Constraints on Dark Matter Microphysics
from Dwart Galaxies

Ethan Nadler
BSM PANDEMIC
6/3/2020

i




I'he Dark Matter Lanascape

violating

_— Supersymmetry

%

Hidden
Sector DM

Techni-
baryons

Dark Photon

Extra Dimensions

Light
Force Carriers

Dynamical
DM

UED DM

Sterile Neutrinos Warped Extra

Dimensions

T-odd DM

(D

OCD Axi Little Higgs
ions

Axion-like Particles

T Tait Littlest Higgs

Credit: T. Tait



DM Physics from Structure Formation
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DM Physics from Structure Formation
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DM Physics from Structure Formation
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DM Physics from Structure Formation

Armengaud et al. 2017
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DM Physics from Structure Formation
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e Small scales contain information about a
variety of DM physics: we are compelled
to search there!

e Several independent measurements are
probing structure on these scales ...

Planck TT
Planck EE
Planck ¢¢
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DES Y1 cosmic shear
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DM Physics from Strong Lenses

Gilman et al. 2020
 Flux ratios In strongly-lensed systems

(often using quadruply-imaged quasars)
constrain small-scale cutoft

-4

e Recent analyses use ~10 lenses with a
range of redshifts and halo properties
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DM Physics from Stellar Streams
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Iky Way Satellites
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DM Physics from Milky Way Satellites

 Abundance of Milky Way satellite galaxies

“directly” traces subhalo abundance

 Simulations and semi-analytic models
show that the abundance of classical and

SDSS satellites is consistent with CDM

dark matter in baryonic simulation stars

.
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DM Physics from Milky Way Satellites

Abundance of Milky Way satellite galaxies

“directly” traces subhalo abundance There is No Missing Satellites Problem
Stacy Y. Kim, Annika H. G. Peter, Jonathan R. Hargis

Simulations and semi-analytic models

show that the abundance of classical and = —tfv  Jwstneht womany

SDSS satellites is consistent with CDM

- NFW
Most of these studies only consider limiting | = SIS
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A | H. stri e()i
uncertainties ... PP
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The Milky Way Satellite Population
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The Milky Way Satellite Population
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DM Physics from Milky Way Satellites

M T | oyaltet al. 2011
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DM Physics from Milky Way Satellites




Markov Chain Monte Carlo

. Resimulate Milky Way-

like halos from large
cosmological volume.

. Paint satellite galaxies

onto subhalos using
galaxy—halo model.

. Apply observational

selection functions

based on imaging data.

. Calculate likelihood of

observed satellites
given galaxy—halo

connection parameters.
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Simulating Milky Way Analogs

 (zala Is revolutionizing our understanding of Milky Way halo properties:

mass, concentration, assembly history (and satellite proper motions)

« We analyze simulations constrained to match the MW halo In these

Callingham et al. 2018
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—— Posti and Helmi (2018) |-
—— Watkins et al. (2018)
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Koppelman et al. 2018
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Galaxy—Halo Connection Model

Empirical modeling allows us to marginalize over theoretical uncertainties

Physical Ingredient

Assumptions

Parameterization

Free Parameter?

Satellite Luminosities

Abundance match to GAMA survey
Extrapolate luminosity function
Lognormal (My |Veax) distribution

Smooth galaxy formation efficiency

Non-parametric
Faint-end slope o

Constant scatter oy
-/\/lpeak_j\/t 50

— 1
fgal:§[1+( \/Eo'gal

J

No
Yes (« 1s free)
Yes (o) 18 free)

Yes (Mo, 0qal are free)

Satellite Sizes

Kravtsov (2013) galaxy size model
Lognormal (r{ ,|Rvir) distribution

Fi/2 = A (Rvir/RO)n

Constant scatter og

Yes (A, n are free)
Yes (or 1s free)

Size reduction set by stripping r n =11/ (Vinax / Vace)” No (6 =0)
Baryonic Effects Nadler et al. (2018) disruption model Pdisrupt — p(l,i/sipt Yes (B 1s free)
Correspond to disrupted subhalos None No
Orphan Satellites NFW host + dynamical friction In A = —In(msu / thgfgg No
Stripping after pericentric passages Nisub ~ —':j;‘: (37>) No
Pdisrupt SEt DY time since accretion paistupt = (1= aace)® No (O =1)

EN, Y.-Y. Mao, G. Green, R. Wechsler 2019



Mock Satellite Observations




Mock Satellite Observations
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Transfer function
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Current observations are sensitive to ~25%
suppression in subhalo abundance relative to CDM

DES Collaboration in prep.

Fit the data with SHMF suppresssion, marginalizing
over galaxy—halo connection and MW properties:

Satellite luminosity function
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Dark Matter Constraints
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Dark Matter Constraints

MW satellites yield the strongest astrophysical constraints to date on a
variety of DM properties, setting stringent limits on specitic models

e For thermal relic WDM: mwom > 6.5 keV (95% confidence), comparable to
imits from the Lyman-alpha forest (modulo IGM assumptions) and strong
ensing (modulo subhalo density profile assumptions)

* This is the opposite of searching under a lamppost!

Dark Matter Paradigm = Parameter Constraint Derived Property Constraint
Warm Dark Matter Thermal Relic Mass mwbwMm > 6.5 keV Free-streaming Length g < 10 h—! kpc
Interacting Dark Matter Velocity-independent 00 < 2.2x 107* ¢cm? DM-Proton Coupling ¢, < (0.5GeV) ™2

DM-Proton Cross Section
Fuzzy Dark Matter Particle Mass me > 3.2 x 107%' eV de Broglie Wavelength  A\gs < 0.5 kpc




Warm Dark Matter Constraints

 Qur analysis excludes nearly all
remaining parameter space for
resonantly-produced Shi-Fuller
sterile neutrinos

e Sterile neutrino interpretation of

the 3.5 keV X-ray line is robustly

ruled out (> 99% confidence)

* Interpretation: DM free-streaming

length

sizes of

faint dwart ga

ust be smaller than the
the ©

alos that host ultra-
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Sterile Neutrino WDM

..... KATRIN
.............. (stat. limit 3-yr)
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Interacting Dark Matter Constraints

» Collisional damping due to DM- M M)
paryon scattering at early times 0 10 10% 100 10°
suppresses small-scale power 1.0 =
* Mass of the smallest halo allowed = 0.75-
to form corresponds to the size of §
the horizon when ERY mwpa = 0.3 keV
:% ——— TIVWDM — 1.2 keV
:8 - TTV\WDM — 4.7 keV
> RX N aJH'\ Q“ 025_ 0-0::—0_27 Cm2
Momentum Hubble rate oo = 10728 cm?
transter rate . o0 = 10-29 cm?
e Minimum observed halo mass 0.1 L 5 10 3050
k [h Mpc™]

vields analytic cross section
EN, V. Gluscevic, K. Boddy, R. Wechsler 2019



Interacting Dark Matter Constraints
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Interacting Dark Matter Constraints
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Interacting Dark Matter Constraints
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Interacting Dark Matter Constraints
DM-Proton Scattering IDM
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DES Collaboration in prep.



Cross section og [cm?]

Cross section oq [cm?]

Interacting Dark Matter Constraints
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Fuzzy Dark Matter Constraints

 Our analysis robustly rules o

Ut

1022 eV fuzzy DM, even with
conservative SHMF assumptions

 Thisis a limit on ultra-light scalar
field DM with no self- or SM-
coupling; Including Interactions
IS an active area of research!

* Interpretation: DM de Broglie
wavelength must be smaller than
the sizes of ultra-faint dwarfs

Ultra-light Axion FDM

)
MW Satellites
— DES + PS1
SN1987A
X-rays
.
3
=N
= ¥
~— ,/, ,/'
& S
- / /
q /, '7'57 /,
= /& ,//
5l Preliminary
102 10~ 1% 10~ 10~ 10 107°
me (eV)

DES Collaboration in prep.



Constraining Late-time DM Physics

e Our framework also constrains DM
oroperties that suppress subhalo
abundances at late times (e.g. DM
self-interactions, decays)

e Self-interactions: Sensitivity to
SIDM cross sections of ~1 cm?/g at
low velocity scales (stay tuned!)
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Constraining Late-time DM Physics

e QOur framework also constrains DM
oroperties that suppress subhalo o
abundances at late times (e.g. DM ¢ | = | Preliminary

self-interactions, decays)
ﬂ | Vattis et al. 2019
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* Decays: Sensitivity to decaying DM
with a litetime of ~10 Gyr, which
has been claimed to alleviate the
Hubble tension (stay tuned!)
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S. Mau et al. in prep



Outlook

MW satellite abundances are consistent with CDM predictions down to

halo masses of ~108 Mg, yielding the strongest astrophysical constraints
to date on the (lack of) a small-scale cutoft

These constraints will continue to improve with advances in (currently
conservative) galaxy—halo modeling and LSST satellite discoveries

Our analysis informs a variety of DM properties: free-streaming scale, de
Broglie wavelength, coupling to the Standard Model, selt-interactions,
particle litetime, production mechanism, and more ...

Joint modeling of various small-scale structure probes is an important
area for future work, starting with satellites + streams + strong lenses
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Baryonic Subhalo Disruption

CDM + BARYONS

Garrison-Kimmel et al. 2017
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Satellite Population Likelihooo

* Assume that mock and observed P(l’l,‘m,‘,l,---aﬁl-_ﬁ):/P(ni‘)\i)P()\i‘ﬁi_lj,,,,ﬁl,N) d\;
satellites are Poisson distributed A ; A g
+ 1\ —(; +~-+ﬁ’.J§,+1) . n; .o }’ll. g+n;)!
o - (NA ) B VS § o r
* Marginalize over unknown rate \; N nil (i +- -+, 5)!
Ai =1 Ai =0 i = 10
:l.O-i A Nzl() - i 7 N:H) - O Py 10
<§ 7 A o O
=05 ® N
£ A - & 5 A o
Qﬂ ~ O O] J \S o
0.0 - A é - | | $ : . A A
1.0 & A A o A A Y A
—~ N = 1000 Ao N = 1000 e N = 1000
=054 2 - o _ N
S Poisson o o
A A This Work a o . A © ) p B o
0.0- O Jethv&lfa 2018. | f A A & al - 2 .
o 1 2 3 4 5 0 3 6 9 12 15 0 4 8 12 16 20



DES & Pan-STARRS
Survey Selection Functions

DES

e Rigorous satellite searcnh
over ~7/5% of the sky

Footprint

 Masks for dusty regions,
E(@-V)>02 background galaxies, etc.

+120° +60° 0° -60° -120°

e 17/18 (DES), 19/31 (PS1)
satellites recovered by
two search algorithms

Pan-STARRS

H —— -
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for simulated satellites
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Observational Selection Functions
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Observational Selection Functions
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Predict 5 (1) currently observed
L MC-associated satellites in DES
(PS1), consistent with Gaia PMs!

Satellites of the LMC

Also see Patel et al. 2020
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Faint-end slope consistent with global
luminosity function from GAMA
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Predicted Satellite Populations

* Recent infall (within last 2 Gyr) of LMC system required to fit the data

 Predict 5 (DES) & 1 (PS1) observed LMC satellites, consistent with Gaia PMs!
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Predictions for Future Surveys
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Upper Limit on Mgy [M)]

Theoretical Uncertainties

Subhalo Number Counts

Fit to Satellites
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DM-Proton Scattering Constraints

Fvolution of DM density fluctuations: 10 /
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DM-Proton Scattering Constraints

Evolution of DM density fluctuations:

- h
0, = —0
X X %

Evolution of DM temperature:
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DM-Proton Scattering Constraints

Evolution of DM density fluctuations: 10
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DM-Proton Scattering Constraints

Evolution of DM density fluctuations:
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* Find thermal decoupling redshift

 Evolve DM temp. adiabatically to
find kinetic decoupling redshift
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DM-Proton Scattering Constraints

Fvolution of DM density fluctuations: 10 /
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| ate-Forming DM Constraints

Mhaio [Mo]
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 Excess radiation that decays to - . - . - . -
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 Our MW satellite analysis yields 095] = zr5=5.0x10 S \
order-of-magnitude improvement — 2z1,5=1.5x10°
relative to Lyman-alpha forest: 005/ — Zrs=35x10°
0.5 1 5 10 30 50 100
k [h Mpc™1]

2LFrpM > 5.5 x 10° (95% C.L.)

S. Das & EN in prep.
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Selt-Interacting Dark Matter

 Halo mass scale Imposes typical
relative scattering velocity

 Probing velocity-dependence of
the SIDM cross section therefore
requires olbservations over a
range of halo masses

 The Milky Way's DM halo and its
subhalos provide a testbed for
this kind of physics!
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o Simple self-interacting Lagrangian:

Cint —

Selt-Interacting Dark Matter

g, XX, scalar mediator
gy XV x®,., vector mediator.

o For sufficiently light mediator,
iInteractions can be dealt with In
Born approximation, leading to
the differential cross section
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Overview

10}

* Zoom-in simulations of a MW "~
host analyzed at representative 7 | £
. . O, 3
points in SIDM parameter space 5 3
E 4:% n
o = 0.1f 1% £
* Number of surviving subhalos S - z :
relative to CDM is set by the E E:
SIDM cross section at the MW 0,01k & =
halo velocity scale (~200 km/s) 10 20 30 50 100 300
v [km s™1]
Simulation | Cored Host Halo? | Cored Subhalos? | Ram-Pressure Stripping? | Vinresn [km s | Nsiom /Ncpm
CDM X X X 20 1.0
1710 X \/ X 19.5 082
W100 \/ \/ \/ 19.05 0.64
W200 \/ \/ \/ 1875 065
W500 \/ \/ \/ 18.675 0.5

EN, A. Banerjee, S. Adhikari, Y.-Y. Mao, R. Wechsler 2020
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Subhalo Disruption

Disrupted Subhalos
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Subhalo Density Protiles

Profile at z = z,..

Profile at 2z = 0 Circular Velocity (z = 0)
P
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/
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| . |
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EN, A. Banerjee, S. Adhikari, Y.-Y. Mao, R. Wechsler 2020



Implications

Orbital anisotropy profile

 Abundance of surviving subhalos
relative to CDM Is sensitive to the
SIDM cross section at ~200 km/s

e Surviving subhalos

poreferentially

have tangential orbits (implications

for stellar streams)

 Observables probing a range of

velocity scales (e
abundances and de
are needed to cons

.g. satellite
nsity profiles)
rain velocity-

dependent SIDM models
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