
Zurich Open Repository and
Archive
University of Zurich
University Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch

Year: 2009

Detecting the Milky Way’s dark disk

Bruch, T ; Read, J ; Baudis, L ; Lake, G

Abstract: In the standard model of disk galaxy formation, a dark matter disk forms as massive satellites
are preferentially dragged into the disk plane and dissolve. Here, we show the importance of the dark disk
for direct dark matter detection. The low velocity of the dark disk with respect to the Earth enhances
detection rates at low recoil energy. For weakly interacting massive particle (WIMP) masses M WIMP
gsim 50 GeV/c 2, the detection rate increases by up to a factor of 3 in the 5-20 keV recoil energy range.
Comparing this with rates at higher energy is sensitive to M WIMP, providing stronger mass constraints
particularly for M WIMP gsim 100 GeV/c 2. The annual modulation signal is significantly boosted and
the modulation phase is shifted by 3 weeks relative to the dark halo. The variation of the observed phase
with recoil energy determines M WIMP, once the dark disk properties are fixed by future astronomical
surveys. The constraints on the WIMP interaction cross section from current experiments improve by
factors of 1.4-3.5 when a typical contribution from the dark disk is included.

DOI: https://doi.org/10.1088/0004-637X/696/1/920

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-30885
Journal Article
Accepted Version

Originally published at:
Bruch, T; Read, J; Baudis, L; Lake, G (2009). Detecting the Milky Way’s dark disk. Astrophysical
Journal, 696(1):920-923.
DOI: https://doi.org/10.1088/0004-637X/696/1/920



ar
X

iv
:0

80
4.

28
96

v1
  [

as
tr

o-
ph

] 
 1

7 
A

pr
 2

00
8

Detecting the Milky Way’s Dark Disk
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In ΛCDM, massive satellites are dragged into the disk-plane by dynamical friction where they
dissolve into a stellar thick disk and a more massive dark matter disk. The distinctive kinematics of
the dark disk matches the stars that also entered in the satellites. The lower velocities of the dark
disk with respect to the Earth enhances detection rates at low recoil energy. For WIMP masses
& 50 GeV/c2, the detection rate increases by up to a factor of 3 in the 5 - 20 keV recoil energy
range. Comparing this with rates at higher energy will improve constraints on the WIMP mass,
particularly for masses & 100 GeV/c2. The annual modulation signal of the dark disk is significantly
boosted and its modulation phase is shifted by ∼ 3 weeks relative to the dark halo. The variation of
the observed phase with recoil energy can also be used to determine the WIMP mass once the dark
disk properties are fixed by future astronomical surveys. The constraints on the WIMP interaction
cross section from current experiments improve by factors of 1.4 to 3.5 when a typical contribution
from the dark disk is included.

PACS numbers: 95.35.+d, 98.35.Ce, 98.35.Df, 98.35.Mp, 98.35.Pr

A mysterious dark matter dominates the matter con-
tent of the Universe. There are no dark matter candi-
dates in the Standard Model of particle physics, but they
are plentiful in extended models. Among these, Weakly
Interacting Massive Particles (WIMPS) [1] stand out for
their possible detection.

WIMPs may be detected directly by scattering in a
laboratory detector [2] or indirectly by their annihilation
products from regions where their densities are highest
[3]. In either case, we must know the dark matter’s phase
space structure to predict rates. In early calculations, the
Standard Halo Model (SHM) of the dark matter assumed
no rotation and the density distribution was taken to be
a spherical isothermal sphere with a core radius of several
kpc. More recent modeling includes the cuspier central
profiles from ΛCDM simulations [4], producing changes
of O(10%) with respect to the SHM [5]. Larger boosts
have been claimed if dark matter is highly clumped [6],
but it is more likely that we live outside a clump, leading
to a modest reduction in the local density [7].

Dark matter only simulations are being done at ex-
tremely high resolution, but they may not be addressing
the “next to leading order” of the model. Galaxies are
rich in substructure that interacts with the disk of our
galaxy. Either accretion of a satellite by a thin disk or
heating at early times could create the thick disks [8, 9]
discovered in external galaxies nearly 30 years ago [10]
and now seen in most or all disk galaxies [11]. While it is
believed that disks form “from the inside out”, thick disks
are clearly older and can be more compact or more ex-
tended [12]. The Milky Way’s thick disk has a scaleheight
of 3 times the thin disk and a radial scalelength that is
40% longer [13]. One alternative to the “inside out” for-
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mation scenario is late accretion of satellites. Further
evidence of accreted satellites [14] includes kinematic sig-
natures of disrupted satellites in our galaxy [15] and the
observation of at least one counter-rotating thick disk in
another galaxy [16].

For over 50 years, analyses of the vertical distribu-
tion and motion of stars showed persistent evidence that
roughly a third of the local disk was dark [17]. This was
∼ 6 times the density of the dark halo and was generally
assumed to be a baryonic form of dark matter, but it was
proposed that it could be the same as the halo dark mat-
ter if a satellite had been accreted into the disk [18]. More
recent analyses using Hipparcos data find evidence for far
less if any unaccounted material [19], however there may
be significant systematics [20].

It is now clear that some of ΛCDM’s ubiquitous satel-
lites will be drawn into disks and dissolve to form dark
disks [18]. Read et al. 2008 [9] used a suite of high-
resolution simulations to constrain the dark disk’s ex-
pected properties. Due to the stochastic nature of struc-
ture formation, the density of the dark disk is not well
constrained at present. They found a local dark disk to
SHM density ratio of ρd/ρh ∼ 0.2 − 1 in their few simu-
lations. The accreted stars and dark matter have similar
kinematics, with the dark disk being slightly hotter in
the vertical direction, so the accreted thick disk stars are
representative of the dark disk’s kinematics [9]. This as-
sumption gives a rotation lag vlag of 40 − 50 km/s with
respect to the local circular velocity, and dispersions of
(σR, σφ, σz) = (63, 39, 39)km/s [9]. However, a signifi-
cant fraction of the Milky Way thick disk may also have
formed through heating of an early thin disk at high red-
shift [8, 9]. Future surveys like RAVE [23] and GAIA [24]
will measure the local dark disk to SHM density ratio
ρd/ρh and use chemical signatures of stars to disentan-
gle accretion from heating to provide tighter constraints
on the dark disk’s kinematics. Current observations pro-
vide a conservative upper bound of ρd/ρh < 3 [9, 19].
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FIG. 1: Differential recoil rates for a Ge (red) and Xe (blue)
target, for dark matter particles with a mass of 100 GeV/c2

and a WIMP-nucleon cross section of 10−8.5 pb in the SHM
(solid line) and in the dark disk. Three different values of
ρd/ρh (0.5 dashed, 1 × and 2 △) are shown. Vertical lines
mark current experiment thresholds: XENON10 [21] (blue)
using a Xe and CDMS-II [22] (red) using a Ge target.

Given these uncertainties, we model the dark disk with
a simple 1D Maxwellian distribution, with a dispersion
and lag, σ = vlag = 50km/s to show its general effect
on direct detection. We assume a range of density ra-
tios ρd/ρh = 0.5− 2. The qualitative features are robust
through this range.

Direct detection experiments measure nuclear recoil
rates above the energy threshold in one of several detec-
tor media [25]; here we consider Ge and Xe. The energy
imparted in elastic WIMP-nucleon collisions ranges from
a few to tens of keV. The expected recoil rate per unit
mass, unit nuclear recoil energy and unit time is [26]:

dR

dE
=

ρσwn|F (E)|2
2mµ2

∫ vmax

v>
√

ME/2µ2

f(v, t)

v
d3v (1)

where ρ is the local dark matter density (ρh =
0.3GeV/cm3 in the SHM), σwn is the WIMP-nucleus
scattering cross section, F (E) is the nuclear form factor,
m and M are the masses of the dark matter particle and
of the target nucleus, respectively, µ is the reduced mass
of the WIMP-nucleus system, v = |v| and vmax is the
maximal velocity in the earth frame for particles moving
at the galactic escape velocity vesc = 544km/s [27]. We
consider only the spin-independent scalar WIMP-nucleus
coupling in this paper, since it dominates the interaction
(depending however on the dark matter particle) for tar-
get media with nucleon number A & 30 [28]. We model
the velocity distributions of particles in the dark disk and
the SHM with a simple 1D Maxwellian:

f(v, t) ∝ exp

(−(v + v⊕(t))2

2σ2

)

(2)

where v is the laboratory velocity of the dark mat-
ter particle and the instantaneous streaming velocity
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FIG. 2: The recoil energy below which the signal is domi-
nated by the dark disk (compared to the SHM) as a func-
tion of the WIMP’s mass for Ge (red) and Xe (blue) targets.
Three different values of ρd/ρh (0.5 dashed, 1 × and 2 △) are
shown. Horizontal lines mark current experiment thresholds:
XENON10 [21] (blue) using a Xe and CDMS-II [22] (red)
using a Ge target.

v⊕ = vcirc + v⊙ + vorb(t). This streaming velocity is
the sum of local circular velocity vcirc = (0, 220, 0)km/s,
the peculiar motion of the sun v⊙ = (10.0, 5.25, 7.17)
km/s [29] with respect to vcirc and the orbital velocity of
the earth around the sun vorb(t).

vorbR
(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βR sin(λ(t) − λR)

vorbφ
(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cosβφ sin(λ(t) − λφ)

vorbz
(t) = 〈vorb〉 (1 − e sin(λ(t) − λ0)) cos βz sin(λ(t) − λz)

where e is the ellipticity of the Earth’s orbit, λ0 is the lon-
gitude of the orbit’s minor axis, λi and βi are the ecliptic
longitudes and latitudes, respectively, of the R, φ, z axes
in galactic coordinates, λ(t) is the time dependend eclip-
tic longitude and 〈vorb〉 = 29.79km/s is the Earth’s mean
orbital velocity [26]. In the SHM, the halo has no rota-

tion and the dispersion σ = |vcirc|/
√

2. For the dark disk,
the velocity lag vlag = (0, 50, 0) km/s replaces vcirc and
a dispersion of 50 km/s is adopted.

The lower relative velocities of the dark disk signifi-
cantly increases the differential rate at low energies com-
pared to the SHM rate (Fig.1). Detection of the dark disk
depends crucially on the detector’s low energy threshold.
The differential rate for a specific WIMP target depends
on the WIMP mass. In Fig. 2, we show the energy be-
low which the dark disk dominates the rate as a function
of the WIMP mass, for three values of ρd/ρh. The to-
tal rate in a detector is the sum of the two contributions
from the SHM and the dark disk, which dominate at high
and low energies, respectively. The details of the differ-
ential rate with energy betrays both the contribution of
the dark disk relative to the SHM and the WIMP’s mass.
For WIMP masses & 50GeV/c2, the dark disk contribu-
tion lies above current detector thresholds, giving a much
greater change in detection rate with recoil energy com-
pared to the SHM alone.

The motion of the Earth around the Sun gives rise to
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FIG. 3: The annual modulation shown as the residual counting rate versus date for the XENON10 [21] experiment (4.5 to
27 keV). The residuals are calculated with respect to the mean counting rates (given as numbers over each line) using a
WIMP-nucleon cross section of 10−7 pb. The top/bottom row is calculated for ρd/ρh = 0.5/1 and WIMP masses (left to
right) of 50 GeV/c2, 200 GeV/c2 and 500 GeV/c2. The (blue/dashed) line is the modulation signal obtained from the SHM,
the (red/dot-dashed) line is the modulation signal from the dark disk and the (black/solid) line is the total modulation signal.
The maximum of the dark disk contribution is shifted to May 9th compared to the SHM’s maximum/minimum on May 30th.

an annual modulation of the event rate and recoil en-
ergy spectrum in a terrestrial detector [26]. The annual
modulation is more pronounced for the dark disk, since
the relative change to the mean streaming velocity owing
to the Earth’s motion is larger (∼19%) compared to the
SHM (∼6%). Fig. 3 shows the residual integrated rates
for a liquid xenon detector throughout a year, for three
different WIMP masses and two values of ρd/ρh. The
residuals are calculated with respect to the mean count-
ing rates in a given energy region. The phase (defined at
maximum rate) of the dark disk and the SHM differ be-
cause the Sun’s motion is slightly misaligned to the dark
disk. While the phase of each component does not de-
pend on the WIMP mass, their sum does because their
amplitudes depend on the WIMP mass. We show this
dependency in Fig. 4, for three values of ρd/ρh. This
is a new effect introduced by the presence of the dark
disk that allows the WIMP mass to be uniquely deter-
mined from the phase of the modulation signal, for given
ρd/ρh. Notice that there is an amplitude flip for the SHM
that occurs as the WIMP mass is increased, which is not
seen for the dark disk. As the WIMP mass is lowered,
the “crossing energy” at which the differential rates for
minimal and maximal WIMP velocity are equal shifts to
lower energies. For the dark disk, it remains close to, or
below, current thresholds and so the amplitude flip is not
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FIG. 4: Phase shifts in the energy range reported by
the CDMS-II [22] experiment (10-100 keV) (red) and the
XENON10 [21] experiment (4.5-27 keV) (blue), for three dif-
ferent values of ρd/ρh (0.5 dashed, 1 × and 2 △).

seen for WIMP masses . 2TeV/c2.
The effect of the dark disk on current upper limits on

the spin-independent (SI) WIMP-nucleon cross section
is shown in Fig. 5 for CDMS-II and XENON10 [21, 22].
Depending on ρd/ρh, we exclude new regions in the al-
lowed parameter space for WIMP masses & 50GeV/c2.
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FIG. 5: Effect of the increased dark matter flux on the
spin-independent WIMP-nucleon cross section constraints ob-
tained by the CDMS-II [22] (red) and XENON10 [21] (blue)
experiment for three different values of ρd/ρh (0.5 dashed, 1
× and 2 △).

On a final note, we find that including the dark disk
component does not change the interpretation of the an-
nual modulation signal observed in the DAMA [30] ex-
periment for pure SI coupling. Above a WIMP mass of
10GeV/c2, the allowed DAMA region is still excluded
by CDMS-II and XENON10 [21, 22] results, while below
10GeV/c2 no new parameter region opens.

Conclusions

In ΛCDM, a dark matter disk forms from the accre-
tion of satellites. In this letter, we show how its lower
velocities with respect to the Earth alters the expected
detection rate and annual modulation signal in dark mat-
ter detectors. Our main findings are:

The dark disk boosts the detection rates at low recoil
energy. For WIMP masses & 50GeV/c2, recoil energies
of 5 - 20 keV and ρd/ρh ≤ 1, the rate is boosted by factors
up to 2.4 for Ge and 3 for Xe targets. Comparing this
with the rates at higher energy will constrain the WIMP
mass, particularly for masses above 100GeV/c2.

The dark disk has a different annual modulation phase
than the dark halo, while the relative amplitude of the
two components varies with recoil energy and WIMP
mass. As a result, there is a new richness in the annual
modulation signal that varies uniquely with the WIMP
mass, for given dark disk properties (the properties of the
dark disk will be measured from next generation surveys
[23, 24]).

The increased expected dark matter flux provides new
constraints on the WIMP cross section from current ex-
periments. For likely dark disk properties (ρd/ρh ≤ 1),
the constraints for pure spin-independend coupling im-
prove by up to a factor of 1.4 for CDMS-II and 3.5 for
XENON10 [21, 22].
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