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Dark Matter and Structure Formation
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e Small scales contain

Py (k) [(h = Mpc)°]

information about a variety of
dark matter physics: we are
compelled to search there!

' |« How do we measure the
R?\ i  smallest scales?
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Dark Matter and Structure Formation

Microphysical dark
matter properties
affect structure
formation on small
scales
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Probing Dark Matter




Probing Dark Matter




What it structure is completely dark”

CDM predicts completely dark halos!
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Dark Matter and Structure Formation

 Dark matter as a collision-less cold fluid is extremely
successful in describing cosmological observations

* The sub-galactic scales offer a laboratory for
micro-physical properties of dark matter

* Below the galaxy-formation limit, only gravitational

probes are sensitive to dark matter physics, In
particular strong gravitational lensing

10 ...end of part 1



perturbation

Flux-ratios are sensitive to
completely dark structure
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Mao & Schneider 1998, Dalal & Kochanek 2002, Moustakas & Metcalf 2003,

Nierenberg+2014, 2017 Hsueh+2016, 2017, 2019, Gilman, SB+2018, 2019a,b,c
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-lux ratio statistics
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Forward modeling and simulation
based inferences with Approximate
Bayesian Computing

thermal relic mass > 5.2 keV
from a sample of 8 quasar
lenses, > 2 keV from1
lensing arc

SB+2015, SB+2017a, b,
Gilman, SB+2019, 20204, b

reconstructed source
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-nd-to-end inference of dark matter microphysics

Gravitational imaging
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Combining visible and invisible universe

a self-consistent combined small-scale probe analysis

“ Dark substructure?

» Simulations: M. Lovell (CDM/WDM), Durham,
Strong lens: Lin et al. 2009 NASA/ESA HST,
Dwarf galaxies: NGC 1052-DF2, NGC 5477 NASA/ESA HST
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Combining visible and invisible universe
self-consistent combined small-scale probe analysis

* Recent analyses of the Lyman-a
forest, strong gravitational lenses,
and Milky Way satellites achieve
similar dark matter sensitivity

* Each individual measurement
probes a distinct aspect of dark
matter clustering

log(Mnm/Me)

* Joint analyses of small-scale probes
are key to break degeneracies and
robustly detect non-CDM physics
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MW Satellites + Lensing
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Measuring the Hubble constant
with time-delay cosmography

Credit: M. Millon

absolute scale path difference
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Measuring time delays with long-term monitoring
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TDCOSMO project

(HOLICOW+STRIDES+SHARP+COSMOGRAIL)

Detailed analysis of several time-delay
Ienses(Suyu+2017)
long term monitoring from
COSMOGRAIL (Courbin+2011) for
accurate time delays
high-resolution HST imaging for
detailed lens modeling
wide-field imaging/spectroscopy to
characterize mass along LOS

RXJ1131-1231 HE 0435-1223

Goal is to constrain Ho to ~few %
precision

Seven lenses have been analyzed
(Suyu+2010, 2013; Wong+2017,
Birrer+2019, Rusu+2019, Chen+2019,
Shajib+2019), more coming WFI12033-4723 PG1115+080  SDSS J1206+4432

www.tdcosmo.org



http://www.tdcosmo.org

HO - present

Ho measurements in flat ACDM - performed blindly

|Wong et al. 2020 73.3%11
—_——
6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L)
[Millon et al. 2020} 74.0111
—_————

6 time-delay lenses (5 HOLICOW + 1 STRIDES) TDCOSMO (NFW + stars/constant M/L)

74.2718

TDCOSMO (power-law)

this work kinematics-only constraints on mass profile
7 time-delay lenses (+ 33 SLACS lenses in different combinations)
+5.6
74.5+36
4
TDCOSMO-only
+5.8
73338
TDCOSMO+SLACSry (anisotropy constraints from 9 SLACS lenses)
+4.3
67.4%43
TDCOSMO+SLACSspss (profile constraints from 33 SLACS lenses)
+4.1
67.4735
4

TDCOSMO+SLACSspss + ru (anisotropy and profile constraints from SLACS)
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SB et al. 2020 TDCOSMO |V
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flat — ACDM

Early 67-4.1Lopﬁg

Planck
+1.2
67.4+12
DES+BAO+BBN
+1.1
68.6711

BOSS(Full-Shape)+BAO+BBN

74.gt%;2 Late

+1.9
69-5.3—1.9
CCHP

67.4'11"3‘;%

TDCOSMO 1V, Birrer et al. 2020

w do W .
L solve this?
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Ho [km st Mpc!]




HO - near future - road to 1%

Resolved kinematics
(approved JWST program)

M 40 TDCOSMO-5%: Ho = 70.0*4-3 km s~ Mpc~?!

40 TDCOSMO+0-IFU (5%): Hp = 70.0*14 km s~ Mpc~?
M 40 TDCOSMO+AO-IFU (5%): Ho = 70.0%}4 km s~ Mpc~?
B 40 TDCOSMO+ELT-IFU (3%):Ho = 70.0%}3 km s~ Mpc~!
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Kelly et al. 2015, Kelly (incl SB) et al. in prep
Lensed supernovae

F475W, HST/WFC3 F625W, HST/WFC3 F814W, HST/WFC3

K-band, Keck/NIRC2 AO
Lensed SN

Lensing
galaxy 2

Goobar et al. 2017



summary

Gravitational lensing is...

* unique window to the dark universe

e probes small (dark) matter structure

* independent anchor of
cosmological scales

e competitive with other
cosmological probes

e advancing with increased sample
size and improved observational
capabilities!

https://github.com/sibirrer/lenstronomy

https://qithub.com/sibirrer/hierArc

20


https://github.com/sibirrer/hierArc
https://github.com/sibirrer/lenstronomy

