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Universal structure formation

Prediction for today’s Milky Way
dark matter density distribution

Initial conditions
Cosmic Microwave Background
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Stellar and Dark Halos are alike

Dark Matter halo




Stellar and Dark Halos are alike

Dark Matter halo Stellar halo
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Note: Information content

o Satellites: constraints on the low(ish) end of the DM
mass function, targets for indirect DM searches

e Streams: shape of the DM distribution, granularity
of the DM distribution - unique probes of DM

» Shells/clouds: accretion history, major merger
events in the life of the Milky Way - likely to
dominate local density, important for direct
detection



Note:Very local stellar halo

e Locally, (most of the above) stelar halo sub-
structures do not exhibit strong density gradients

* [hey are instead only detectable in the velocity
space (or integrals-of-motion space)



Note: linking stellar and DM
sub-structures

* Such link requires detailed knowledge of the
accretion event - most importantly of the time and

the mass of the progenitor

* Not all DM comes from luminous progenitors,
hence the link Is always approximate

 Dynamical modelling of the stellar halo allows to
close the loop, i.e. infer the DM density distribution



Gaia, the halo explorer
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Stellar velocity ellipsoid
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Vlietallicity

e Abundance of elements heavier than H and He

Nre Nre
Fe/H| = log ( ) — log ( ) |
Fe/H o\ Ny ) o\ Ny )

Kirby et al 2013
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Meatball-Sausage dichotomy
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Meatball-Sausage dichotomy
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Orbital Anisotropy
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Orbital Anisotropy

Tangential motion
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(Galactic stellar halo in 7-D
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(Galactic stellar halo in 7-D
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(Galactic stellar halo in 7-D

extreme radial anisotropy - preterred direction
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‘Gala Sausage’
Summary of the discovery

e 2/3 of the (local) stellar halo in a single component

e Stars as metal-rich as 1/10 Solar

* Extreme radial anisotropy



‘Gala Sausage’
Summary of the discovery

e 2/3 of the (local) stellar halo in a single component
e Stars as metal-rich as 1/10 Solar

* Extreme radial anisotropy

Head-on collision with
a massive dwarf
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Co-formation of the disc and the stellar halo*

V. Belokurov,'?t D. Erkal,’* N. W. Evans,' S. E. Koposov!** and A. J. Deason’
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Accepted 2018 April 17. Received 2018 April 16; in original form 2018 February 9

ABSTRACT

Using a large sample of main sequence stars with 7D measurements supplied by Gaia and
SDSS, we study the kinematic properties of the local (within ~10 kpc from the Sun) stellar halo.
We demonstrate that the halo’s velocity ellipsoid evolves strongly with metallicity. At the low-
[Fe/H] end, the orbital anisotropy (the amount of motion in the radial direction compared with
the tangential one) is mildly radial, with 0.2 <8< 0.4. For stars with [Fe/H] > —1.7, however,
we measure extreme values of S~ 0.9. Across the metallicity range considered, namely
—3 < [Fe/H] < —1, the stellar halo’s spin is minimal, at the level of 20 < y(kms™') < 30.
Using a suite of cosmological zoom-in simulations of halo formation, we deduce that the
observed acute anisotropy is inconsistent with the continuous accretion of dwarf satellites.
Instead, we argue, the stellar debris in the inner halo was deposited in a major accretion event
by a satellite with M > 1010M@ around the epoch of the Galactic disc formation, between
8 and 11 Gyr ago. The radical halo anisotropy is the result of the dramatic radialization of the
massive progenitor’s orbit, amplified by the action of the growing disc.

Key words: galaxies: dwarf—Local Group — galaxies: structure.



When and What

smashed Iinto us”?
Fattahi et al 2018



Numerical simulations

The Auriga suite (Grand et al 2017) - 30 Milky Ways




Observing the simulations
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Variety of accretion histories

Early-peaked mass assembly is preterred

Mass assembly
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When and What smashed into us?
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The origin of galactic metal-rich stellar halo components with highly
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ABSTRACT

Using the astrometry from the ESA’s Gaia mission, previous works have shown that the Milky
Way stellar halo is dominated by metal-rich stars on highly eccentric orbits. To shed light on
the nature of this prominent halo component, we have analysed 28 Galaxy analogues in the
Auriga suite of cosmological hydrodynamics zoom-in simulations. Some three quarters of
the Auriga galaxies contain prominent components with high radial velocity anisotropy, 8 >
0.6. However, only in one third of the hosts do the high-B stars contribute significantly to the
accreted stellar halo overall, similar to what is observed in the Milky Way. For this particular
subset we reveal the origin of the dominant stellar halo component with high metallicity,
[Fe/H] ~ —1, and high orbital anisotropy, 8 > 0.8, by tracing their stars back to the epoch
of accretion. It appears that, typically, these stars come from a single dwarf galaxy with a
stellar mass of the order of 10° — 10'° My, that merged around 6 — 10 Gyr ago, causing a
sharp increase in the halo mass. Our study therefore establishes a firm link between the excess
of radially anisotropic stellar debris in the halo and an ancient head-on collision between the
young Milky Way and a massive dwarf galaxy.



Implications for the local
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The local high-velocity tail and the Galactic escape speed
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ABSTRACT

We model the fastest moving (v > 300km s™!) local (D < 3 kpc) halo stars using
cosmological simulations and six-dimensional Gaia data. Our approach is to use our knowledge
of the assembly history and phase-space distribution of halo stars to constrain the form of
the high-velocity tail of the stellar halo. Using simple analytical models and cosmological
simulations, we find that the shape of the high-velocity tail is strongly dependent on the
velocity anisotropy and number density profile of the halo stars — highly eccentric orbits
and/or shallow density profiles have more extended high-velocity tails. The halo stars in the
solar vicinity are known to have a strongly radial velocity anisotropy, and it has recently
been shown the origin of these highly eccentric orbits is the early accretion of a massive
(Mg ~ 10° M) dwarf satellite. We use this knowledge to construct a prior on the shape
of the high-velocity tail. Moreover, we use the simulations to define an appropriate outer
boundary of 2ryy, beyond which stars can escape. After applying our methodology to the
Gaia data, we find a local (rp = 8.3 kpc) escape speed of vesc(r0) = 528“_“%4; km s~!. We use
our measurement of the escape velocity to estimate the total Milky Way mass, and dark halo
concentration: Mag 1o = 1.007035 x 102 Mg, c00 = 10.97343. Our estimated mass agrees
with recent results in the literature that seem to be converging on a Milky Way mass of
Moo, ~ 10 M.

Key words: Galaxy: fundamental parameters — Galaxy: kinematics and dynamics.



Estimates of the DM speed
distribution
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DM ftraction deposited by a Gaia
Sausage event in simulations
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DM substructure in the Solar
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Many new streams
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Halo substructure in the SDSS—-Gaia catalogue: streams and clumps
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Discovery of new retrograde substructures: the shards of @ Centauri?
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Evidence for two early accretion events that built the Milky Way stellar
halo
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S1 -the DM hurricane
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S1 -the DM hurricane
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PHYSICAL REVIEW D 98, 103006 (2018)

Featured in Physics

Dark matter hurricane: Measuring the S1 stream
with dark matter detectors

Ciaran A.J. O’Hare,"  Christopher McCabe,”" N. Wyn Evans,”” GyuChul Myeong,3 and Vasily Belokurov’

lDepartamento de Fisica Teorica, Universidad de Zaragoza,
Pedro Cerbuna 12, E-50009, Zaragoza, Espaiia
2Department of Physics, King’s College London, Strand, London, WC2R 2LS, United Kingdom
SInstitute of Astronomy, Madingley Rd, Cambridge, CB3 OHA, United Kingdom

® (Received 13 August 2018; published 7 November 2018)

The recently discovered S1 stream passes through the Solar neighborhood on a low inclination,
counterrotating orbit. The progenitor of S1 is a dwarf galaxy with a total mass comparable to the present-
day Fornax dwarf spheroidal, so the stream is expected to have a significant DM component. We compute
the effects of the S1 stream on WIMP and axion detectors as a function of the density of its unmeasured
dark component. In WIMP detectors the S1 stream supplies more high energy nuclear recoils so will
marginally improve DM detection prospects. We find that even if S1 comprises less than 10% of the local
density, multiton xenon WIMP detectors can distinguish the S1 stream from the bulk halo in the relatively
narrow mass range between 5 and 25 GeV. In directional WIMP detectors such as CYGNUS, S1 increases
DM detection prospects more substantially since it enhances the anisotropy of the WIMP signal. Finally,
we show that axion haloscopes possess by far the greatest potential sensitivity to the S1 stream if its dark
matter component is sufficiently cold. Once the axion mass has been discovered, the distinctive velocity
distribution of S1 can easily be extracted from the axion power spectrum.

DOI: 10.1103/PhysRevD.98.103006
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Dark Shards: velocity substructure from Gaia and direct searches for dark matter

Ciaran A. J. O’Hare,>* N. Wyn Evans,? I Christopher McCabe,? ¥ GyuChul Myeong,? * and Vasily Belokurov?
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2 Institute of Astronomy, Madingley Rd, Cambridge, CB3 0HA, United Kingdom
3 Department of Physics, King’s College London, Strand, London, WC2R 2LS, United Kingdom
(Dated: September 12, 2019)

Data from the Gaia satellite show that the solar neighbourhood of the Milky Way’s stellar halo
is imprinted with substructure from several accretion events. Evidence of these events is found in
“the Shards”, stars clustering with high significance in both action space and metallicity. Stars in
the Shards share a common origin, likely as ancient satellite galaxies of the Milky Way, so will be
embedded in dark matter (DM) counterparts. These “Dark Shards” contain two substantial streams
(S1 and S2), as well as several retrograde, prograde and lower energy objects. The retrograde stream
S1 has a very high Earth-frame speed of ~ 550 km s~ while S2 moves on a prograde, but highly polar
orbit and enhances peak of the speed distribution at around 300 kms~'. The presence of the Dark
Shards locally leads to modifications of many to the fundamental properties of experimental DM
signals. The S2 stream in particular gives rise to an array of effects in searches for axions and in the
time dependence of nuclear recoils: shifting the peak day, inducing non-sinusoidal distortions, and
increasing the importance of the gravitational focusing of DM by the Sun. Dark Shards additionally
bring new features for directional signals, while also enhancing the DM flux towards Cygnus.




Comprehensive view of the
local sub-structures
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Comprehensive view of the
local sub-structures
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Excess of high speed local DM
without a stellar counterpart



Orphan Stream in the North
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Orphan Stream in the North
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across the stream

Orphan Stream motion

misalignment in Gaia DR2
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Orphan-LMC interaction
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Conclusions. Accretion history

* Thanks to Gaia, we now have strong constraints on
the mass accretion history of the Galaxy.

* |t s punctuated by two major events with similar
mass: the Gaia Sausage event (10 Gyr ago) and
the LMC (today).

e Both have stro

Ng implications for the properties of

the Galactic DM density, both globally (DM density

orofile, numbe

r of dwarfs etc) and locally (dis-

equilibrium, shape of the velocity distribution)



Conclusions. Local sub-structure

 Most of the local sub-structure is phase-mixed, but can
be discovered with Gaia by searches through phase-
space.

* (Gaia has allowed to carry out a census of local DM
over-densities deposited by disrupted dwarf galaxies

 Enhanced, moditied signal to inform direct searches

* The exact DM content corresponding to the stellar halo
sub-structures needs to be established via modelling



Thanks!



