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Abstract: Quasars are among the most powerful light sources in the universe and, as such, can be seen at cosmological distances. Is ¢
occasions (although not that rare), a massive galaxy on their line of sight can act as a gravitational lens and produce multiple images of
guasars. These can be used both for cosmology and astrophysics by measuring the so-called time delays between the lensed ima
photometric monitoring, a quantity directly related to the Hubble-LemaA®tre parameter HO. The same data, affected by microlensing by stars
lensing galaxy, can be used to measure the size and energy profile of quasar accretion disks on spatial scales of the order of the light:
inaccessible to even the largest interferometers, including the SKA. The results in this talk are on behalf of the COSMOGRAIL and HOLi
collaborations.&nbsp;
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Cosmology with Quasar Time Delays

Frédéric Courbin (EPFL, Switzerland)
For the COSMOGRAIL and HOLICOW collaborations -
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Main Cosmological Probes

@ Standard candles: supernovae, Cepheids

@ Standard rulers: masers, Baryonic Acoustic Osclllations (BAO)
@ Cosmic Microwave Background (CMB)

@ Galaxy clusters: number counts, Sunyaev-Zel'dovic effect

@ Weak gravitational lensing

@ Strong gravitational lensing

For recent reviews see e.g.
- Suyu, Chang, Courbin, Okumura 2018, arXiv:1801.07262
- de Grijs, Courbin, Martinez-Vazquez, Monelli, Oguri, Suyu, 2017, SSRv 212, 1743
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Time Delays Probe (mostly) the Hubble Constant Ho
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- Measured time delays provide direct and independent constraints on Ho.
+ A percent-level determination of Hop is highly complementary to other probes,
and critical to constrain and test the ingredients of cosmological modaels.
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Motivation : Why Bother About Hp ?
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Advantages

@ One-step process

@ Does not rely on any knowledge of a standard candle
¢ No need of secondary distance estimators

¢ Insensitive to local motions

¢ Insensitive to dust

<

Independent of any other cosmological probe

o

Can be combined with other probes: not really done so far !

@ Does not need thousands of HST orbits

Pirsa: 19030114 Page 6/57



Ingredients

@ Time delays are hard (but possible) to measure with high accuracy
@ Historically, the field has suffered from the Q09574561 time delay «controversy»
@ Need a mass model for the lensing galaxy (mass-slope degeneracy)

@ Need some knowledge of the environment of the lens (mass-sheet degeneracy)

Pirsa: 19030114 Page 7/57



First Measurements of Time Delays (1989-1992)

Based on photometric variations of the sources,
seen shifted in time in each lensed image.

First photometric monitoring of Q09574561 by
three groups led to contradictory results:

« Vanderriest et al. 1989, A&A, 215, 1: optical
monitoring:

« Schild 1990, AJ, 100, 1771 optical
monitoring:

« Lehar et al. 1992, ApJ, 384, 453 radio
monitoring at the VLA leading to a delay of
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Need to Fix the Problem
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Towards Lens Monitoring with Dedicated Telescopes
@ Early days (80-90): deadly fights to get delays to 50%

@ 1997: Paul Schechter's time delays of PG1115+080

@ 2000: Chris Fassnacht's radio time delays of B1608+656

@ 2001-2003: Ingunn Burud's optical time delays. Many time delays, mostly with the NOT
and ESO, but with limited precision and accuracy (10-15%)

@ 2004; Start of COSMOGRAIL and of Chris Kochanek lens monitoring programs
@ 2014 HO | enses in COSMOGRAIL's Wellspring (HOLICOW)

@ 2018+ : High-cadence monitoring: COSMOGRAIL, HOLICOW, STRIDES
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COSMOGRAIL Monitoring Telescopes

Hoher List (1.0 m)

& Maidanak / Uzbekistan (1.5 m)
i
&

& -
HCT / India (2.0 m)

Mercator / La Palma (1.2 m)
Liverpool / La Palma (2.0 m)

VST at Paranal

MPIA 2.2m / La Silla

. Fuler / Chile (1.2 m)

SMARTS / Chile (1.3 m)

Teams doing lens monitoring joined forces in 2010-13:

1) EPFL-led COSMOGRAIL team (started in 2004) : Lead time delay work
2) Group of C. S. Kochanek (Ohio), using SMARTS 1.3-m : Lead microlensing work
3) Creation of HOLICOW, led by S. Suyu
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Example of RX J1131-123

Image: NASA/STScl
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Example of RX J1131-123

Euler

L

Image: NASA/STScl
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COSMOGRAIL Deconvolution Photometry Pipeline

Step 1 : characterize the point spread function (PSF) of each exposure
Step 2 : simultaneously fit one single model to all exposures
CCD calibratiol ' ‘ ' ' '
Input

Ingtrument ! EulercC2
11 -30706133121

Al L ! &
1 1.12 [ercpecq]
it Vil
sky stddev !
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COSMOGRAIL lightcurves (2003-2019)
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COSMOGRAIL Deconvolution Photometry Pipeline

Step 1 : characterize the point spread function (PSF) of each exposure
Step 2 : simultaneously fit one single model to all exposures
CCD calibratiol { '

Input

Ingtrument : Bulerc?
2004-01-28T06:29142

Nb alisptare ! 2
Beoling ! 1, 5¢ 2L CPa
d Elliptioity 1 0,15
i Bky etddev 1| 9.2

Alrmago 10

Deconv file 1 00

Cogmice | =
@loot

Observed Deconvolved Norm. cooff i 1420

Legend
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COSMOGRAIL lightcurves (2003-2019)
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5 microarcsecond
—>

(credit: M. Tewes)

Quasar
microlensing
toy model

2QS0 & 0.6H8
2Lens = 0.290
(RX J1131-1231)
Einstein ring

of 1\, - star
inlens :

Macrolensed
source ;

@ 1 light days
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5 microarcsecond
—>
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5 microarcsecond
+——>

(credit: M. Tewes)
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5 microarcsecond
-«

(credit: M. Tewes)
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Magnification

5 microarcsecond
« s

(credit: M. Tewes)
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Microlensing in the Einstein Cross (
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Microlensing in the Einstein Cross (Eigenbrod et a
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Microlensing Exacerbates Time Delay Measurements

2004 2005 2006 2007
i RX J1131-1231 A B C D, no correction for microlensing
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Microlensing Exacerbates Time Delay Measurements

2007
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Microlensing Exacerbates Time Delay Measurements

2004 2005 2006 2007
- RX J1131-1231 A B C D, free-knot spline microlensing model
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lypical (theoretical) microlensing time delay for PG1115+080
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Bonvin et al. (2018, A&A 616, A183)
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lypical (theoretical) microlensing time delay for PG1115+080

Al A2
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Bonvin et al. (2018, A&A 616, A183)
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Mass Slope of Lens Galaxy

Ho from time delays is all about estimating the mass slope of lens galaxy
and the external convergence from intervening objects.

|
Arrival time surfaces

in the image plane

—(6)

Normalized mass profile
K = projected mass density in
units of the critical mass w | .

Figure from Saha, 2000, AJ 120, 1654 )
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Model degeneracies: Mass Sheet Transform (MST)

f | image Different mass profiles that all fit the
lensing data (except the time delays)

’ — SIS
' | |
l l "l \ II I

= 1.0

A Ak + (1= A) image

0.0
0.5 1.0 1.5 4.0

r=0/0,

Schneider & Sluse (2013, A&A, 559, A37)
Schneider & Sluse (2014, A&A, 564, A103)
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Mass-slope Degeneracy

r [kpc]
1 10
10 ;=
1 - P ‘7“‘_....“\
i - -
- 0.1
power-law
0.01 dark matter (NFW)
baryons
-=- dark matter + baryons
0.001 : M . e
01 1

r (arcsec)

Different mass models give the same lensing observables but different time delays.

Using the dynamical information on the lensing galaxy breaks this degeneracy.

Suyu et al. (2014, ApJ, 788, L.35)
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Mass-slope Degeneracy

Dy from lensing + lime delays Dy from lensing + lime delays + kinematics
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Different mass models give the same lensing observables but different time delays.

Using the dynamical information on the lensing galaxy breaks this degeneracy.

Suyu et al. (2014, ApJ, 788, L35)
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Example of RX J1131-123

Mass in the Einstein ring
at image position

S 4

Mass contribution of intervening galaxies
along the line-of-sight

Image: NASA/STScl
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The case of HE 0435-1223

HE 04351223

)

Suyu et al. 2017
(Paper I; MNRAS 468, 2680)
Project overview
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The case of HE 0435-1223

HF. 04351223

4 arcmin
- L d
Y — ".’ s L3 5
,'_'__f‘ ““h__‘* ‘a L) I
. -~ e ’ .n — %

5 'Yy

Suyu et al. 2017
(Paper | MNRAS 468, 2500)
Project overview

Sluse et al. 2017
(Paper Il; MNRAS 470, 4838)
Spactroscopy

Rusu el al. 2017
(Paper lll; MNRAS 487, 4220)
Photo-z and external convergence
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The case of HE 0435-1223
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The case of HE 0435-1223
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The case of HE 0435-1223

HE0435-1223
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(Paper V; MNRAS 465, 4914)
Cosmology resulls for 3 lenses

Delay [day]

Curva-shifting methods tested (blindly) on the Time Delay Challenge (TDC) data

Delay [day])

Delay [day)

Doblar at al 2016, ApJ, 700, 168; prasantation of the challange
Liao at al, 2015, Apd, 800, 11; results of the challange
Bonvin et al. 2015, A&A, B85, ABH: performance of the COSMOGHAIL methods
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The case of HE 0435-1223

HFE 04351223

Suyu at al. 2017
(Paper |: MNRAS 468, 2590)
Froject overview

Sluse et al. 2017
(Paper |I; MNRAS 470, 4838)
Spactroacopy

Rusau at al, 2017
(Paper Ill; MNRAS 467, 4220)
Photo-z and external convergence

Wong el al. 2017
(Papar IV, MNRAS 466, 4806)
HSET imaging and lena modala

Bonvin et al. 2017
(Paper V; MNRAS 465, 4914)
Cosmology resulls for 3 lenses

Deep r-band Subaru Suprime-Cam data (Pl Fassnacht),
1.6h on-target

Tihhonova et al. 2017 16 galaxiea par aq acrmin at r=25 .8

(Paper VIII; MNRAS 477, 6667) 0.5" seaing

Weaak lensing study of the field (Subaru data)
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The case of HE 0435-1223

HE 0438 - 1223

Lxternal convergence at lens position:
5 0.007 4+ 0.01

Maximum convergence in 2" aperture:
(k) (.04

20D map reconatrutad

- Step 1: Inpainting of shear map using
FASTlens (Pires et al. 2009)

Suyu et al. 2017
(Paper |; MNRAS 468, 2590)
Projact ovarview

Step 2! mr lens turna ahear Into
convergence using marlins based on
waveletl reconstruction (Starck et al

Sluse &t al, 2017
2006).

(Paper Il, MNRAS 470, 4838)
Spectroscopy

Rusu et al. 2017
(Papar Ill; MNRAS 467, 4220)
Photo-z and external convergence

Wong et al. 2017
(Paper IV, MNRAS 465, 4805)
HST Imaging and lena models

Bonvin at al. 2016
(Paper V; MNRAS 465, 4914)
Cosmology rasults for 3 lenses

Tihhanova et al, 2017
(Paper VIII; MNRAS 477, 6657)
Weak lensing study of the field (Subaru data)
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Cosmology Results with 4 Lenses - updated 2019

H, (0, 150] — §2,,(0.05, 0.5]

v B1e08 (Suyu+2010)
H. : 80.9 " ‘ RXJ1131 (Suyu+2014)
HLO435 (Wong+2017)

I ]1206 (Birrer+2018)
f.f., 08,8
11“ g

probability density

50 60 70 80 90
Hy [kms ' Mpc ']

Birrer at al. 2019, MNRAS 484, 4726
(Paper IX)
Cosmology results for 4 lenses
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Comparison with other Cosmological Probes
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Comparison with other Cosmological Probes
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Cosmology Results with 4 Lense

Birrer at al. 2019, MNRAS 484, 4726
(Paper IX)
Cosmology results for 4 lenses

probability density

3s - updated 2019
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Future: High Cadence Monitoring at High SNR (>1000)

«Stacked» COSMOGRAIL data for HE 0435-1223
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Use small (mmag) variations, shorter than microlensing
Go to larger telescopes WITH flexible scheduling capability

Goal: time delays to 1% or below in 1 observing season

New consortium (EPFL, UCLA, MPA, Stanford, Chicago, UCDavis) to use 20% of the
MPIA 2.2m telescope at La Silla Observatory for this project: Oct. 2016 - Oct. 2019

Oct 2019 - Oct 2023: ERC-funded
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Recent Light Curves with the MPIA 2.2m
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Next HOLICOW target!
Bonvin et al. 2019, in prep
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