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Recently, there has been renewed interest in limiting the interaction between dark matter particles and
known particles. I propose a new way to set upper limits on the coupling of ions or electrons to dark matter
particles of arbitrary mass, based on Faraday’s Law in a spinning conductor.
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I. INTRODUCTION

The nature of dark matter (DM) is unknown. One way to
unravel the properties of DM particles is through their
interaction with Standard Model particles, such as protons
or electrons. Searches for weakly interacting massive
particles by direct detection experiments have set strong
bounds at GeV to TeV mass scales [1]. Lighter DM particle
candidates with masses below GeV are well-motivated in a
variety of particle physics scenarios [2–5]. However, the
search for sub-GeV DM particles in traditional direct
detection experiments is limited by the suppressed momen-
tum transfer in nuclear recoil. Cosmological searches for
light DM particles complements direct detection experi-
ments for DM particles down to keV masses [6–12].
The existing upper limits on the cross-section for DM

particles with protons were summarized recently in Fig. 1
of Ref. [13], extending down to values of ∼10−30 cm2 for
DM particle masses mdm ∼ 1 keV.
Here, I consider a novel way to limit the proton-DM

coupling based on the magnetic field generated in a
spinning conductor. For pedagogical purposes, I illustrate
the method in the context of the interstellar medium of the
Milky Way galaxy, although its most powerful implemen-
tation should be in dedicated laboratory experiments.

II. INDUCED MAGNETIC FIELD

The interstellar gas of the MilkyWay galaxy is organized
into a thin disk with a flat rotation curve of circular velocity,
vc ∼ 240 km s−1 [14]. The ionized component of the gas is
composed primarily of electrons and protons [15,16].
The Galactic disk is immersed in a DM halo with a

characteristic mass density, ρdm ∼ 0.5 GeVcm−3, in the
vicinity of the Sun [17].
For a proton-DM cross-section σ, the proton-DM colli-

sion frequency is: νp−dm ∼ ðρdm=mdmÞμσvc, where the
reduced mass μmp ¼ ðmdmmpÞ=ðmdm þmpÞ in the scatter-
ing kinematics implies that μ ∼ ðmdm=mpÞ for mdm ≪ mp

and μ ∼ 1 for mdm ≫ mp. The proton-DM coupling could
also be associated with a long-range interaction that is not
mediated by two-particle collisions. We therefore derive a
general limit on νp−dm, independent of the nature of the
interaction.
The momentum change of protons as a result of

scattering on DM particles over a timescale 1=νp−dm results
in a drag force per unit volume on the plasma:
−ðnpmpνp−dmÞv⃗c, where mp and np are the proton mass
and number density. This force generates a longitudinal
electric field E⃗ along the direction of motion, which carries
the electrons and protons together at the same bulk velocity
v⃗c and maintains local quasi-neutrality of the plasma [18],

eE⃗ ¼ meνp−dmv⃗c; ð1Þ

where me is the electron mass.
For a flat rotation curve along the radial coordinate r in

cylindrical symmetry, we get ∇⃗ × v⃗c ¼ ð1=rÞ½∂ðrvcÞ=∂r� ¼
ðvc=rÞêz, in the z-direction perpendicular to the disk plane.
As in the BiermannBattery case [19], Faraday’s Law implies
the generation of a verticalmagnetic field B⃗ ¼ Bêz at a rate of

∂B⃗
∂t ¼ −c∇⃗ × E⃗ ¼ −

�
cme

e

�
νp−dm

�
vc
r

�
êz: ð2Þ

Coulomb collisions do not erase a large-scale electric
field. They only affect the current driven in the plasma
through the relation between the electric field, E⃗, and
conductivity, σ (which is proportional to the electron-proton
collision time) through Ohm’s law: j⃗ ¼ σðE⃗þ v⃗ × B⃗Þ.
The resulting limit on the electric current does not limit
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the build-up of the magnetic field. In fact, if Faraday’s Law
was not used to impose a limit on the magnetic field under
the quasi-neutrality of the plasma, then the characteristic
current, j⃗, driven by the frictional force on the dark matter
would have resulted in amuch largermagnetic field based on

the other Maxwell equation: ∇⃗ × B⃗ − ðdE⃗=dtÞ ¼ ð4π=cÞj⃗.
Over the age of the Milky Way disk, td ∼ 1010 yr, the

magnetic field builds up to a magnitude of

B ¼
�
cme

e

��
vc
r

�
νp−dmtd: ð3Þ

The net effect on the plasma originates because of its net
bulk motion relative to the dark matter. Collisions occur at
an equal rate from all directions if the velocity distribution
of the dark matter particles is isotropic and the plasma has
no bulk motion relative to the dark matter. But the
Milky Way disk has a net rotation relative to the dark
matter halo in which it is embedded, generating the above-
mentioned magnetic field. The collisions between protons
and electrons in the plasma are not associated with a bulk
motion of the proton fluid relative to the electron fluid. In
fact, quasi-neutrality implies that they move together
hydrodynamically. This is achieved through the large-scale
electric field in Eq. (1).
Substituting all the above expressions for the fiducial

parameters of the Milky Way disk and halo at the
Galactocentric radius of the Sun, r ∼ 8 kpc, yields a
magnetic field vertical to the disk plane of magnitude

B ∼ 2μG

�
νp−dm
0.1 s−1

�
: ð4Þ

The measured value of the interstellar magnetic field of a
few μG [15,20] places an upper limit on the proton-DM
interaction for arbitrary DM particle masses, namely
νp−dm ≲ 0.1 s−1. We emphasize that the observation of

the Galactic field can only set an upper bound on the cross-
section because conventional plasma processes were likely
responsible for its generation.
Laboratory experiments in superconductors on sub-

micron scales with r≲ 10−4 cm, vc ∼ c, td ≳ 1 yr and
sensitivity to B ∼ 1 nG could potentially constrain unprec-
edented levels of νp−dm ≲ 10−24 s−1, corresponding to σ ≲
10−34 cm2 for arbitrarily low DM particle masses,
mDM ≪ 1 GeV. Superconductors are already being incor-
porated in dark matter searches [21] and the method
described here could add a novel concept to existing
detection methods. The limits would require exquisite
control over noise from interactions with other particles
or waves in the environment of the experiment. The optimal
design of an experimental set-up based on this novel
detection method goes beyond the scope of this paper.

III. CONCLUSIONS

Equations (1)–(3) can be used to limit νp−dm for arbitrary
DM particle masses and an observed magnetic field in a
spinning conductor. The limit also applies to any long-
range force between DM and protons.
In deriving this limit we focused on the interaction of

protons with DM particles. An analogous limit can be
derived by considering any preferential interaction of
electrons with DM particles. It is unlikely that the DM
particles would produce an identical frictional force density
for electrons and ions in a moving conducting medium
because of the different masses and couplings of leptons
and quarks.
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