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The view from Earth: standard
model of particle physics
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The Dark Universe

Dark Matter




The expansion history of the
universe



The HO tension (2019)

flat — ACDM

Planck

Pre-recombination: >=2
independent methods

73.6:3% Dark matter/energy
dominated era: 3-6
independent methods

HOLiCOW
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Why is this interesting?

* Proves that LCDM is not a sufficient description of
the universe

 Solutions have been proposed (e.g. early dark
energy) but no clear idea has emerged that explains
the tension away without breaking other
constraints

* Little wiggle room to change expansion history
after recombination, so focus is on pre-
recombination physics

* Unless of course this is due to systematic errors in
MULTIPLE MEASUREMENTS



Time delay cosmography



What is Gravitational Lensing?

Movie courtesy of Y. Hezaveh



Cosmography from time delays:
how does it work?

Background
~/  source galaxy

Foreground
lens galaxy

Treu & Marshall 2016



Time delay distance in practice

At < Dag(2s, 2q) o< Hy H f(Q, w, ...)

Steps:

Measure the time-delay between two images
Measure and model the potential

Infer the time-delay distance

Convert 1t into cosmlogical parameters



A brief history of time delay
cosmography

« 1964 Method proposed
» /0s First lenses discovered

« 80s First time delay measured
« Controversy. Solution: improve sampling

» 90s First Hubble Constant measured
« Controversy. Solution: improve mass models

« 2000s: modern monitoring (COSMOGRAIL,
Fassnacht & others); stellar kinematics (Treu &
Koopmans 2002); extended sources

« 2010s Putting it all together: precision
measurements (6-/% from a single lens)

e 2014 first multi lX Imaged supernova
discovered (50" anniversary of Refsdal’'s paper)



"In theory there is

J/ . . no difference

¥ Y ‘*; between theory and
| practice. In practice
there is."




A real life example
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HO measurement from Refsdal 1s almost done!




Modern time delay
cosmography



Cosmography with sirong lenses:
the 4 problems solved

« Time delay — 2-3 %
« Tenacious moni’rorln? ég Fassnacht et al. 2002);
COSMOGRAIL (Meylan/Courbin)
« Astrometry — 10-20 mas
« Hubble/VLA/(Adaptive Optics?)

« Lens potential (2-3%)
« Stellar klnemchcséEx’rended sources (Treu &
Koopmans 2002; Suyu et al. 200
« Structure along the line of sight (2 3%)

« Galaxy counts and numerical simulations (Suyu et
al. 2010

 Stellar kinematics (Koopmans et al. 2003)



Cosmography with sirong lenses:
measuring time delays

Vanderriest et al. 1989

OSMOGRALIL: better data & better techniques

QSO RXJ1131-123 COSMOGRAIL EPFL
Swiss Euler Telescope, 259 epochs
M. Tewes, F. Courbin, G. Meylan
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Cosmography with sirong lenses:
measuring the lens potential

Host galaxy reconstruction; Suyu et al. 2012




Cosmography with sirong lenses:
measuring the lens potential

Stellar Mass—to—Light Ratio (h=1) Stellor Mass—to~Light Ratio (h=1)
2 4 6 8 10 12 2 4 6 8 10 12

2.8 Jaffe (r;=0) s Jaffe (r=R,)

T
0.2 0.4 06 08 1.0 0.2 0.4 0.6 0.8
Stellar Mass Fraction Stellar Mass Fraction

Stellar kinematics: Treu & Koopmans 2002



Cosmography with sirong lenses:
Structure along the line of sight

777
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--=-=all lL.o.s.

-0.05 0.00 0.05 0.10 0.15 0.20 0.25
Kext

Suyu et al. 2010




Methodology - Blindness

* Blinding 1s the most effective way to avoid
experimenter bias and discover unknown unknowns

 Refsdal 1s a rare example of a true blind test in
astronomy

* “Blindness” can be achieved for example via software,
by removing the average of the posterior pdf during the
measurement and only revealing the average/peak just
prior to publication.

* Unblinded results are published without correction.



Cosmology Results for 7 Lenses in flat lambda-CMD

Early 2020
flat ACDM
67.4 ::
0740 5.70 g
67.41 530
o— : ;
74.0"14
@ 1.4
@ Planck (Planck Collaboration 2018) 733i}é
® DES+BAO+BBN (Abbott et al. 2018) ®
O SHO_ES (Riess et al.. 2019) -3 EIBJrl'l
@ HOLICOW 2019 (this work) "—1.1
@ Late Universe (SHOES + HOLICOW)
68 70 72 74
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Now combining SHOES with 7 lenses

7 lenses

SHOES

6 lenses

6 lenses
+ SHOES



Revisiting assumptions



Mass profile assumption

« Power law or stars (M/L) + NFW

« Assumptions consistent with observations
(X-ray, dynamics, lensing, statellites) and
theory (numerical simulations)

Stellar kinematics: "The resulting total density profiles were found well
described by a nearly-isothermal power law piet(r)oecr-y from Re/10 to at least
4R (Cappellari 2016)"

X-RAY: “We show that the conspiracy between the baryonic (Sersic) and dark
matter (Navarro—-Frenk—White/Einasto) components required to maintain @
power-law total mass distribution naturally predicts an anti-correlation

between a and R, that is very close to what is observed.” (Humphrey & Buote
2010)
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Mass profile assumption
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-1.8

Stars + NFW (composite)
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Relaxing Assumptions

Time Delay Cosmography (TDCOSMO) — H, determination

Galaxies are described by
power law/stars+NFW mass
profile

No assumption on the radial
mass density profile of the
lens galaxy

41 P 74.0%17 km s Mpc!
7 3 3 km § ! MpC < \TDCOSMO (NFW + stars/constant M/L)
Sa 74.2F1% km s Mpe'!
— i

TDCOSMO (power-law)

HOL|COW

Assuming SLACS lenses Assuming SLACS lenses and TDCOSMO lenses

and TDCOSMO lenses share the same property
share the same vk} 3+5 8 km s! Mpc-!
and
t TDCOSMO+SLACSry (anlsotropy constraints from 9 SLACS lenses)
property Birrer et al. 2020
Millon et al. 2020
67.47331 kms! Mpc'! Shaijib et al. 2020

Wong et al. 2020

TDCOSMO+SLACSspss +ru (anisotropy and profile constraints from SLACS)
Chen et al. 2019




Generalizing

forming e
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Shajib, TT et al. 2021



Total mass density profile

Deviation of the logarithmic slope from power law

lensing
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Shajib, TT et al. 2021



A general way forward

Current scenario

7 TDCOSMO-5%

7 TDCOSMO+0O-1FU

7 TDCOSMO+AO-IFU

7 TDCOSMO+JWST-IFU
“uture scenario

40 TDCOSMO-5%

40 TDCOSMO+0O-IFU
40 TDCOSMO+AO-1FU
40 TDCOSMO+ELT-IFU

Mgl CO{3-0)
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Birrer & Treu 2021

CC Ii 1 (Ol 2) CO(s-

Incredibly hard for Keck+OSIRIS!!
(Shajib et al. 2021)

Need JWST (approved cyclel!) or
better AO

1””



What's dark matter?



A theorist’'s view

=\ Tim Tait




An observer's view

Hubble Frontier Field Abell 2744

Hubble Space Telescope « ACS « WFC3
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Satellites as a
probe of The
NATURE OF DARK
MATTER



qum Dark Matter

Free streaming ~kev scale thermal relic Lovell et al. 2014



Dark satellites in CDM vs WDM

CDM [11,13]
WDM [11,13]
WDM [11,12]
WDM [12,12.5]
WDM [12.5,13]
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L1 et al. 2016; Nierenberg et al. 2013



Luminous Satellites in CDM vs WDM
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“Missing satellites” and lensing

e Strong lensing can detect satellites based solely on
mass!

e Satellites are detected as “anomalies” in the
gravitational potential y and its derivatives

— "' = Flux anomalies
— ' = Astrometric anomalies
— Y = Time-delay anomalies

— Natural scale is a few milliarcseconds. Astrometric
perturbations of 10mas are expected
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“Missing satellites” and lensing

200.0

100.0

-200.0
-100.0 0.0 100.0 200.0 -200.0

Subhalo X offset (mas)

source size: 40 pc
Msu = 10%M,

g

-100.0 0.0 100.0 200.0

Subhalo position (mas)

Courtesy of D.Gilman



“Missing satellites” and lensing
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Flux Ratio Anomalies

A smooth mass distribution would predict:

This to be 10% brighter

This to be 100x brighter These to be 2x brighter

CASTLES CASTLES
CASTLES

What causes this the anomaly?
1.Dark satellites?

2.Astrophysical noise (i.e. microlensing and dust)!




Anomalies detected in 7 radio lenses
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How do we make progress?

1. Larger samples
2. High precision photometry and astrometry

3. Avoid microlensing
4. Including contribution of the line of sight



Dusty Torus and Narrow Line Region
Are not atfected by microlensing
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Narrow line flux ratios of lensed AGN

Benefits:

1.
Confirm/eliminate
microlensing

2. High resolution
spectroscopy rules
out wavelength-
dependent
suppression (e.g.
dust)

3. Excellent
astrometry and
photometry

If the anomaly is
from
substructure...

1138

Smooth model flux ratios

If the anomaly is
from
microlensing...



OSIRIS detection of substructure




OSIRIS detection of substructure

2.5
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1.0

0.5

y (arcseconds)

0.0
-0.5

_1'—02.5 —2.0 -15-1.0-0.5 0.0 0.5 1.0

X (arcseconds) Nierenberg Treu et al 2014




The full problem in 3D

RX]J0911

halos
light rays

Courtesy of Daniel Gilman




Flux ratio anomalies:
statistical freatment including LOS

WDM single plane
Ziens = 0.8 =m0 Zg=0.012 kp(j_2
Zsre = 3.0 Mpm = 108M,

N ; CDM single plane

L0S _ g Teup = 0.012 kpc™2
Nsub

CDM single plane

Zup = 0.024 kpc—2

WDM single plane
including LOS

CDM single plane
=== including LOS
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Flux ratio anomalies: RESULTS

e
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Flux ratio anomalies: Future
Prospects 1

flux uncertainties

*Narrow line flux ratio anomalies
can currently be studied for 20
systems

*Many more systems are being
discovered and will be discovered
*Large telescopes with AO will
provide spectroscopic follow-up -
and emission line flux ratios = Z.p=0.008 kpc

- F.=0.022kpc*

20 bound mpm [Mo] (Mnermar [keV])
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Flux ratio anomalies: Future
Prospects 2

*As new systems are discovered
one can explore new models, e.g.
self-interacting dark matter

corresponding halo mass scale [My]
108 108 10%° 1012 10%
substructure lensing
galaxies

B=0.37
=== NFW profile

0o =35 cm? g = sothermal solution
Vo=10km s == m cored NFW profile
— O0=20cm?g™} core collapsed

vo=25kms™? """ profile

go=5cm? g!

Vo =100 km s~!

30 90 270 1000
v [km s71]

Assuming CDM

mid-IR flux ratios
2% uncertainty

narrow-line flux ratios
4% uncertainty

10
10 15 20 25 30 35

number of lenses

upper limit on 030 [cm?g~Y] (95% CI)



Summary

* The H, tension indicates a major departure from LCDM
* Given the stakes, multiple independent measurements are
needed.

e Gravitational Time delays are a powerful one-step method
that can quickly reach 2% precision with resolved kinematics

* The nature of dark matter is unknown, many
alternatives to CDM are viable
* Lensing provides unique insights on the small scale structure
 CDM passed the test so far

* Many more stringent tests of broad classes of DM models are
possible



Backup slides



Early & Late Universe

Planck

Planck, no TT

BAO+BBN
+0.7
68.32¢7
— =0
WMAP+BAO
+0.8
67.2%38
—=l
ACTPol+BAO
+0.9
68.5753
— 0

SPT-SZ+BAO

Late

=142+3+4

74.1%13

74.0%13

73.8419

73.7118

No BAO

Planck, no TT

No Planck, CMB + BAO

No Planck, CMB + BAO

No Planck, CMB + BAO

Only Cepheid DL

Only Miras DL

Only TRGB DL (CCHP)

" (CCHP+OGLE)

" (CCHP+N4258)

No SNla

No Lensing (Cepheid DL)

No LMC (")

No MW (")

No N4258 (")

70 75

80

Ho [kms~tMpc™1]

The tension 1s
there even
without Planck

and including
CCHP TRGB

Courtesy of A.Riess



How do we solve it? 1

* Make the sound
horizon shorter

* New relativistic
particle?

* Early Dark Energy?

m— ACDM

ACDM + N
- Early DE
wCDM
- PEDE
CCHP + HOLiCOW
SHOES + HOLICOW

Arendse et al 2019




How do we solve it? 2

* Increase expansion rate
just before
recombination

* New relativistic
particle?

e Early Dark Energy?

* There may be already a
{0ES . .
BAO+SHe sighature of this effect
Planck TT,TE,EE+lowE (ACDM)

Planck TT(f>800)+lowE (ACDM) in CM B data, a |thOugh
== Planck TT(£<800)+lowE (ACDM) . o o
at low significance

130 135 140 145 150 155
rdrag [Mpc]

Knokx & Millea 2019



Early Universe



Cosmic Microwave
Background and HO

Multipole moment, ¢
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Early-Universe HO Alternative

* Baryonic Acoustic |
Oscillations determine BAO+BBN
the angular size of the '
sound horizon as a
function of redshift

* Absolute calibration
requires
* Q,h?(D/H abundance)

* Q_-h (e.g. clustering
and weak lensing)

0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.9C

Abbott et al 2018; see Addison et al 2013, 2017



Late Universe



Local distance ladder(s)

Three Steps to the Hubble Constant

Distant galaxies
in the expanding
universe hosting

Cepheids Galaxies Type la supernovas

within the hosting
Large Cepheids -
Magellanic  and Type la -~ &
Cloud supernovas LR
<& - a
\ »
Earth \ ' 2B N
@} .&A ) ANV S
- e Light red-shifted (stretched by expansion of space) : hz v

\\\‘ . e
..

LIGHT-YEARS



Steps of modern ladder(s)

e Parallax or other method to determine absolute
distance to first relative distance indicator

* Relative distance indicator that is bright enough to
reach a volume containing enough Supernovae la
* Cepheids
* Tip of the red giant branch
* Miras

* Relative distance indicator bright enough to reach
into the Hubble Flow

* SN Ia



SHOES (Cepheid based)

Riess et al. 2019



SHOES (MIRA based)

Late Universe

SNla Distance Ladders

Huang et al. 2019

75
Ho [kms=tMpc—1]




CCHP (TRGB based)

onstant Over 1 1me

Cepheids

+_ TRGEB

CMB

m Cepheids e CMB ® ThRGB

2000 2004 2008 2012 2016 2020 2024

H,=69.8 & 0.8 (=1.1% stat) = 1.7 (£2.4% sys) km s™! Mpc™!
Freedman et al. 2019



SHOES (TRGB based)

Hy=724+2.0km s~ ! Mpc™!

% F19 solution (OGLE+MCPS)
#¢ OGLE + Ay (DEB)

el i Yuan et al. 2019

Dust 1s hard!

Using NGC4258 (low

extinction) megamaser
distance as calibrator instead

; of LMC, yields 71.1+-1.9

s (Reid, Pesce & Riess 2019)

OGLE maps (off-bar)
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