
In order to scan the cone, we proceed as follows: our

observation point is at the origin of our x00 − y00 − z00 frame
where we generate coordinates at random. This frame has
the same orientation as our observation cone and its x00 axis
corresponds to our x axis (we set ϕ ¼ 0). The cone is
simply rotated by a certain angle around its x00 axis. Once
the ðx00; y00; z00Þ coordinates are generated at random, we
have R⃗, the vector from the observation point to the
colliding point. It is then straightforward to define the

vectors that define the position of the observation point and
the collision point. We consider four such rotations:
(1) 45°: we look 45° above the ecliptic with our back to

the Sun.
(2) 90°: we look 90° above the ecliptic plane.
(3) 135°: we look 45° above the ecliptic plane and partly

toward the Sun.
(4) 180°: we look directly at the Sun but we exclude a

cone of 2° full angle in order to exclude the Sun
itself.

The relevant vectors are then

R⃗o ¼ ð0; Ro; 0Þ; D⃗ ¼ R⃗o þ R⃗;

V⃗DM ¼ βDMð0;−1; 0Þ; V⃗M ¼ βMðDx;Dy;DzÞ=jD⃗j:

In this work, we assume that the DM is incoming along
the −y axis; the motion of the Sun is in the direction of the
ecliptic plane towards the Earth. The angles θDM and θγ are
obtained from the scalar products

cosðψÞ ¼ D⃗ · V⃗DM

DVDM
and cosðηÞ ¼ D⃗ · R⃗

DR

From these definitions we have θDM ¼ π − ψ and
θγ ¼ π − η.

VI. PROBABILITY FOR THE OUTGOING
PHOTON TO BE EJECTED WITH A GIVEN

ENERGY

Once these angles are determined we go back to the
distributions we built previously and pick the one
that corresponds to the correct value of θDM; i.e., the
d2σ=d cosðθγÞdEγ that corresponds to our value of θDM.
Within this distribution, we pick the specific row that
corresponds to the correct value of θγ . This row represents
the distribution dσ=dEγ for θDM and θγ fixed by the position
of the collision point. Within this distribution, we consider
the highest possible value of the differential cross section and
pick a number at random between 0 and 1 tomultiply it with.
Since the cross section (differential or total) represents the
probability that a given process takes place, multiplying this
maximum value by a random number between 0 and 1 will
give the probability that the wanted process take place. We
then read the corresponding value of the photon energy.
We now have the cross section (or probability) that a photon
be produced at a given angle with a given energy when a
proton of a given energy collides with a DM particle of a
given energy at a given incoming angle.

VII. LUMINOSITY

The luminosity (1=m2 sec) depends on the densities and
velocities of the colliding particles and also on the colliding
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angle [65,66] We assume a uniform density of the dark
matter cloud within our region of the Galaxy and set it at
0.3 GeV=cm3. Regarding the solar wind, we assume that
the Sun emits a certain amount of material in space every
second: we set it at 109 kg= sec and assume that it is mostly
protons. We also include the usual 1=D2 behavior of the
solar flux, which leads to a decreasing density of the
solar wind but we assume that this density is constant over
the 600 km that our solar wind travels in one second.
Essentially, we consider a beam of uniform density over
600 km in length and 1 meter in cross section. Since the
interaction rate is rather small, we do not take into account
the depletion of the solar wind flux as it travels through
space. In these conditions, the required kinematical factor is
given by

K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðβ⃗M − β⃗DMÞ2 − ðβ⃗M × βDMÞ2

q
; ð10Þ

so that the luminosity is given by

L ¼ ρMρDMLxLyvMvDMΔt � K; ð11Þ

where Lx and Ly are the transverse sections of the beam,
which we take as 1 m, and Δt is the timescale of the
collision, which we take as 1 second. ρM is the density of
matter (protons) at the collision point, given by

ρM ¼ Rsw=mproton

4πD2vM
;

and ρDM is the density of dark matter particles at the
collision point in 1=m3.
In order to get the final spectrum from this observation

cone, we divide the distribution that we just built by the
number of events used (which gives us the average
spectrum) and then multiply by the number of independent
accelerators within this cone: Vcone=Vcollider. We take
Vcollider ¼ ð600000þ 300000Þ m3. This procedure is jus-
tified since the distances travelled by our particles in
1 second are very much smaller than the distances at hand:
we would need to consider ∼1028 collision points for our
colliders to begin to overlap within the cone. This pro-
cedure is also symmetric both from the point of view of the
matter and from the point of view of the DM particle. We
neglect the effect encountered when θDM ¼ 180, in which
case the two volumes would overlap.

VIII. FREE PARAMETERS

There are five free elements in this scenario: two DM
masses, two DM couplings and the density of DM particles
in the Galaxy. Clearly, the couplings and the density of the
DM particles in the Solar System simply factor out as ρDM
and λ2Λ2. The mass of the DM particle exchanged in the
process also factors out as 1=m4 since we have a t-channel

process and the photon energies involved are much smaller
than the masses. Regarding the mass of the incoming
DM particle, it does not factor out and we find that the
maximum bremsstrahlung occurs when its mass is about
twice that of the proton so that the proton and the colliding
DM particle have about the same momentum. The angle of
the observation cone also factors out, but one has to be
careful because the production volume might depend on the
orientation when this angle becomes small. Therefore, our
results can be scaled up or down by multiplying them by
the following expression:

ðλ2Λ2Þ · ðρDM=ρ0DMÞ · ðRsw=R0
swÞ · ðtanðδCÞ=tanðδ0CÞÞ2

ðMexchange=0.1 GeVÞ4 ;

whereR0
sw ¼ 109 kg= sec, ρ0DM ¼ 0.3 GeV=cm3, δ0c ¼ 40°.

IX. RESULTS AND SIGNAL

We consider two observation points: one at 1 au (the
Earth) and another at the edge of the Solar System, at 50 au
(note that when looking directly at the Sun from 50 au,
reducing the exclusion cone from 1°, as it was at 1 au to
1=50° has very little effect). We also consider two scenar-
ios: in the first one (scenario A), the colliding DM particle
has a mass of 2 GeV and the exchange particle has a mass
0.1 GeV. Such scenarios have been considered as secluded
weakly interacting massive particle dark matter and some
models allow excited state [67–69]. In the second scenario
(scenario B), the colliding particle and the exchange
particle have the same mass. In scenario A, we use the
mass of the colliding particle to calculate the density of DM
particles (ρDM). We also considered several lengths and
opening angles of the observational cone and verified that
our distributions behaved as expected.

The result is Figs. 2–5, which represent dΦγ

dEγ
vs Eγ where

dΦγ

dEγ
is in 1=m2 sec eV and Eγ is in eV; recall that the visible

spectrum is from 1.6 to 3.2 eV. One notes the following:
(1) All curves exhibit a straight line at low photon

energy but show some noise at higher energy; the
higher energy part of the spectrum converges more
slowly. One obtains such straight lines from the
classical Bethe-Heitler spectrum [50] if plotted on
log-log axes.

(2) The rate at 45° is substantially smaller than the rates
at 90°, 135° and 180°.

(3) The rates at 90°, 135° and 180° are very similar.
(4) All slopes at 1 au are very similar, at about

−3.2 1=m2 sec eV2, for both scenarios
(5) The slopes at a distance of 50 au are also very similar

to those at 1 au.
(6) The rate at 50 au when looking at the Sun is similar

to the rate at 1° au and 45° with a behavior similar to
that of 1 au when the observation angle changes.
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The straight lines indicate that

dΦðEγÞ=dEγ ¼ ϒ0ðEγ=E0
γÞ−α → ð12Þ

ΦjEmax
γ

Emin
γ

¼ ϒ0ðE0
γÞα

α − 1

�
1

ðEmin
γ Þα−1 −

1

ðEmax
γ Þα−1

	
; ð13Þ

where ϒ0 (1=m2 sec eV) and E0
γ is some reference point.

From Figs. 2–5, we can extrapolate safely to 0.01 eVand
with caution somewhat below. Using these different
parameters, we obtain Table I, where we give the photon
flux (1=m2 sec) for different scenarios and photon energy
bands. As we have already covered the whole observation
cone, taking into account its opening angle of 40°, we could
say that our units are 1=m2 sec ð0.47πsrÞ. One has to be
careful in scaling because opening or closing the observa-
tion cone at different observation angles might not give the
same result as the productive zones may vary in size at

different observation angles. From Table I, we can see that
the rates are very small over the whole range with the
parameters used here but could become interesting at
wavelengths of mm (with energies in the meV range) in
scenario A, where the mass of the colliding dark matter
particle is about 2 GeV and the mass of the exchanged
particle is about 0.1 GeV. Of course, there is a certain
uncertainty in our extrapolations but we could say that in
scenarios A-180-01 and A-135-01 we could expect a few
1000 photonsm−2 sec−1 at photon energies between 0.1
and 0.5 meV.
The processes studied here would translate into a diffuse

background, without a precise source over a wide fre-
quency range. Our calculations showed that the signal
comes from a region that is relatively close to the Sun:
about 50 au or less. Integrating beyond that point does not
improve the photon flux observed on Earth and in fact
degrades the curves because scanning properly the most

FIG. 2. Photon flux (1=m2 sec eV) vs photon energy (eV) for
1 au-180° (þ), 1 au-45° (x), and 50 au-180° (o) in scenario A.

FIG. 3. Photon flux (1=m2 sec eV) vs photon energy (eV) for
1 au-90° (þ), and 1 au-135° (x) in scenario A.

FIG. 4. Photon flux (1=m2 sec eV) vs photon energy (eV) for
1 au-180° (þ), 1 au-45° (x) and 50 au-180° (o) in scenario B.

FIG. 5. Photon flux (1=m2 sec eV) vs photon energy (eV) for
1 au-90° (þ), and 1 au-135° (x) in scenario B.
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productive volume requires more events as we scan the
whole volume uniformly. Therefore, it would not be
necessary to look very far into space to see our signal.
When the observation point is at the edge of the Solar
System (at 50 au, for example) we integrated up to 100–
125 au. Such a diffuse signal could be difficult to detect and
a plausible strategy could be to consider regions of the
spectrum where there are no or very few known signals
and/or backgrounds. Since we consider the Solar System as
a collider, not only will the collision angle vary from one
interaction point to another, but so will the luminosity. In
these conditions, the cross section for a given colliding
angle is not particularly useful, and the result that is more
significant is the photon flux one could observe at a given
observation point; as given in Table I.
An important parameter of our calculation is the angle of

the cone of interaction, which is related to the field of view.
For a regular telescope, the field of view has little effect on
the number of photons that reach the telescope from a given
star: a wider field of view will increase the number of stars
seen by the telescope but not the number of photons from a
particular star. In the process at hand however, the field of
view is very important as space itself is the collider where
the process takes place: the wider the field of view, the
larger the cone of interaction is and the more photons can
reach us. In our calculations, we used a large field of view
with a cone of a semiangle of 40°; which translates into a
solid angle of 0.47π ∼ 1.48 sr.
We will consider the configuration A-180-01, which is

the observation of the sky on Earth and towards the Sun but
excluding looking directly at the Sun. The situation is
similar to that of looking at 45° from the Sun and the
resulting photon fluxes are similar (A-135-01).
The New Horizon probe is now at roughly 50 au from

the Sun and it has observed a diffuse background [70]
in the visible, between 400 and 900 nm: the sky is a little
brighter than it should be once all known sources

and backgrounds are subtracted. The excess is about
17� 4 nWm−2 sr−1, which translates into about 5.5�
1.3 × 1010 photonsm−2 sec−1 sr−1 if we assume an
average photon energy of 2 eV in the visible. If we con-
sider the uncertainty as the lower limit of detection,
we get 1.3 × 1010 photonsm−2 sec−1 sr−1. The process at
hand would produce over the whole visible spectrum about
10−7 photonsm−2 sec−1 with a field of view of 1.48 sr if the
detector is on Earth and about 3 × 10−12 photonsm−2 sec−1

if the detector is at 50 au and looks back at the Sun.
The VISIR [71] instrument at the VLT-ESO is sensitive

to micron range and the user’s manual states a wavelength
of 8.7 micron with FWHM ¼ 0.74 microns with filter J8-9
and a sensitivity of 4 mJy for 10 sigma. Clearly, 10 sigma is
an excellent signal. If we go down to 3 sigma and an
integration time of 8 hours, we could get 0.42 mJy.
Remembering that a Jansky ¼ Jy ¼ 10−26 watt m−2Hz−1,
this would translate into about 540 photons m−2 sec−1

between 8.33 and 9.07 microns to record a clean signal
over the detection threshold. The field of view is rather
small however with 3838 arcsec × arcsec → 3 × 10−8 sr.
The process at hand would produce, between 0.1368 and
0.1490 eVabout 7.5 × 10−6 photonsm−2 sec−1 with a field
of view of 1.48 sr.
The KEK instrument [72] is sensitive to the micron

domain. We will use the quoted sensitivity of 17 mJy at
11.7 microns with a bandwidth of 2.4 microns. This
translates into 10.5 < λ < 12.9 microns and a sensitivity
of about 5.3 × 104 photonsm−2 sec−1. The field of view of
this instrument is about 20 arcmin, which translates into
about 2.7 × 10−5 sr. In our case, it translates into an energy
range of 0.096 eV < Eγ < 0.118 eV and into a photon
flux of 3.7 × 10−5 photonsm−2 sec−1 with a field of view
of 1.48 sr.
The ALMA instrument [73] is sensitive in the mm spec-

trum; we will use a wavelength of 3 mm as representative.

TABLE I. Integrated expected photon fluxes for the two scenarios considered, for different observation angles and for different energy
bands. In scenario A, the colliding particle has a mass of 2 GeV while the exchange particle has a mass of 0.1 GeV, while both have a
mass of 0.1 GeV in scenario B. A-180-01 means: scenario A, observation angle of 180° (directly at the Sun) and observation point at 1 au
from the Sun. The fluxes are in 1=m2 sec. If one takes into account that the opening angle of the observation cone is 40°, then our units
for the flux are 1=m2 sec ð0.47πsrÞ.
Scenario Slope 1.6–3.2 eV 0.5–1.0 eV 0.1–0.5 eV 10–50 meV 1–5 meV 0.1–0.5 meV

A-180-01 −3.38 9.5 × 10−8 1.5 × 10−6 8.4 × 10−5 0.021 5.1 1200
A-135-01 −3.50 1.4 × 10−7 2.6 × 10−6 1.7 × 10−4 0.053 17 5400
A-90-01 −3.10 1.0 × 10−7 1.14 × 10−6 4.2 × 10−5 5.4 × 10−3 0.68 86
A-45-01 −2.99 8.4 × 10−9 8.6 × 10−8 2.7 × 10−6 2.6 × 10−4 0.026 2.6
A-180-50 −3.28 4.5 × 10−9 6.3 × 10−8 3.0 × 10−6 5.9 × 10−4 0.11 22
B-180-01 −3.17 1.2 × 10−10 1.5 × 10−9 6.2 × 10−8 9.1 × 10−6 1.4 × 10−3 0.20
B-135-01 −3.16 1.5 × 10−10 1.8 × 10−9 7.2 × 10−8 1.0 × 10−5 1.5 × 10−3 0.21
B-90-01 −3.10 8.5 × 10−11 9.7 × 10−10 3.6 × 10−8 4.6 × 10−6 5.7 × 10−4 0.072
B-45-01 −2.96 8.9 × 10−12 8.7 × 10−11 2.6 × 10−9 2.4 × 10−7 2.2 × 10−5 0.002
B-180-50 −3.13 3.4 × 10−12 4.1 × 10−11 1.6 × 10−9 2.1 × 10−7 2.9 × 10−5 0.004
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Using Eq. (9.8) from the user’s manual to get the sensitivity
of the detector and Figs. 4–7 to get the temperature (70 K)
and assuming an integration time of 1 hour, we calculate a
sensitivity of about 8 photonsm−2 sec−1 for a frequency
band from 84 to 105 GHz: 2.9 mm < λ < 3.6 mm.
This number is encouraging but one has to factor in
the field of view of the instrument, which is about
[Eqs. (3)–(4)] 53 arcseconds, which translates into
5.4 × 10−8 sr. Using scenario A in Table I, we would
get about 100 photonsm−2 sec−1 within the same wave-
length range, which translates into 0.00035 eV < Eγ <
0.00043 eV with a field of view of 0.47π ∼ 1.48 sr.
If we consider instruments with wider fields of view, the

Samuel Oschin Telescope [74] is high on the list with a very
wide field of view at 4.6 × 3.6 degrees2, which translates
into about 4 × 10−3 sr. Its quoted sensitivity is m ¼ 20.4,
which translates into about 300 photonsm−2 sec−1 in the
visible, assuming that about 10% of the Sun’s energy is
emitted in the visible where photons have an average energy
of about 2 eV.Unfortunately our signal in thevisible is at best
10−7 photonsm−2 sec−1 with a field of view of 1.48 sr.
Comparing the required flux from the instruments with

the expected flux from the process, and taking the different
opening angles or fields of view into consideration we see
that we need a factor of about 2 × 1017 with New Horizon,
3.6 × 1015 for the VISIR instrument, 8 × 1013 for KEK,
2.2 × 106 for ALMA and 1012 for the Oschin instrument
before our signal could be detected. The instruments that
have a very wide field of view work in the visible and our
signal is very poor in that frequency regime due to the very
low energy of the collision between the solar wind and
the DM particle. Things improve when we go to longer
wavelengths: the field of view of the instruments is
reduced, but our signal is greatly improved. The best
opportunity seems to come from the ALMA instrument.
With this instrument: we get 8 m−2 sec−1=5.4 × 10−8 sr ¼
1.5 × 108 m−2 sec−1 sr−1 and our signal is about
65 m − 2 sec−1 sr−1 in the same bandwidth. We need to
enhance our signal by a factor of about 2.2 × 106. We
have three free parameters in our amplitude, namely
λ2Λ2=ðmexchange=0:1 GeVÞ4 and the density of the dark
matter particles in the vicinity of the Sun. We assume that
all the mass of the dark matter density is carried by the
heavy, colliding dark matter particles, at 2 GeV. The density
of 0.3 GeV=cm3 is rather well established, which also
establishes our dark matter density. This leaves us with
the λ2Λ2=ðmexchange=0.1 GeVÞ4 term. In order to get a
factor of 2.5 × 106 with this expression, we could assume
that the exchanged particle has a mass of only 2.5 MeV
instead of 100 MeV. This would bring our signal to a
detectable level at ALMA with couplings of order 1.
We could say that the region of parameter space such
that λ2Λ2=ðmexchange=0.1 GeVÞ4 > 2.5 × 106 could be
potentially excluded at ALMA if the signal is not observed.

Again, it is a very difficult signal to observe as it would be a
diffuse background, without a direct source.
There is another parameter that could enhance our signal.

Up to this point, we have assumed that the dark matter
particles are at rest in the Galaxy and their motion relative
to the solar wind is due to the motion of the Sun through our
Galaxy. This is a little limiting as there are scenarios where
the DM particles have a speed of a few hundred km= sec
[46]. Clearly, such a velocity will have an effect on the
production rate since this speed is comparable to the speed
of the solar wind. We have verified that doubling the speed
of the DM particles to 0.002 c, increases the cross section
by a factor of about 2.2 when the collision is at an angle of
less than 90° but the effect is smaller when the collision
angle is larger: about 2 at 90° down to about 1.1 at 135°.
Similar behavior is observed when the DM speed is
increased to 0.003 c: the cross section is increased about
fivefold when the collision angle is less than 90°, about 4.3
at 90° down to about 3 at 135°. When integrating over the
cone, one could get an increase in the photon rates of about
2 if the speed of the DM particles is doubled and a factor of
about 4 if it is tripled. This effect would not be sufficient to
bring the photon flux to measurable levels in the visible
range (New Horizon), nor in the micron range (VISIR), but
it would have an impact in the mm (ALMA) and would
increase the exclusion zone. One would then require
λ2Λ2=ðmexchange=0.1 GeVÞ4 > 106 in order to reach meas-
urable levels at ALMA and exclude a larger portion of
parameter space.
Let us assume for simplicity that λ ¼ Λ, then our

constraint becomes λ=ðmexchanged=0.1 GeVÞ < 0.032 (or
0.04 if we assume 2.5 × 10−6 instead of 10−6) In this
case, if we push mexchanged down to 0.01 GeV, then
λ < 3.2 × 10−3. Likewise, by pushing mexchanged down to
1 eV, then λ < 3.2 × 10−10 is reached and these limits are
comparable to those obtained through a Yukawa model of
interaction between the DM particle and a nucleon [75,76]
or what is expected at the FCCee [77]. Similar bounds on
couplings have also been calculated for axionlike particles
at future colliders [78]. One can say that the process at hand
is sensitive to light DM particles that can be exchanged
between the solar wind particle and the heavier DM
particles. In a model where several DM particles can
coexist with very different masses, be stable and interact
with each other and with the proton, the scenario that we
consider here would be the dominant one. Indeed, a heavier
exchange particle would reduce the t-channel amplitude
and a lighter colliding particle would reduce the brems-
strahlung as a proton would interact very little with a very
light DM particle and the energy emitted through brems-
strahlung would be negligible.
Reversing the situation, a scenario where the heavier DM

particle couples to lighter dark particles would lead to their
production through bremmstrahlung off the DM particle as
it scatters off the solar wind, thereby increasing their
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presence in our Solar System. This effect would be larger in
close proximity of the Sun. Similarly, in a model similar to
the one considered here, a proton could emit via brems-
strahlung a light dark matter particle [79].
There is also the interesting possibility that an electron

could interact with the DM; such couplings have been
considered before in the context of the 0.511 MeVemission
from the center of the Galaxy [80,81] and the possibility of
DM upscattering in the Sun [37]. This process should lead
to results similar to what we have here and opens up the
possibility of sensitivity to very small masses in the DM
spectrum since the bremsstrahlung seems to be maximum
when the colliding particles have about the same momen-
tum and the electrons in the solar wind have a speed similar
to that of the Sun in the Galaxy. A proposed future MeV
gamma-ray telescope is expected to probe the MeV or
sub-MeV DM mass range [82].
We have neglected cosmic magnetic fields, which would

bend the solar wind and modify the colliding angles within
the observation cone. Evaluating the effects of these fields
on the spectrum would be interesting, but it is unlikely this
could make the signal observable in the visible, for
example. We have also neglected the effect of the Sun
on the density of the DM. It is likely that the presence of the
Sun would increase the density of the DM particles in its
vicinity and as most of the spectrum is produced relatively
close to the Sun, this would tend to increase the counting
rate observed, but likely not enough to gain several orders
of magnitude. When considering the spectrum at longer
wavelengths however (in the mm or cm range) and
assuming that the spectrum keeps a slope similar to what
we have calculated here, then these effects could make a
difference in the observable spectrum. We have assumed
that the Sun moves towards the Earth (or the observation
points) in its motion around the Galaxy. Taking the real
motion of the Sun into account could have a small effect on
our results and bring some periodicity to our signal. A more
precise calculation (finer angular and energy bins and finer
sampling mesh) is necessary in order to assess the impor-
tance of these effect at very low photon energy as well as a
precise modeling of the cosmos in this regime [83].

X. CONCLUSIONS

We have considered the scattering of the solar wind off
DM particles that might be populating our Solar System.

We allowed the scattered proton to emit a photon through
bremmstrahlung and calculated the spectrum that one
would observe either at 1 or 50 au from the Sun. We
have assumed a uniform DM density in our region of the
Galaxy and neglected the effects of cosmic magnetic fields
on the solar wind. We have found that the rates are very
small in general and could not explain the excess lumi-
nosity observed recently by the New Horizon probe.
Extrapolating our results down to 0.01 eV is reasonable
and indicates that the rates are still very small with the
parameters we used. Extrapolating further to mm wave-
lengths, we find that a telescope like ALMA could set
interesting limits in our parameter space if we push the
mass of the exchanged particle down to eV level as this
forces the couplings to the 10−10 range. A more precise
numerical calculation would be required to confirm this
behavior of the photon flux down to very low photon
energies.
The scenario that we have considered and appears to be

the most promising is that of a DM particle whose mass is
about 2mproton interacting with a proton via the exchange
of a much lighter DM. This opens up the possibility of
bremsstrahlung of the lighter DM particle off the heavier
DM particle as the latter scatters off a proton, thereby
increasing the abundance of the lighter DM particle.
Considering bremsstrahlung emission from the scatter-

ing of electrons off DM particles also opens up the
possibility of exploring small mass regime in the DM
sector since the bremsstrahlung seems to be maximum
when the momentum of the colliding particles are about the
same and the solar wind has a speed similar to that of the
Sun in the Galaxy. In this particular scenario, one could
have only one very light DM particle that interacts and is
exchanged with the electron.
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