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Abstract: <p>A key prediction of the Lambda CDM framework of structure formation is that a host halo containing a Milky Way sized disk galaxy
should contain hundreds of thousands of sub-dwarf galaxy mass dark matter subhalos. Devoid of stars, these substructures remain undetected.
Detecting them will not only corroborate the existence of dark matter but also give crucial information on the particle nature of dark matter and how
they cluster at small scale. Cold stellar streams originate when globular clusters are tidally disrupted in the Milky Way potential. Gravitational
encounters with dark matter subhalos will perturb these streams' density. | will present a novel method of probing the fundamental nature of dark
matter by statistically analyzing the power spectrum of the stream density. | will discuss the uncertainties that the known baryonic structures such as
the Galactic bar, the spiral arms, the Galactic population of giant molecular clouds and globular clusters can impart. Understanding their effects will
be crucia for deciding whether a particular stream can be used to probe dark matter substructures.& nbsp;& nbsp;</p>

Pirsa: 18100069 Page 1/42



Pirsa: 18100069

Detecting dark matter substructures using cold
stellar streams

based on arXiv:1804.04384 and 1809.09640

Nilanjan Banik
Leiden University/GRAPPA, University of Amsterdam

Collaborators Gianfranco Bertone, Jo Bovy and Nassim Bozorgnia

Cosmology and Gravitation seminar @ Perimeter Institute
October 16, 2018

Page 2/42



Pirsa: 18100069 Page 3/42




Plan of the talk

* ACDM framework predicts several dark matter substructures.
* What are cold stellar streams and how gaps form?

* What do gaps in stellar stream density tell us about dark matter
subhalos?

* Using stream density power spectrum
* Distinguishing between cold and warm dark matter
* Effects of the baryonic structures on the Pal 5 stream.
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Hierarchical structure formation in the ACDM framework

Small dark matter clumps merge to give rise to galaxy and galaxy cluster sized halos

Several dark matter subhalos

Visualization: Ralf Kahler

Numerical Simulation: Hao-Yi Wu,
Oliver Hahn, Risa Wechsler
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Subhalos within the Milky Way halo

* A dark matter halo containing a Milky way sized galaxy should have
hundreds of thousands of DM subhalos, some as massive as 10° Meo.

* Subhalos less massive than ~10° M, are devoid of stars and therefore
remain undetected. Detecting these low mass subhalos will give crucial
insight on the particle nature of dark matter and how they cluster at sub-
galactic scales.

* Besides gravitational lensing,
cold stellar streams is a promising
probe for detecting these subhalos.
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What are cold stellar streams?

* Gravitational potential of the Milky way galaxy can tidally disrupt near
by globular clusters and dwarf galaxies stretching them along their
orbit, resulting in a stream of stars — stellar streams.

comoving kpc/h

100.

Animation by Denis Erkal
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There is a bunch of stellar streams to that we
know till date. GD-1 and Pal 5 are two of the most
well studied globular cluster streams.

NORTHERN SKY
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Probing DM subhalos using stellar streams

* A cold stellar stream has largely a uniform stellar density along its length.

* A flyby DM subhalo will impart velocity kicks to the stars near the point of closest
approach. This will put them in different orbits. This results in a region of low stellar
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Probing DM subhalos using stellar streams

* A cold stellar stream has largely a uniform stellar density along its length.

* A flyby DM subhalo will impart velocity kicks to the stars near the point of closest
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We do see gaps in stellar streams!

2

(0]
[deg]

Price-Whelan and Bonaca (2018) GD il stream (Ga|a + Pan STARRS)

filtered data

— datn

v

[deg 2]

[R——

model

surface
density

And they are most probably

caused by DM subhalo impacts
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What can we learn
from the gap size?

Erkal & Belokurov (2015)
107 M, , 250 pc

w, (km/s)

* By analyzing individual gaps,
we can constrain most of
the encounter parameters
r, (scale radius), b (impact
parameter) and t (time of
impact).

w, (kmys)

w. (km/s)

r, (kpe)

* But there is a degeneracy
between M (mass) and w
(velocity of flyby) that is
hard to break.
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Degeneracy between M and v

* Three different subhalo impacts giving rise to the same gap size

— Fiducial
— w, =75 km/s
-= M=8x10" M, r, =500 pc

Erkal & Belokurov (2015)
Fiducial : 10’ M, 250 pc,
w, = 100 km/s
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A way out : stellar stream power spectrum

* Instead of studying the individual gap profile, we compute the power
spectrum of the stream density and track.
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The need for fast stream simulations

* In order to do parameter inference on
the properties of the impacting
subhalos we need to simulate many
realizations of the stream-subhalo
encounters.

Q, (Gyr !

* Generation and evolution of a cold /

stellar stream is most easily described

Bovy (2014)

/

in frequency-angle space, where the

stream is practically one dimensional. \

* Their evolution is governed by these - |
linear equations : M

Q) = Qy = constant
0 =t + O
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Simulated GD-1 stream matches observation

Banik et al (2018)
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Modeling subhalo impacts in (€}, ) vs. N-body

* We model the stream-subhalo
encounters by the impulse kick
approximation.

* In (£, @) space this translates to

Q= Qo + 027 = constant
0 =t + 0 (t—1t7) + 667 + B9

* The stream simulations in the
(€, 8) framework are orders of
magnitude faster than in an N-
body simulation, enabling us to
run thousands of different
subhalo realizations within a few
hours.
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Density perturbation due to 24 subhalo impacts with
masses between 10° M, and 108 M, create 5 visible gaps.
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Cold vs Warm Dark Matter

* Dark matter can be broadly
classified as cold and warm.

Lovell et al (2014)

* WDM have higher velocity
dispersion compared to CDM which
prevents structure formation below
a certain scale.

* Main motivation of WDM is to solve
the missing satellite and the core-
cusp problem.
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Modeling Thermal WDM

Thermally produced in the early Universe and then froze out as the Universe expanded and cooled thus
maintaining their relic abundance.

i 1.2 5 ) i
Pwpm = T7(k)Fcom Bode et al (2001), v =1.12
T(k) = (1 + (ak)?)~2v  (fitting parameter)

The cutoff scale @ depends only on the mass of the WDM particle
_Kennedy etal (2014)
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Subhalo mass function of CDM and thermal WDM

CDM : use dn/dM o M~ from Aquarius simulations (Springel et al (2008)).
The radial distribution of subhalos in the range 10° M, - 10° M, follows an

EinaStO prOf“e.
(r/n) . (_.\/)_1'"““{_2 [( p )"_ll}

WDM
Lovell et al (2013) improved Schneider et al (2012) analytic fit:

dn M =19 D) P 0 ﬂ[llm -A - B
({!A[)\'\'U.\] =« (."H[;l) “‘\1){_” {(,-_2> . |}} (l + / ][ ) }/ - 2-7;[f - 0.99

My, - half mode mass.
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Baryonic effects can destroy subhalos

* Using APOSTLE simulations,
Sawala et al (2016) found that
baryonic effects such as
interaction with the disk, can
disrupt ~ 45 — 50 % of the
dark matter subhalos within the
Galactocentric radius of GD-1 or
Pal 5 independent of their
mass.
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Density contrast
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Power spectrum

* We compute the power of the
density contrast along the stream.

* Median power of 2100 simulations

0 ] This makes sense since higher the mass of thermal
DM particle, closer it gets to CDM.
N Kennedy et al (2014)
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We use the ABC (Approximate Bayesian
Computation) method for parameter inference

* Likelihood free method.

* For a given set of data, which in our case is the computed power
spectrum of a particular stream, we generate many simulations over a
set of priors and accept only those that are within certain tolerance
around the data summaries. In our case we use the power at the
largest scales.

* From the accepted simulations, we construct the posterior.
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We use the ABC (Approximate Bayesian
Computation) method for parameter inference

* Likelihood free method.

* For a given set of data, which in our case is the computed power
spectrum of a particular stream, we generate many simulations over a
set of priors and accept only those that are within certain tolerance
around the data summaries. In our case we Us€ the power at the
largest scales.

« From the accepted simulations, we construct the posterior.
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Posterior PDFs
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But, what about the dispersion in the power spectrum?

1 GeV

upper 2o — upper 20 lower 20
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Extreme cases

Upper 20 3.3 keV Upper 20 5 keV Lower 20 1 GeV
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Combining multiple stream statistics will allow us to make robust inference on the nature of dark matter.
We have discovered many streams with the DES and Gaia, and expect to discover several more with LSST.
So this is very timely!
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Effects of the baryonic structures on the Pal 5 stream

The main questions we want to ask: Given a stellar stream, can we
confidently attribute the perturbations in its density and track to
subhalo impacts?
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Baryonic structures in our Galaxy

Miville-Deschénes et aI (2016)
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Modeling the Galactic bar
* We modeled the bar as a triaxial, exponential density profile.
* The potential is obtained by the basis function expansion method.
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Effect of the bar on the length of the Pal 5 stream

. For Certain Mass and pattern Speed H_-]i'i """"""""" _ 314.0
of the bar, the length of the stream [
is shortened. |

* Possible resonance effect between 1 .
the bar and the progenitor (?)

* Could be used to constrain the
pattern speed (?)

||||||||||||||
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Effect on the orbit of the progenitor

* Trajectory of the Pal 5 progenitor only slightly affected.

_5' np - 0
% =
5
»
10 10
161 = with bar ] 15F
e = without bar — without bar
i i 5 10 i 11 M s 30 15 10 5 i 5 0 3
R (kpe)

* To analyze the effect of the motion of the progenitor, we computed
the difference in the power of the stream density

A\/ P(‘S(‘i(kf = VPsslwith progenitor — VPss lwithout progenitor
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Testing different models of the bar
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Modeling the spiral arms

N =4
Amplitude of the spiral density wave set such that radial "
1 1 . !"H = 1%
force at the location of the sun is 0.5 or 1 % of the radial force
due to the background. 1
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Giant Molecular Clouds

. We ConSidered the mOSt Complete Mivi”e_Desché’nes et al. (2016) ——
catalog of GMCs : 8107 GMCs in [I
our Galaxy. E

* GMCs typically appear and
disappear over 10-50 Myr.

* To account for this, we ran several b
different realizations with random
¢ rotations to their current
Galactocentric coordinates and
computed the median power of all
these cases.

¥ [pc]

10 0.0
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Giant Molecular Clouds

. We ConSidered the mOSt Complete Mivi”e_Desché’nes et al. (2016) T
catalog of GMCs : 8107 GMCs in [I
our Galaxy. _

* GMCs typically appear and
disappear over 10-50 Myr.

* To account for this, we ran several b
different realizations with random
¢ rotations to their current
Galactocentric coordinates and
computed the median power of all
these cases.
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Power spectrum due to the GMCs

* We assign the GMCs their current location, and evolve them along with
the Pal 5 stream back in the Milky Way potential for 5 Gyr.

* We then evolve them forward and compute their impacts on the
stream.
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Effect of varying Pal 5s orbit

* Observational constraints on the Milky Way potential allows some wiggle
room for the Pal 5 stream.

* Varying Pal 5’s orbit considerably increases GMC hits.
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NB and Jo Bovy et al (2018)

Pirsa: 18100069 Page 39/42



Effect of the globular clusters

Their phase space information taken from Helmi et al
(2018) and Vasiliev (2018), both based on Gaia DR2.

Their masses from Baumgardt & Hilker (2018). Globular
clusters whose mass is unknown is assigned the highest
mass from the known masses.

107 prer=r
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Final result
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* The Pal 5 stream is severely
perturbed by the baryonic
structures in our Galaxy.

* The bar, spiral arms and the
GMCs can individually account for
the observed power of the Pal 5
stream.

* Pal 5 is a poor stream for probing
dark matter subhalos.

* The codes developed in this study
can be used to test whether
other streams are suitable for
probing dark matter subhalos.
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Conclusions

* Stellar streams provide a novel method of detecting dark matter subhalos
in our galaxy.

* We presented a statistical method of distinguishing between CDM and
WDM by comparing the power of the density contrast of a stellar stream.

* By combining high quality data on several streams we will be able to put a
more robust constraint on the mass of dark matter as well as be sensitive
to subhalos with mass as low as 10°Msun.

* Detecting these subhalos will strongly suggest the existence of dark matter
as well as give us valuable information on its particle nature.

* Baryonic structures can severely perturb streams that are close to the
Galactic center. We need to pick streams that had minimum perturbations
from baryonic structures.
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