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A Dark Matter Speedometer
Numerical simulations indicate that the speed of dark matter in the Milky Way could be found
by measuring the speeds of the Galaxy’s oldest stars.

by Louis Strigari∗

M ost matter in the Milky Way and other galaxies
is invisible matter. For nearly a century, as-
tronomers have deduced the existence of such
dark matter by measuring its gravitational in-

fluence on the visible stars and gas within galaxies [1]. And
high-powered telescopes now routinely make detailed maps
of where this dark matter is located [2]. But how fast dark
matter moves—a quantity that affects the interpretation of
dark matter detection experiments—is less well understood.
To this point, astrophysicists have estimated the characteris-
tic speed of dark matter using simple theoretical ideas [3].
A new study by Jonah Herzog-Arbeitman from Princeton
University, New Jersey, and colleagues [4] now comes at this
question from a different perspective. Using numerical sim-
ulations, the researchers identify “old” stars in the Galaxy
that share the same characteristic speed as the dark matter,
thereby providing a new window into the dark side of our
Galaxy.

Although there is overwhelming evidence for dark mat-
ter, the particles that make up this form of matter have yet to
be directly detected. The so-called weakly interacting mas-
sive particle (WIMP) is a theoretically predicted elementary
particle with mass anywhere from tens to hundreds of times
that of a proton, and it is a longstanding dark matter candi-
date particle. Many direct-detection experiments around the
world are collecting data, searching for the rare scattering of
WIMP-like dark matter particles off atomic nuclei in earth-
bound detectors [5]. Although such searches have come up
empty handed, modern experiments are setting impressive
bounds on the strength of the WIMP-nucleus interaction.

The number of scattering events between a dark matter
particle and a nucleus depends on the strength of their inter-
action, the scattering cross section, which is governed by the
microphysical theory of dark matter. But it also depends on
the large-scale properties of dark matter, such as its density
and characteristic speed in the Solar System. Observations
have revealed that the local dark matter density, as obtained
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Figure 1: (Left) Distribution of all stars in the simulation of a
Milky-Way-like galaxy used by Herzog-Arbeitman and colleagues
[4]. The center of the galaxy is in the center of the image. The
color scheme indicates the density of stars, from densest (yellow)
to least dense (blue). (Middle, Right) The distribution of the oldest
stars (middle) and the dark matter (right) in the same simulated
galaxy and in the same coordinate system. As in the left image,
the density of old stars is largest in the center of the galaxy. The
dark matter distribution is more spherical and extended than the
all-stars distribution. (L. Necib/Caltech)

from the motion of stars near the Sun, is approximately 0.01
solar masses per cubic parsec [6]. This is equivalent to about
one dark matter particle in the volume of a coffee cup. How-
ever, it has been difficult to measure the speed distribution of
the local dark matter. This distribution is ultimately a reflec-
tion of how the dark matter assembles to form the Galaxy.
Direct-detection experiments typically assume that the dark
matter speed distribution is a Maxwell-Boltzmann distribu-
tion [7], like that of air molecules moving in a room, but this
is just an educated guess.

However, astrophysicists can estimate the local speed dis-
tribution of dark matter using numerical simulations of the
formation of the Milky Way. These simulations start out with
a volume of dark and visible matter that spans scales much
larger than the size of the Milky Way. Within this larger
volume, objects that have similar mass and structure to our
Galaxy are identified. The simulations then zoom in on these
Milky-Way-like objects and re-simulate them at much higher
spatial resolution than the initial volume. By examining the
behavior of dark matter particles near the Sun, zoom-in sim-
ulations that only include dark matter have shown that the
local dark matter speed distribution differs from a Maxwell-
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Boltzmann distribution [8, 9] by having fewer fast-moving
particles and more slow-moving particles. However, simu-
lations that include the physics of stars and gas show that
the dark matter speed distribution may be closer to the
Maxwell-Boltzmann model. Settling this issue has impor-
tant implications for direct-detection experiments because it
is the highest speed particles that are the easiest to detect.

But what speed distribution does nature follow? This is
where the work of Herzog-Arbeitman and colleagues comes
in. The authors utilize a zoom-in simulation of the Milky
Way (Fig. 1), which accounts for the gravitational physics
of both the dark and visible matter as well as for some as-
pects of the electromagnetic interactions between the stars
and gas. Just like in the real Milky Way, the stars that form in
these simulations fall into two types: older stars with fewer
heavy elements than the Sun and younger stars with more
heavy elements than the Sun (note that astronomers refer to
heavy elements as those that are more massive than helium
[10]). From the simulations, the team computes the speed
distribution of the different types of stars as well as that of
the dark matter. They find an interesting trend: the speed
distribution of the dark matter particles nearly matches that
of the oldest stars in the Galaxy. Thus, by measuring the
speeds of the oldest stars using data from astronomical sur-
veys, one can effectively measure the speeds of the dark
matter particles. The realization that old stars and dark mat-
ter share the same speed may be related to the fact that both
have been around since the earliest epochs of the formation
of the Galaxy and have relaxed to the same equilibrium dis-
tribution.

Herzog-Arbeitman and colleagues’ results represent a cru-
cial first step toward connecting the speed of particles in the
dark sector of our Galaxy to that of stars in the visible sec-
tor. They provide direct-detection experimentalists with a
method to empirically estimate the dark matter speed dis-
tribution, which is important for interpreting the data. But
there is more work to be done on this topic. On the sim-
ulations front, it will be important to implement more of
the detailed physics of the electromagnetic interactions be-
tween the stars and gas, which affect the speed distributions
of the stars and the gas and, in turn, that of the dark mat-
ter. Further, it will be important to analyze more simulated
galaxies in the future in order to obtain statistically signifi-
cant speed distributions. On the observational front, it will
be interesting to see precise measurements of the speed dis-

tribution of the oldest stars using forthcoming data from the
second data release of the GAIA survey [11]. With new data
and improved simulations, studies such as that of Herzog-
Arbeitman and co-workers, which connect the large-scale
properties of dark matter to direct-detection experiments,
will become increasingly crucial in our journey toward iden-
tifying the nature of dark matter.

This research is published in Physical Review Letters.
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