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1. Introduction

Astroparticle physics is in the fortunate situation that an abundance of new data is available
to help us unravel some of the most profound mysteries of the Universe. Precise astrometric mea-
surements from the Gaia satellite are transforming our understanding of the Milky Way. Data from
the Fermi mission is offering us unprecedented views of the gamma ray sky. And the discoveries
by the LIGO and Virgo gravitational wave observatories have set the foundations for a whole new
branch of astronomy. In this talk, we explore several novel ways in which these data sets can teach
us about dark matter (DM). In section 2, we will illustrate how Gaia could probe perturbations to
the phase space distribution of stars caused by the passage of dark matter subhalos. Afterwards, in
section 3, we will show that gamma ray bursts (GRBs) observed by Fermi can be gravitationally
lensed by compact DM objects such as primordial black holes (PBHs) along the line of sight. We
will in particular explore the regime of femtolensing, where interference between multiple images
of the source leads to characteristic features in its energy spectrum. Finally. in section 4, we will
explore the possibility that the gravitational wave signals from binary neutron star mergers may be
affected by the dynamics of the DM particles contained within. Specifically, we will discuss the
impact of long-range DM self-interactions on the inspiral.

2. Gaia: Stellar Wakes

Simulations of galaxy formation predict that the Milky Way’s dark matter halo is not smooth,
but rather features substructures across many order of magnitude in mass [1]. The most massive
among these substructures (> 10°M.,) contain enough baryons to form stars and are therefore
visible as dwarf galaxies. Smaller substructures, on the other hand, have remained elusive so far.
As has been shown in ref. [2], this may change with the data collected by Gaia.

In fig. 1, we show that the passage of a DM subhalo, with the parameters given in the caption,
affects the stellar phase space distribution, leaving characteristic “wakes”. The structure of these
wakes can be obtained semi-analytically by solving the Boltzmann equation for the 6d phase space
distribution f(X,V,7). The Boltzmann equation reads
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Here, ®(X) is the gravitational potential of the DM subhalo. Since stellar wakes are a weak effect,
a perturbative treatment is justified. We therefore write
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where fy(V) is the unperturbed phase space distribution (approximately isothermal and spatially
homogeneous), and f; (X,V,7) is the perturbation. To first order in fi(X,V), eq. (2.1) is solved by [4]
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Figure 1: Left: Effect of a passing DM subhalo (located at the origin and traveling in the positive x-direction)
on the phase space distribution of stars. We assume a subhalo mass of 2 x 10’ M., a Plummer sphere density
profile [3] with scale radius r; = 0.72 kpc, and a velocity of 200 km/sec. The initial velocity distribution
of the stars is assumed to have Maxwell-Boltzmann shape (fo (V) o< exp(—v?/v3), with vo = 100 km/sec).
In the top and middle panels, we show the average deviation of the in-plane velocities, while the bottom
panels show the change in stellar density. Right: same as left, but including only stars with v, > 150 km/sec
(comoving with the subhalo).

where d refers to the data, 8 denotes the set of model parameters (position, velocity, mass, and
density profile of the subhalo, properties of the background distribution of stars), and Ny, is the
total number of stars in the region of interest (ROI). We will be most interested in constraining the
subhalo mass Mgy. For this purpose, we define the profile likelihood

A (M) = 2[rgaxlog pld|-#,0) —maxlog p(d|.4, e)] , (2.5)

where 0 ;s refers to all model parameters other than M.

In fig. 2, we show the behavior of A (M), obtained from N-body simulations. We see that the
presence of a 2 x 107 M., subhalo can be easily identified at high significance > 36 (A (Mg,) >9). In
the absence of a subhalo, it should be possible to set a 95% CL limit on the order of My, < 10"M,,
corresponding to A (Mg,) = —2.71.

3. Fermi: Femtolensing of Gamma Ray Bursts

We now turn our attention to DM structures much more compact than the subhalos discussed
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Figure 2: Statistical sensitivity to stellar wakes as a function of the subhalo mass. We show how the
profile likelihood (defined in eq. (2.5)) varies as a function of the assumed subhalo mass if the data contains
no subhalo (blue dashed line) and if there is a subhalo with the same parameters as in fig. 1 (solid black
line). The blue and gray bands indicate the highly asymmetric 16 uncertainties (stellar position, distance,
and velocity uncertainties, subhalo direction). These sensitivity estimates are obtained from an N-body
simulations, assuming a stellar density of 5 x 10% kpc 3 and using an ROI 6 kpc in diameter (green circle in
fig. 1). They agree very well with an analytical analysis based on an Asimov data set (red solid line).

in section 2. In particular, we will explore constraints on PBHs based on femtolensing of GRBs
[5, 6]. The term femtolensing refers to observations of gravitational lensing in which the multiple
images of an astrophysical source cannot be spatially resolved, but interference patterns are ob-
servable in the source energy spectrum. This happens when the travel distances corresponding to
different geodesics connecting the source to the observer differ by not more than several photon
wave lengths. The following discussion is based on ref. [7].

GRBs are typically observed at keV-MeV energies (wave length 1071107 cm), so fem-
tolensing is expected to be most pronounced for lens masses between 1077 and 10~ 4M, [6, 7].
The corresponding modulation of the signal spectrum is illustrated in fig. 3 for both idealized point-
like sources (left) and more realistic extended sources (right). Interference fringes are visible, but
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Figure 3: Left: Modulation of a GRB energy spectrum due to femtolensing for point-like source and point-
like lens. Red curves correspond to a lens close to the (unperturbed) line of sight to the source, while green
curves are for a lens somewhat further away from the line of sight. Dashed curves are for the geometric
optics approximation, while solid curves take into account wave optics corrections. Right: Modulation for
spatially extended sources of different diameters.

their magnitude is much smaller for extended sources. It also strongly depends on the angular
distance between the lens and the would-be line of sight. This angular distance is quantified by a
parameter y = f3/6g, where f3 is the angle under which the source would be observed relative to
the lens if there was no lensing, and O is the Einstein angle. The latter gives the typical (angular)
distance at which lensed photons pass the lens and can be written as

_ [4GM Dps \'?
£ <c2 DSDL> '
Here, G is Newton’s constant, M is the lens mass, c is the speed of light and Dyg, Dg, Dy, are the
distances between the lens and source, observer and source, and observer and lens, respectively.
Figure 3 illustrates that interference fringes can only be observed if the source is small (<
10° cm) and the lens if close to the line of sight. Moreover, by comparing the dotted and solid
curves in the left panel of fig. 3, we also note that femtolensing becomes weaker when wave optics
effects are taken into account. In a wave optics treatment, the observed signal is computed by
solving the Fresnel integral [8]

3.1)

F(¥;0) o< / d’x M) (3.2)
which takes into account that the observer receives photons from any point X in the lens plane. y the
location of the source, and both X and y are normalized to 6. ® is the photon angular frequency,
and the time delay for a photon passing through coordinates x on the lens plane is [9]
6B
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where z; is the redshift of the lens, ﬁ =y 6 and 6=1x O are the angular location of the source in
the absence of lensing and the viewing angle of the images, respectively, and l[/(é ) is the lensing
potential. For a point-like lens, it is given by y(|6]) = 621og 6]. The geometric optics limit is
obtained from a saddle point approximation to eq. (3.2).

In view of fig. 3, we conclude that, for realistic GRB sources with a diameter > 10° cm
[10, 11], it will be extremely challenging to observe femtolensing. Therefore, previously claimed
limits on PBHs based on this effect [6] are invalid because they were based on the assumption of
point-like source and neglecting wave optics effects (see also [10, 12, 13]. Thus, a large portion of

PBH parameter space that was previously thought disfavored is now open again.
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Figure 4: Current constraints on primordial black holes (red) [14] compared to potential future limits from
femtolensing of GRBs (blue). Note that the assumed source diameters 103~10? cm are highly optimistic.
See text and ref. [7] for a more detailed discussion.

It may still be possible to derive limits such limits in the future, but only if significantly more
GRBs with well-determined redshifts are observed, and if the diameter of these sources is at the
lower end of current estimates (10° cm). As the variability of a source is a good proxy for its size,
this suggests focusing on the shortest GRBs. In fig. 4 we compare possible future femtolensing
limits on PBHs (blue) together to currently established limits using other methods (red).

4. LIGO / VIRGO: Modified Binary Inspirals from Dark Forces

At the dawn of gravitational wave astronomy, it is natural to ask how observations of binary
neutron star inspirals can contribute to the hunt for physics beyond the Standard Model. One
proposal that has been put forward is to search for deviations from the gravitational wave forms
predicted by general relativity (GR). Such deviations could be caused by new long-range forces
acting between the neutron stars, and since new long-range forces coupling to Standard Model
particles are tightly constrained, this idea is most interesting in the context of self-interacting DM.
In fact, neutron stars are expected to contain a certain amount of DM, accumulated throughout their
lifetime. However, we now argue (based on ref. [15]) that this population is never sufficient to have
an observable impact on neutron star inspirals.
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Figure 5: Constraints on repulsive (fop) and attractive (botfom) long-range dark sector forces. See text and
ref. [15] for details.

This is illustrated in more detail in fig. 5. For repulsive dark forces (top panel), an important
constraint arises from the fact that, beyond a certain DM content, the neutron star will not be able
to capture any more DM particles (light blue region). This constraint becomes important whenever
the DM-to-baryon mass fraction M, /M), or the strength of the dark force o’ is large. For large DM
content, the DM distribution will moreover extend beyond the neutron star radius, allowing outlying
particles to be stripped away efficiently, which significantly reduces their effect on the inspiral
(yellow region). Both constraints combined make it highly unlike that a dark force signal will be
observed in LIGO. (Dotted black contours show the magnitude of the dark force effect compared
to GR, and the red solid and red dashed lines show the estimated sensitivity to the direct effect of
the dark force and to the effect of dark gauge boson radiation, respectively.) In fact, the parameter
region accessible by LIGO is far above the maximum amount of DM a neutron star can capture
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based on its geometric cross section (black dashed line). More exotic production mechanisms such
as DM production in the supernova that produced the neutron star could in principle lead to a much
larger DM mass fraction, but this region is disfavored by other constraints.

For attractive forces (bottom panel), many of the constraints are the same as for repulsive force.
What is new is the constraint from black hole formation for too large and compact DM distributions
(purple) and the constraint from core expulsion (gray). The latter constraint arises because a strong
attractive force implies that the mutual attraction of the two dark cores will expel them from their
host neutron stars long before the merger.

We note that a small parameter window may be open at DM masses larger than m, = 1 MeV
(the choice made in fig. 5). At m, > MeV, the yellow exclusion region disappears. However, an
observable signal would still require an exotic DM production mechanism such as the formation of
compact primordial DM objects that act as seeds for star formation and make up a significant (per
cent level) mass fraction of at least some neutron stars.
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