31st Rencontres de'Blois - June 5, 20

. | »
AmdUpdated M aﬁement of t& .
H&bble onstan m the Ho LenSes in

COSMOGRAIL’'s Wellspring (HOLICOW)

Cristian Eduard Rusu

National As’rronomic*O servatory of Jgpan
y

S. Suyu (P.E), I (MPIA), D. Sluse ( iege), C. Fassnacht, C-F'Chen (UC
. Davis), K. Wong (IPMU), V. Bonvifi; F. Courbin, O. Tinhonova (EPFL), P.
Marshall (Stanford), T. Treu, A. Shajib, S. Birrer (UCLA), T. Co“t (U.
Portsmouth), M. Auger (U. Cambridge), S. Hilbert (LMU), A. Agnello (ESO)




Outline

e Motivation: the Hubble Constant
e Constraining cosmological parameters with gravitational lens time delays
e HOLICOW and our newest results

e [owards the future




® Hp is tightly constrained by Planck, but only under in the 6-parameter flatACDM

1.0
Planck collaboration et al. 2013

Currently, there is tension between Hg
measurements from different probes...

1) systematic measurement errors?

2) New physics?

An independent method of
comparable precision is needed to
test for hidden systematics and
check for consistency
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Constraining cosmology with GL time delays: 1

® General Relativity: mass curves spacetime -> deflection of light rays

actual star  observed star




Constraining cosmology with GL time delays: II

e Quasars are powered by accretion into SMBH
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Angular diameter distances:

Lens plane Source plane c 1 z dZ/
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We measure relative time delays between
pairs of images:
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monitoring lens modeling

D A+ encloses the cosmological information, and is primarily sensitive to Ho

- based on angular diameter distances — immune to dust, no calibration issues
- an absolute distance; provides a distance-redshift relation
- Based on well-understood physics (GR)



HOLICOW: our mission

* WWe focus on GL systems for which we can gather an
exhaustive set of data, and account in detail for all known

systematics

* a single lens with well-measured time delays can be

used to measure time delay distances to 6-7% uncertainty

(random and systematlc Suyu et aI 2010 2013)
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® Time delays measured of ~ 10 years from COSmological MOnitoring of
GRAvltational Lenses (COSMOGRAIL)

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

C2+ECAM
Bonvin et al. 2019

HJD - 2400000.5 [day]




HOLICOW: what do we need?

® High-resolution Hubble Telescope images of the lenses, using the constraints from

1000s of pixels in the arcs to constrain the mass potential

ACS/F814W WFC3/F160W

Intensity

Rusu et al. 2019
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HOLICOW: results from the latest GL

* The probability distribution for the time delay distance:

SPEMD Fiducial Composite Fiducial
SPEMD AGN mask +1pix Composite AGNmask+1
SPEMD AGN mask wht=0 Composite AGN mask wht=0
SPEMD src+10pix, arcmask+1pix Composite src+10, arcmask+1
. SPEMD group halo Composite group halo
= SPEMD group halo + z=0.49 group Composite group halo + z=0.49 group
> teSt for SyStematICS SPEMD Chameleon = = = All Composite (BIC weighted)

All SPEMD (BIC weighted) s All (BIC weighted)
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Effective D,: (Mpc)
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SPEMD AGN mask +1pix Composite AGNmask+1
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SPEMD group halo Composite group halo
SPEMD group halo + z=0.49 group Composite group halo + z=0.49 group
SPEMD Chameleon = = = All Composite (BIC weighted)
All SPEMD (BIC weighted) s All (BIC weighted)
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~ 6.6 % uncertainty
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HOLICOW: results from the latest GL

* A single lens produces results in agreement with the other probes, but poor precision
e At present, we have independent HO measurements from 5 lenses

e Compute Bayes factor F to test if the 5 lenses are consistent with same cosmology

Adapted from
- Riess et al. 2016

PIoncHS:iQCR;M \ :
WMARSYFHSPTHA T+BAO+§2\C'_IZ|):re e P(dh - d5 ‘Hglobal)
—— = | E7ind,i
Rusu et al. 2019 [l o Bid HE
E14(R12)

Non—SN la Ave.
T

IRTF
e

Lensin

SZ Clust%rs

>




HOLICOW: results from 5 lenses




HOLICOW: results from 5 lenses




HOLICOW: results from 5 lenses




HOLICOW: results from 5 lenses




e Tighter constraints are obtained by combining with other probes (complementarity -> break
parameter degeneracies)

e Combining 3 HOLICOW lenses with other probes (Bonvin et al. 2017):
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* JLA: Joint Lightcurve
Analysis of Supernovae
(Betoule et al. 2013)

* \Wong et al. 2019 will show the combination with 6 lenses




HOLICOW: the future

* Things are accelerating:
e Suyu et al. 2010
* Suyu et al. 2013
* Wong et al. 2017
 Birer et al. 2019
* Rusu et al 2019
e Chen et al. 2019, in prep.

]

% ) S Y

* Milestone paper: Wong et al. 2019, in prep. Will combine 6 lenses




HOLICOW: the future

* Treu & Marshall 2016 extrapolate 1% precision from HOLICOW with ~40 lenses

2 lenses (RXJ1131+B1608)

D, precision (per cent)

O
o

2020 2025
year

74 The combination of Arand Ar/o*

—~ 73
=71

T 70

A T‘,"’ﬂ: method

+ DA(EL) + Da¢
Planck 2 69
all ‘ = 68

o

=~ 67

66
0.150.200.250.300.350.400.45
SZIn

Ar method

Yuan et al 2015




Summary

* HO measurements from different lenses give mutually consistent results; 5 lenses constrain HO

to X.X% in flatACDM, in good agreement with SHOES and inconsistent with Planck at X.Xo

* Milestone paper Wong et al. 2019 in prep. will combine the 6-lens HOLICOW measurement

W|th different cosmologlcal probes
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