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Tidal stripping of dark matter from subhalos falling into the Milky Way produces narrow,
cold tidal streams as well as more spatially extended “debris flows” in the form of shells,
sheets, and plumes. Here we focus on the debris flow in the Via Lactea II simulation, and
show that this incompletely phase-mixed material exhibits distinctive high velocity behavior.
Unlike tidal streams, which may not necessarily intersect the Earth’s location, debris flow is
spatially uniform at 8 kpc and thus guaranteed to be present in the dark matter flux incident
on direct detection experiments. At Earth-frame speeds greater than 450 km/s, debris flow
comprises more than half of the dark matter at the Sun’s location, and up to 80% at even
higher speeds. Therefore, debris flow is most important for experiments that are particularly
sensitive to the high speed tail of the dark matter distribution, such as searches for light or
inelastic dark matter or experiments with directional sensitivity. We show that debris flow
yields a distinctive recoil energy spectrum and a broadening of the distribution of incidence

direction.



I. INTRODUCTION

The Galactic dark matter halo forms through a process of hierarchical structure formation, with
smaller halos merging together to form a larger host. This process of halo accretion occurs over the
span of billions of years. Dark matter that merged early on virializes and is smoothly distributed
at present. However, more recent mergers can leave relic structures in the Milky Way, observed as
features in the spatial and velocity distribution of Galactic halo stars. Understanding the origin of
these features is critical for piecing together the formation history of our Galaxy, and can provide
clues for distinctive signatures to search for with dark matter experiments.

The dark matter in the solar neighborhood is commonly assumed to be smoothly distributed in
space and to have a Maxwellian velocity distribution [1, 2]. High resolution numerical simulations
of the hierarchical formation of Milky-Way-like dark matter halos, however, predict large of phase-
space substructure throughout the halo [3-6]. This is in agreement with collisionless dynamics
and Liouville’s theorem, which imply that the initial cold dark matter three-dimensional phase-
space manifold! evolves in a continuous manner by folding and stretching, but never tearing.
Gravitationally bound subhalos, such as those thought to host the Milky Way dwarf satellite
galaxies, are examples of spatial phase-space substructure. The current census of Milky Way dwarf
satellite galaxies stands at 22, but many more are likely to be discovered with future surveys [7].
Additionally, the simulations predict the presence of many thousands of dark subclumps within
the Milky Way’s virial volume, too small to host a luminous stellar component, but potentially
interesting dark matter annihilation sources [e.g., 8, 9]. The substructure abundance relative to
the smooth host halo mass distribution is found to decrease towards the Galactic Center, a natural
consequence of the stronger disruptive tidal forces and shorter dynamical times closer to the center
of the potential. Current estimates based on the results from the highest resolution numerical
simulations find that spatial substructure is unlikely to significantly modify the local dark matter
density at 8 kpc [5, 10, 11]. Barring drastic changes in the properties of very low-mass subhalos,?
the assumption of a smooth dark matter distribution at 8 kpc appears to be a good one.

The situation is quite different for velocity substructure. The same tidal disruption processes
that render the local dark matter distribution spatially smooth are sources of velocity substruc-
ture. Indeed, the speed distributions measured in high resolution numerical simulations exhibit
deviations from the standard Maxwellian assumption, especially at large speeds [5, 12, 13]. As

! In Cold Dark Matter theory, the thermal velocity dispersions are close to zero, yielding a very thin three-dimensional

sheet in phase space as an initial configuration.
2 Calculations of the contribution of local substructure to 5(8 kpc) must extrapolate subhalo scaling relations for

many orders of magnitude below the simulations’ resolution limit.



we show below, the vast majority of high-speed dark matter particles in the solar neighborhood
have been recently accreted and are partially phase-mixed, having not yet come into equilibrium
with the rest of the halo. We can further distinguish between velocity structure that is spatially
localized, such as tidal streams, and that which is spatially homogenized, which we designate as
“debris flow” [14]. Both streams and debris flow arise from the disruption of satellites that fall into
the Milky Way, but differ in the relative amount of phase-mixing that they have undergone.

Tidal streams consist of material that has been stripped from an infalling satellite, and that has
not yet had the time to spatially mix. It is dynamically cold (meaning its internal velocity dispersion
is much less than the Milky Way halo’s), and it is still spatially confined to a narrow stream with
a one-dimensional morphology. There are several known examples of stellar tidal streams in the
Milky Way halo. One of the most dramatic examples is the Sagittarius stream [15, 16], which
is clearly associated with the on-going tidal disruption of the Sagittarius dwarf galaxy [17]. The
SDSS “Field of Streams” [18, 19] contains a number of additional tidal stream candidates such as
the Monoceros and Orphan streams. The existence of stellar streams associated with disrupting
dwarf galaxies implies that dark matter streams should have formed by a similar mechanism. The
presence of such a stream in the local neighborhood could significantly affect the predictions of
event rates and recoil spectra at direct detection experiments [12, 20-22]. While dark matter
streams have been identified in N-body simulations [4, 5, 12, 23, 24], the probability that a single
stream dominates the local dark matter density is less than 1% [5].

In this paper, we instead focus on debris flow, which represents a more ubiquitous type of
velocity substructure. The term “debris flow” refers to the sum total of all material stripped from
infalling subhalos that has not completely phase-mixed. As such, it comprises dynamically cold and
narrow tidal streams from recently infalling subhalos, older tidal streams that have been wrapped
a number of times, as well as material that was lost from halos in the form of sheets and plumes in
the violent gravitational shocks experienced at pericenter passages [25]. Rather than considering
multiple debris flows, each associated with an individually disrupting subhalo, we instead view
debris flow as a single feature of the velocity distribution.

The salient difference between an individual tidal stream and debris flow is that the former is
dynamically cold and has a one-dimensional morphology, while the latter is dynamically hot and
is spatially ubiquitous in the central regions of the Milky Way halo. For a collisionless system, any
diffusion in configuration space must be accompanied by a decrease in the width of the velocity
distribution in order to preserve phase-space density. Therefore, one might expect debris flow to

be colder, not hotter, than tidal streams. However, because debris flow is the superposition of



tidal debris from many disrupting satellites, its velocity dispersion is due to the relative velocity
of material stripped from distinct subhalos as well as from the intersections of a single halo’s tidal
stream with itself. While the individual fine-grained components of the tidal debris must be very
cold, in aggregate they appear dynamically hot. As such, debris flow is velocity structure that
is intermediate between the fully equilibrated host halo and dynamically cold and narrow tidal

streams.

In [14], we used the Via Lactea-II simulation [3, 26] to study one sub-component of the debris
flow, namely the portion that was bound to halos at the time of reionization (z ~ 9). Already
this component exhibited an interesting speed distribution strongly peaked at ~ 340 km/s in the
Galactic frame, quite unlike that of the underlying relaxed host halo. Here we extend this analysis
by following a larger sample of subhalos throughout their entire accretion history. This allows us

to get a better understanding of the origin and make-up of the debris flow.

Owing to its spatial homogeneity, this debris flow is guaranteed to be present in the solar
neighborhood, and it is therefore very important to understand its implications for direct detection
experiments, which are sensitive to the local distribution of dark matter velocities [1]. These
experiments consist of shielded detectors that measure the recoil energies of target nuclei scattering
off dark matter particles passing through the Earth [27]. The expected recoil spectrum is different
for dark matter that is in velocity substructure rather than in the equilibrated component of the
halo. We will show in § IV that debris flow results in a distinctive recoil spectrum, with more
high energy events than is typically expected from the canonical Maxwellian velocity distribution.
These differences may be important in ameliorating the current tension between experiments, some

of which have been observing anomalous signals [28-32] while others have not [33-46].

This paper is organized as follows. In § II, we describe in detail our procedure for identifying
debris flow particles in the Via Lactea II simulation, and show that debris flow dominates the
local dark matter distribution at high speeds. In § III, we present the speed distribution of the
debris flow and discuss its origin. In § IV, we go on to explore the implications of debris flow for
direct detection experiments. This section also includes a simple model that accurately captures
the phenomenology, and which can be used to model debris flow effects without resorting to high
resolution numerical simulations. Finally, in § V,we present a brief discussion of the results and a

conclusion.



II. IDENTIFICATION OF DEBRIS FLOW PARTICLES

We use the Via Lactea-II (VL2) N-body simulation [3, 26] to study the formation of debris flow
in the Milky Way. VL2 is one of the highest resolution cosmological dark-matter-only simulations
of the formation of a galactic halo. It resolves the virial volume of a Milky-Way-sized halo with
about 1 billion particles of mass 4.1 x 103 M, embedded in a cubic volume of 40 Mpc per side. The
simulation is initialized at redshift 104.3 assuming a WMAP3 ACDM cosmology [47], and evolved
to the present. VL2 resolves large amounts of substructure in the Galactic halo, including subhalos
and dark matter streams [4, 12]. Throughout the evolution, 400 full outputs, equally spaced in

time, were written to disk.

The 6DFOF halo-finding algorithm [48] was used to identify the tightly bound centers of all
(sub-)halos at 27 of the outputs (roughly every ~ 680 Myr). These centers were used to construct
spherical density profiles, from which we calculated subhalo properties like Viyax, Rvmax, and the
tidal radius (or Rago for isolated halos) and corresponding mass. The subhalos are linked through
time in two sets of evolutionary tracks. The first one (Tp) starts with the 20 048 subhalos that have
an identifiable remnant at z = 0 and reached Vi, > 4 km/s at some time, and traces their most
massive progenitor halo backwards through time from z = 0. The second (T456) starts with the
20 000 most massive halos at z = 4.56 and traces their descendant halos forward through time. The
overlap between the two tracks consists of 11 870 subhalos, and 7433 subhalos in T} 56 do not have
a z = 0 remnant. Both sets of tracks (as well as additional data) are available at the Via Lactea
Project webpage [49]. For the 20000 subhalos in T} 56, we additionally traced the 6DFOF-linked
central particles through the intermediate outputs, so we have orbital information (positions and

velocities) at all 400 outputs (every ~ 34 Myr).

A dark matter particle is labeled as “debris” if it was bound to some halo at z > 0 and is no
longer bound to any halo but the host today. Operationally, we restrict our analysis to the 4 232 452
particles located between 7.5 and 9.5 kpc at z = 0, and determine for each of these particles to
which (sub-)halos it is bound at every one of the 27 coarse outputs. For every particle, we determine
whether it is debris, and, if so, at what redshift it was stripped off its birth halo. Because our halo
finding procedure does not “un-bind” particles, we consider a particle to be bound to a halo if it
lies within the halo’s tidal radius. This may slightly overestimate the amount of debris, because a
small fraction of particles are assigned halo membership even though they are just passing through,
but we have explicitly checked that this is not a large effect for a small subsample of halos, and do

not expect this slight overestimate to affect our conclusions.
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FIG. 1. Fractional density of debris particles above some minimum speed, vy, in the Earth’s rest frame
(in June). The solid line is for debris particles with a z = 0 remnant halo (from tracks Tp), and the dotted

line for high redshift debris from halos that are completely disrupted by z = 0.

We construct debris catalogs from both T and the subset of subhalos in Ty 56 that do not have
a z = 0 remnant. Note that this constitutes a marked improvement over our earlier study [14],
in which we considered only particles that were bound around the time of reionization z ~ 9.
Figure 1 shows the fractional contribution (Ngebris/Nitot) above a given Earth rest-frame speed.
In total (vmin = 0 km/s), about 90% of all particles at 8 kpc are debris, with 70% having been
stripped from halos that were completely disrupted prior to z = 0, and 20% from halos with
surviving remnants. At higher vy, the relative contributions are reversed: debris from surviving
subhalos exceeds debris from fully disrupted subhalos at 400 km/s, and makes up more than half
of all the material at vy, > 450 km/s. Debris from surviving subhalos contributes as much as 85%
of the local material at vy, = 650 km/s. The Ty debris curve is well fit by a Gauss error function,

Umin — 465 km /s 1
185 km/s '

e(ER) ~ 0.22 +0.34 [erf( (1)

IIT. FORMATION PROCESS OF DEBRIS FLOWS

The left panel of Figure 2 shows the Galactic rest-frame speed distribution of the debris par-
ticles in the radial shell 7.5 < r < 9.5 kpc, compared to the distribution of all particles, as well
as non-debris particles, in the same radial shell. Note that these distributions are separately nor-
malized in order to highlight the difference in their shapes, but as a result their heights do not

reflect the relative contributions of each component (see Figure 1 for that information). The total
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FIG. 2. Top : Normalized speed distributions for debris from subhalos that are still present at z = 0 (solid
line), from subhalos present at z = 4.56 but not at z = 0 (dotted line), for all particles in the Milky Way
(black dashed line), and for non-debris particles (gray dashed line). The comparison is made for particles in
the radial shell 7.5 < r < 9.5 kpc. Bottom: Histogram of speed distribution for the debris flow (solid black),
as well as the distributions of particles from a sample of subhalos that contribute the most to the debris flow
(colored dashed: 19765:purple, 19624:green, 17928:blue, 17689:red, 18506:yellow). The left panel shows the

distributions in the Galactic frame, while the right panel is in the Earth frame (assuming tyn.x = June 2).

distribution (black dashed) exhibits the well-known [5, 12, 50-53] departures from the shape of a
Maxwellian distribution, consisting of a deficit near the peak and an excess at high speeds. The
speed distribution for non-debris particles (grey dashed) is similar to the distribution for debris
from fully disrupted subhalos (dotted), indicating that the Ty 5¢ debris has equilibrated with the
host halo. In contrast, the debris from surviving subhalos has an intriguing high-speed behavior,

with a distribution (solid) peaked at ~ 350 km/s. This is consistent with the results of [14], which



Subhalo ID|Mass (z = 0) | Rec(z = 0)|Infall Mass| Zinan | Nperi |min(Dperi)|  fdebris
[ Mg] [kpc] [ Mg)] [prop.kpc]
19765 9.8 x 10° 20.9 41x10% | 1.9 | 12 4.1 1.2 x 1071
19624 5.8 x 108 21.8 |2.7x10"| 16 | 6 6.6 (9.3 x 1072
17928 5.7 x 107 42.3 58x10° | 2.9 | 15 59  |4.5x 1072
17689 1.2 x 107 44.6 79x10° | 2.9 | 15 3.7 [3.2x1072
18506 4.3 x 10° 34.1 1.1x10° | 3.6 | 21 2.4 2.8 x 1072
18646 2.9 x 108 41.0 25x10° | 1.3 | 4 44 1.3 x 1073

TABLE I. The top five subhalos contributing the most mass to the debris flow, plus one fairly massive
halo that contributes only very little. The table lists each subhalo’s ID, its z = 0 mass and Galacto-centric
radius (Rgc), its mass at infall (first crossing of the host’s Ryi;) and the redshift this occurred (zinfan), the
number of pericenter passages (Nperi) and minimum pericenter distance (Dperi) of its orbit, as well as the

mass fraction of debris (fgebris) it contributes.

considered only a subset of particles contributing to the debris flow. For the remainder of this
paper we consider the debris from fully disrupted subhalos to be part of the background halo, and
henceforth the term “debris flow” will refer to debris from subhalos with a surviving z = 0 remnant
only.

On the right side of Figure 2, we show the corresponding distributions shifted into the Earth’s

frame. These distributions are obtained by applying a Galilean boost of
773(15) = 17LSR + 17’pec + UEB(t)a (2)

where v1gr = (0,220,0) km/s is the velocity of the local standard of rest (LSR) [54], Vpec =
(10,5.23,7.17) km/s is the Sun’s peculiar velocity with respect to the LSR [55], and 7 is the
velocity of the Earth in the Sun’s rest frame, as specified in [56, 57]. These velocities are taken
in the coordinate system where & points towards the Galactic center, § points in the direction of
Galactic rotation, and 2z points towards the Galactic north pole. These coordinates are associated
with the (v, v9,vy) coordinates of the VL2 particles, for an arbitrary assignment of the Galactic
plane. The right side of Fig. 2 shows that the transformation into the Earth frame smooths out
some of the peaks in the debris flow distribution observed in the Galactic rest-frame.® The debris
flow distribution, however, maintains a significantly different shape and is shifted towards higher

speeds.

3 This smoothing arises because, in the transformation from Galactic to Earth frame, particles with different Galactic

frame speed can end up with the same Earth frame speed, depending on their direction with respect to the Earth.
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FIG. 3. Mass ratio (M /Miugan; blue dots), Galacto-centric distance (blue lines) and relative speed (magenta
lines) as a function of time for the five subhalos contributing the most mass to the debris flow, and one
additional halo (bottom right panel) contributing only very little, fyebris = 9.8 x 107%. See Table I for more
information about these subhalos. Subhalo masses have only been determined at coarsely spaced outputs
(every ~ 680 Myr), but the orbits of the subhalos’ most strongly bound central particles (i.e. 6DFOF-linked)

have been traced in the intermediate outputs (every ~ 34 Myr). The dotted line indicates the virial radius

of the host halo.
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The presence of several discrete sub-peaks in the debris distribution (e.g., at 330, 380, 420, and
460 km/s in the Galactic frame distribution) hints at the importance of a few individual halos.
This is confirmed in the lower left panel of Figure 2, in which we show the debris flow distribution
on a logarithmic scale and over-plot the corresponding distributions (normalized to total debris
flow) for the five subhalos contributing the most mass to the debris flow. Although no one subhalo
dominates the peak at ~ 350 km/s, individual features are easily identified as being associated with
one of these halos: the broad shoulder at ~ 100 km/s as well as the peak at 460 km/s, for example,
are contributed by halo 19624, and the peaks at 330, 380, and 420 km/s come from halo 19765.
In total, these five subhalos make up 31.8% of the debris flow. Figure 3 shows their mass loss and
orbital information (Galacto-centric distance and speed) as a function of time, and their properties
are summarized in Table I. The number of pericenter passages undergone by these subhalos is
strikingly high. With the exception of 19624 (Nperi = 6), they all have experienced more than 10
pericenter passages, and subhalo 18506 had more than 20. For comparison, the mean number of
pericenter passages for all Ty 56 subhalos with at least one pericenter passage is only 4.3. The top
five debris-contributing subhalos all have multiple deep pericenter passages, reaching considerably
below 10 kpc, which enables them to contribute to the local debris flow at 8 kpc.

The high number and depth of their pericenter passages is reflected in a large amount of mass
loss. From first infall until z = 0, these five subhalos have lost between 97.9% and 99.7% of their
infall mass, and it is this material that makes up their contribution to the debris flow. Note that
their mass loss is strongest in the earlier parts of their orbits [58, 59]. As a contrast, we show in the
bottom right panel of Figure 2 the orbital information for a sixth halo, which is representative of
the population of subhalos that only contributes weakly to the debris. This subhalo has undergone
a smaller number of pericenter passages, none of which reach closer than 44 kpc from the center,
and it has lost less than 90% of its mass.

The speed of ~ 350 km/s at which the main debris flow peak occurs is easily explained by
energy conservation, as it simply reflects the speed of the debris particles’ parent subhalos orbiting
in the Galactic potential. The five representative subhalos discussed above have infall redshifts
between 3.6 and 1.6, and initial apocenter distances ranging from 74 to 176 kpc, with a mean of
<D;p0> = 96 kpc. As the subhalos orbit in the host halo, they lose mass from tidal stripping and
their orbits shrink due to the influence of dynamical friction and in response to the steadily growing
mass of the host halo interior to their orbits. This shrinking continues until they become so light

<1072, [60]) and the host halo’s mass

~

that dynamical friction ceases to be efficient (Mgup/Mhost

accretion halts [59]. The apocenters of our five subhalos shrink by a factor of Df:po /D = 0.47 to

apo
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0.78, with a mean final apocenter of <D£p0> = 59 kpc. At this distance, they have a mean speed of
(Vapo) = 54 km/s. The difference in the late time (2 < 1) host halo potential between 59 kpc and
8.5 kpc is 6.7 x 10* (km/s)?, and hence conservation of energy implies a mean speed at 8.5 kpc of
370 km/s, which is in very good agreement with the peak speed of the debris flow. These results
also correspond well with the energy-infall relation recently elaborated on by [61].

In Figure 4, we extend our analysis to the full set of subhalos contributing to the debris flow. In
the left panel, we show a scatter plot of the subhalos’ infall mass versus their number of pericenter
passages (Nperi). The size and color of the symbols represent the fraction of the debris flow that
a given subhalo contributes. In the right panel, we plot the distance of the deepest pericenter
approach (min(Dpei)) against the subhalo’s infall redshift. These two plots clearly demonstrate
that the trends observed for the top five contributing subhalos continue to hold for the entire
population. The amount of material contributed to the debris flow tends to increase with increasing
infall mass, with larger Nperi, and with decreasing min(Dperi) of the subhalo. The largest fraction
of debris flow is contributed by subhalos accreting between z = 1.5 and 4, and about 40% of the
debris is contributed by halos brought in with the last major merging event at z ~ 1.7.

To some degree, the larger fractional contribution of more massive individual halos is simply a
result of their having more material to lose. In principle, it would be possible for the far greater
number of low infall mass subhalos to contribute more to the debris flow in aggregate than the more

massive ones. This turns out not to be the case: the majority (> 53%) of debris flow is contributed

fdebris
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FIG. 4. Scatter plots of infall mass vs. number of pericenter passages (left) and closest pericenter approach
vs. infall redshift (right). The size and color of the symbols indicate the fractional contribution that a

subhalo makes to the debris flow. Only subhalos with surviving remnants at z = 0 are plotted.
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Infall Mass | fdebris

> 10 Mg | 0.12
102 — 100 Mg | 0.42
10% — 10° Mg, | 0.21
107 — 10% Mg, | 0.16
105 — 10”7 Mg, | 0.061

<105 Mg | 0.027

TABLE II. The fraction of the debris flow contributed by halos in the given mass range.

by subhalos with infall masses greater than 10° Mg, and halos with infall masses below 107 Mg
only contribute < 10% (see Table II). This result gives us confidence that our results are not highly

sensitive to the numerical resolution of the VL2 simulation.

IV. DIRECT DETECTION PHENOMENOLOGY

Direct detection experiments are sensitive to the scattering of dark matter particles off a target
nucleus. The recoil spectrum measured by these experiments depends on the distribution of dark
matter speeds and is thus sensitive to the presence of local velocity substructure in the form of
streams or debris flow. The implications of tidal streams for direct detection experiments have been
explored by [12, 20, 21, 62, 63], and more recently by [64] in light of the CoGeNT anomaly [30, 32].
In this section, we will derive a semi-analytic model for the recoil spectrum of debris flows. The
phenomenological model presented here is a function of a single parameter and can easily be used
to find the expected spectrum of events from scattering off the debris flow.

For a direct detection experiment with target nucleus of mass my, the differential scattering

rate per unit detector mass is [1]

dR P0

= E min /»
o = e (Br)g(vuin) Q

where py (= 0.3 GeV/cm?®) is the local dark matter density, my is the nuclear mass, Eg is
the nuclear recoil energy, o(ER) is the energy-dependent scattering cross section, and g(vmin) is
a function of the detector’s threshold speed. The differential scattering rate is sensitive to the
distribution of dark matter speeds in the Earth frame f(v), and thus depends on whether the dark

matter is virialized or in a stream or debris flow. The relevant quantity is

gmn) = [ Iy, (4)

VUmin
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FIG. 5. Tangential vs radial velocity components (km/s) of dark matter within a radial shell 7.5 <r < 9.5
kpc in the Galactic frame. On the left, the distribution for dark matter debris and in the middle, the
distribution for all VL2 particles in this radial shell. The right panel shows the distribution of debris
particles (blue triangles) and all VL2 particles without the debris contribution (red circles) as a function of
cos ,, where 6, is the angle between the velocities of the particles in the Galactic frame and the direction

of Earth’s motion.

where the threshold speed vy, is given by \/”W for elastic scattering. If the scattering
is dominated by a Maxwellian distribution f(v) v2e=""/% in the Galactic frame, the expected
recoil spectrum is exponentially falling [1]. If, in contrast, the local dark matter is dominated by a
stream, then the scattering rate is constant up to a recoil energy corresponding to |Ugtream — Ue| [62],
where v, is given in Eq. 2.

The particles in the debris flow have speeds characterized by the distribution function

1 dN 1 dN dcosb,

flv) = Ndv Nalcos@e dv (5)

in the Earth frame, where N is the total number of debris particles and 6. is the angle between
the velocities of the flow particles in the Galactic frame and the direction of Earth’s motion. This

angle is related to the Earth-frame velocities through

v? = vﬁow + ve(t)2 — 200w Ve (t) cOS O, (6)

where vgoy is the speed of the debris flow in the Galactic frame. A complete expression for f(v)
depends on how the debris particles are distributed as a function of cosf.. Figure 5 shows the
tangential and radial Galactic-frame velocity distributions for the debris (left) and for all VL2
particles (middle) in a 7.5-9.5 kpc radial shall. The right panel shows the distribution of debris
particles as a function of cos .. The results show that the debris flow is nearly uniformly distributed

(isotropic) in cos @, with dN/d cosf. = N/2.
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To proceed, we make two simplifying assumptions. First, we neglect any dispersion in the
Galacto-centric speed of the debris flow and treat its distribution as a delta function centered on
Vow- Secondly, we assume that the debris flow is isotropic. The true distribution of the debris
flow’s radial and tangential velocity components exhibits non-zero dispersion and a small tangential
bias, but, as we show below, our simplified model nevertheless captures the main features of the
recoil spectrum.

With these assumptions, the Earth-frame speed distribution function of the debris flow is given

by

%Uﬂow’l;e(t) lf (Uﬁow B Ue) <v< (Uﬂow + 'Ue),

fﬂow(v) = (7)

0 otherwise.

Substituting this into (4) and integrating, we find that the recoil spectrum for the debris flow is

proportional to

1

if vmin < (vﬂow - Ue),

Vflow
g('Umin) = W if (Uﬂow - Ue) < VUmin < (Uﬂow + Ue)a (8)
0 if Vpin > (Uﬂow + Ue).

The only input parameter in this equation is the speed of the debris flow in the Galactic frame.
The left panel of Figure 6 shows the semi-analytic model for g(vmin) for vaey = 340 km/s (dashed
red). Overlaid on the same plot is the distribution obtained directly from the VL2 simulation for
the debris flow (solid black) and all other particles (solid gray) from 7.5-9.5 kpc. The semi-analytic
model captures the main features of the debris flow distribution remarkably well, even though it
ignores the velocity dispersion and small tangential bias of the flow.

Because debris flow particles have relatively large speeds compared to the virialized component
of the halo, they mainly contribute to nuclear recoils with large energies. To illustrate this, let us
consider the recoil energy spectrum for a 10 GeV elastically scattering dark matter particle. The
scattering rate for this low-mass dark matter candidate is given by Eq. 3, with an energy-dependent

cross section [65]

myon (fpZ + fu(A = Z))?
2p f2

where the detector target has charge Z and atomic number A, p is the reduced mass of the dark

o(ER) = |Fi(Er)[, (9)

matter-nucleus system, oy is the cross section for the dark matter-nucleus interaction at zero

momentum transfer (10~%' ¢cm? for this example), and fpn are the couplings to the proton and
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neutron, respectively. We will take f, = f, = 1 for the rest of this section. The Helm form factor
Fr(ER) accounts for the loss of coherence at large momentum transfer [66].

The right panel of Figure 6 shows the recoil energy spectrum of the modulated amplitude (half
the difference between the maximum rate in June and the minimum in December) for this dark
matter candidate scattering off a Germanium target. The gray line is the spectrum assuming a
Maxwellian distribution with vg = 220 km/s and vese = 550 km/s, while the dashed lines are the
distributions for a debris flow with Galacto-centric speeds of 340, 400, and 460 km/s (red, blue,
green, respectively). The total scattering rate will have contributions from both the virialized and
unvirialized components of the halo. Therefore, the total rate is a sum of the rates from individual
halo components - i.e., from the Maxwellian component, Ryp, and the debris flow component,

Rgebris:

dRiotal dRyB dRgebris
iEn = (1—¢€(0)) dEx +6(0)7dER )

(10)

The relative contribution from either component depends on the relative density fraction €(0) =

0.03!
0.02f
g
<= 0.01}
&
Ke]
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)
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FIG. 6. Left: g(vmin) for the debris flow (black) in a 7.5-9.5 kpc spherical shell in VL2. The gray line
represents the same distribution for all other particles in the same VL2 shell. The dashed red line is the
prediction of the semi-analytic model described in the text for vgew = 340 km/s. These distributions are
shown for ¢, = June 2. Right: The modulated amplitude for a 10 GeV dark matter elastically scattering
off a Germanium target with cross section 10~*'cm?. The gray line is the distribution for a Maxwellian
distribution with vg = 220 and vesc = 550 km/s, while the dashed lines show the spectrum for debris flows
with vaew = 340 (red), 400 (blue), and 460 (green) km/s. The solid red line is the distribution for scattering
off of both a Maxwellian and 340 km/s debris flow, with relative density given by VL2. The modulated

amplitude is half the difference in rate at peak (June) and minimum (December).
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Nebris/Ntot between the debris flow and the total number of halo particles, which in the VL2
simulation is 0.22 (see Figure 1). The solid red line in the right panel of Figure 6 shows the recoil
spectrum of the modulated amplitude when scattering occurs off of both a Maxwellian and 340
km /s debris flow, with €(0) = 0.22. Clearly, the presence of the debris flow leads to more significant
modulation at recoil energies where a Maxwellian distribution would give little contribution.

It is clear, then, that the density and speed of the debris flow can have important implications
for the expected distribution of events in direct detection experiments. If the dark matter has a
large scattering threshold, such as in light elastic dark matter or inelastic dark matter [67], it may
be particularly sensitive to the presence of the debris flow. Both of these scenarios have received
attention recently, in light of conflicting results from current experiments. The tightest limit for
spin-independent scattering interactions is currently set by XENON100 [33], and improves upon
bounds from CDMS [34, 35], EDELWEISS [36], XENON10 [37, 38], CRESST [39], and ZEPLIN [40,
41, 45]. Despite the null results from these experiments, the DAMA collaboration reports a 9o
annual modulation signal [28, 29] and the CoGeNT experiment reports a 2.80 modulation [30]. The
CRESST experiment has also claimed an excess of events that cannot be explained with background
estimates [31]. The three anomalies can be made consistent with each other if the dark matter is
light O(10 GeV) and scatters off a non-Maxwellian distribution [68]. Debris flows may also be able
to explain the observed modulation in CoGeNT at unexpectedly large energies [69]. We caution,
however, that a non-Maxwellian velocity distribution by itself does not appear to be sufficient to
reconcile these signals with the exclusion limits from the CDMS low-threshold analyses [42, 43, 46],
XENON10 S2 analysis [44], and XENON100 results [33] (see [68]).

The presence of velocity substructure could be even more important for experiments that are
sensitive to the direction of the scattering dark matter particles [12], rather than just their speed.
Indeed, directionally sensitive detectors, such as DRIFT [70], DMTPC [71], MIMAC [72], and
NEWAGE [73] (see [74] for a summary of the current state of experimental efforts), require large
recoil energies in order to follow the recoil tracks, which are typically only a few millimeters in
length. These experiments are thus quite likely to be impacted by the non-Maxwellian velocity
structure arising from debris flows.

To investigate the expected directional signatures of the debris flow in more detail, we present
in Figure 7 Mollweide projections of the distribution of incidence directions for debris particles
(left), for all particles (center), and for a Maxwellian halo (right). The coordinate system is chosen
such that the direction anti-parallel to the Earth’s motion corresponds to the center of the maps.

We show the distributions split into four distinct Earth-frame speed bins, in order to demonstrate
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v < 200 km/s v < 200 km/s

13.5%

v < 200 km/s
17.1%

200 < v < 350 km/s 200 < v < 350 km/s
49.1% 47.3%

350 < v < 500 km/s 350 < v < 500 km/s
30.2%

v > 500 km/s
20.4%

v > 500 km/s
7.17%

v > 500 km/s
5.46%

FIG. 7. Mollweide projections of the distributions of incidence direction of debris particles (left), all particles
(middle), and a 107 particle realization of a Maxwellian halo (right). The coordinate system is chosen such
that the Galactic disk normal is aligned with the simulation’s g-direction, and the direction anti-parallel to
the Earth’s motion is in the center of the projection. From top to bottom, the rows show the distributions for

particles with Earth-frame speeds < 200 km s~!, 200 — 350 km s~*, 350 — 500 km s~!, and > 500 km s~ .

trends with recoil energy. The incidence directions of the debris flow particles are distributed more
broadly and less uniformly than for the Maxwellian halo, and they exhibit remarkable ring-like
structures, most pronounced in the 350 km/s < v < 500 km/s bin.* Such features arise because
the debris flow is peaked at one Galacto-centric speed (~ 350 km/s), but is nearly isotropic in
direction. Debris flow particles that happen to be traveling in the direction anti-parallel to Earth
are boosted out of the 350-500 km/s bin, and far fewer lower speed particles are boosted into this
bin. The result is a hole in the center of the distribution. Similar effects occur in the other speed
bins.

Experimentally, there is no way to determine whether a given recoil event originated with a

4 The detailed morphology and strength of these features depends somewhat on the orientation of the Galactic disk

plane, which is not specified in the purely dark matter VL2 simulation.
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debris flow or a relaxed halo particle, and so it perhaps makes more sense to look at the combined
distribution for all particles, as shown in the middle column of Figure 7. Now, the ring-like
features are washed out by the dominating relaxed halo component, but in the two highest speed
(i.e. recoil energy) bins a pronounced asymmetry is still visible. Comparing to the equivalent
Maxwellian distributions (in the right column), it is apparent that the debris flow has two effects
at high speeds: (i) it broadens the distribution of incidence directions and (ii) the peak of the
distribution (the hotspot direction) can be shifted away from the direction anti-parallel to the

Earth’s motion. The latter effect is due to anisotropy in the direction of debris flow particles.

V. CONCLUSIONS

This work presents a detailed analysis of the properties of dark matter debris flow in the VL2
simulation. Debris flow is an example of spatially-uniform velocity substructure that consists of
overlapping sheets, streams, plumes and shells created by dark matter that is tidally stripped from
subhalos falling into the Milky Way. Subhalos that contribute dominantly to debris flow typically
have large infall mass (> 10° M) and make numerous (2 10) pericenter passages, with a minimum
pericenter distance within 8 kpc.

Debris flow is distinct from dark matter streams. Although both arise from tidal disruption of
satellites, streams are dynamically colder than debris flow and have not had time to spatially mix.
Streams consist of particles that are spatially confined and coherent in velocity space. In contrast,
debris flow is spatially-mixed over a large volume, yet retains distinctive velocity behavior because
it is not completely virialized. In VL2, the debris flow has a speed peaked at a magnitude of ~ 340
km/s.

Debris flow is ubiquitous in the solar neighborhood; approximately 20% of all dark matter par-
ticles in VL2 between 7.5-9.5 kpc are identified as debris flow. This fraction increases to 50% for
particles with speeds greater than 450 km/s, and rises to 80% at 600 km/s. The prevalence of
debris flow makes it highly relevant for direct detection experiments. In particular, if the dark
matter has a large minimum scattering threshold, then direct detection experiments will be sensi-
tive to its presence. The recoil spectrum is different from that expected for a standard Maxwellian
distribution, with more scattering events at large nuclear recoil energies. Our simple parametriza-
tion for the debris flow recoil spectrum allows one to analytically determine the deviations from a
Maxwellian expectation for a debris flow of given speed and density.

Although the primary focus of this work has been to study debris flow in the context of dark
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matter, we conclude with some preliminary thoughts on the relevance of debris flow to the stellar
halo. The dense cores of subhalos were the site of star formation billions of years ago and these
stars are tidally-stripped, along with dark matter, as the subhalos fall into the Milky Way. As a
result, the distribution of stars in the halo is not smooth, and exhibits phase-space features that
are correlated with accretion events in the Galaxy [75-80]. A tidal stream is an example of such a
feature, and evidence for streams has been found using deep photometric wide-field surveys, such
as SDSS [15, 16], the Spaghetti Survey [81] and the Two Micron All Sky Survey [82] (see [83] for

a review).

The presence of stellar streams strongly suggests that debris flow should also be present and
potentially detectable. Ideally, a search for spatially-uniform velocity substructure requires com-
plete kinematic information of stars. The upcoming GAIA satellite [84] will obtain the largest and
most accurate sample of proper motions in the solar neighborhood to date and will therefore be
an integral step in mapping out the velocity domain. In the meantime, a study using the position
and radial velocity measurements of metal-poor main sequence turnoff stars in 137 SEGUE lines
of sight has found evidence for velocity substructure [85]. This study identified 10 high-confidence
and 21 lower-confidence® detections, referred to as ECHOS (Elements of Cold HalO Substructure),
within 17.5 kpc of the sun. Each detection consists of O(20) stars uniformly distributed along a
large patch of sky with a radial velocity distribution that differs from the expected background.
In addition, the ECHOS are chemically distinct from the kinematically smooth stellar halo back-
ground, strongly suggesting a separate origin [86]. Because the detections are spread out over
large areas of the sky, they do not exhibit a stream-like morphology. Indeed, the morphology more
closely resembles that of debris flow, and it will be useful to explore whether the ECHOS can be

explained as the tidal debris of many infalling satellites.

Discovery of debris flow in the stellar halo would provide critical information for dark matter
searches, suggesting that there are more high speed particles (with speeds in excess of the most
probable speed) in the solar neighborhood than expected for a Maxwellian standard halo model.
This would alter the expectation for the nuclear recoil spectrum and modulation fraction in direct
detection experiments, as well as the angular distribution of events in directional experiments. In
light of a detection, the results from both the dark matter and stellar searches will shed light on

the matter distribution in our Galaxy and its tumultuous merger history.

5 They expect 3 false positives in this subset.
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