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• 4% precision measurement of H0 
based on 3 gravitational lens 
systems. 

• Time-Delay Strong Lensing (TDSL) 
in agreement with local distance 
ladder results for flat LCDM.
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• TDSL as a powerful probe to 
constrain cosmological world 
models, when combined with the 
CMB.

14 V. Bonvin et al.

Figure 6. Cosmological constraints in one parameter extensions to ⇤CDM. We consider a non-flat universe with variable curvature
⌦k (top-left), a variable e↵ective number of relativistic neutrino species Ne↵ (top-right), a variable total mass of neutrino species ⌃m⌫

(bottom-left, in eV) and a variable time-invariant dark energy equation of state w (bottom-right). The filled regions and colored lines
delimit the marginalized 95% credible regions (consistently smoothed due to the sparsity of the samples from the available MCMC
chains) with and without the constraints from TDSL respectively. The di↵erent colors represent the constraints from WMAP, Planck,
Planck+CMBL, Planck+BAO, Planck+CMBL+BAO and Planck+BAO+JLA. The solid black lines delimit the 95% credible region for
TDSL alone in the corresponding uniform cosmology with no additional information.

ature (see e.g. Freedman et al. 2012; Collett & Auger 2014).
With WMAP+TDSL we find w = �1.24+0.16

�0.20, consistent
with the previous measurement from our group using just
B1608+656 and RXJ1131�1231 combined with WMAP, of
(w = �1.14+0.17

�0.20; Suyu et al. 2013).

5.2.2 Two-parameter extensions

We now consider cosmological models where we relax the
priors on two cosmological parameters from flat ⇤CDM. Fol-

lowing the discussion of Section 5.2.1 where we noted that
the individual TDSL and Planck 95% credible regions only
partially overlap, we consider here two cosmological models
that reduce the tension between these two probes. First, we
consider the Ne↵m⌫⇤CDM model, where both the e↵ective
number of relativistic neutrino species Ne↵ as well as their
total mass ⌃m⌫ are allowed to vary. Second, we consider the
owCDM model where we relax the constraints on both the
curvature, ⌦k, and the dark energy equation of state param-
eter w simultaneously. For the owCDM model the Planck
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Figure 1. HST ACS image of RXJ1131−1231 in F814W filter. The background
active galactic nucleus is lensed into four images (A, B, C, and D) by the primary
lens galaxy G and its satellite S. Left: observed image. Right: reconstructed
image based on the most probable composite model in Section 2.2.

9 year data (WMAP9; Hinshaw et al. 2013) and from Planck
(Planck Collaboration et al. 2013). We conclude in Section 5.

Throughout this Letter, each quoted parameter estimate is
the median of the marginalized posterior probability density
function (PDF), with the uncertainties showing the 16th and
84th percentiles (i.e., the 68% credible interval (CI)).

2. LENS MASS MODELS: POWER OF SPATIALLY
EXTENDED EINSTEIN RINGS

SU13 modeled the lens galaxy in RXJ1131−1231 with a
power-law mass distribution that was motivated by several
studies, including the X-ray observations of galaxies (Humphrey
& Buote 2010) and the Sloan Lens Advanced Camera for
Surveys (SLACS; e.g., Koopmans et al. 2006, 2009; Gavazzi
et al. 2007; Auger et al. 2010; Barnabè et al. 2011), which found
that galaxies are well described by power-law mass distributions
in regions covered by the data. Furthermore, the pixelated
lens potential corrections applied by Suyu et al. (2009) to the
gravitational lens B1608+656 was within ∼2% from a power
law, validating the use of a simple power-law model. Here, we
further assess the dependence of D∆t on the form of the mass
model by employing two other forms that were considered by
SS13: a cored power-law mass distribution, and a composite
model of dark matter and baryons. In each case, we use the
time delays from Tewes et al. (2013b)12 and the HST image
(Figure 1; SU13) to constrain the lens model. The expressions
for the likelihoods of the data are given in Section 6.2 of SU13.

2.1. Cored Power-law Model

The dimensionless surface mass density (convergence) of a
cored elliptical power-law profile is given by

κcpl(θ1, θ2) = 3 − γ ′
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where (θ1, θ2) are coordinates on the lens/image plane, γ ′ is
the radial power-law slope (with γ ′ = 2 corresponding to
isothermal), θE is the Einstein radius, q is the axis ratio, and θc
is the core radius. This is identical to the lens mass distribution
in SU13 except for the non-zero θc here.

12 Based on monitorings of the COSmological MOnitoring of GRAvItational
Lenses (COSMOGRAIL; e.g., Courbin et al. 2011; Tewes et al. 2013a) and
Kochanek et al. (2006) teams.

Figure 1 shows a primary lens galaxy G and a satellite
lens galaxy S that are surrounded by the Einstein ring of the
lensed source. Following SU13 in the modeling procedure, we
remodel the Advanced Camera for Surveys (ACS) image using
the cored power-law profile for G. For simplicity, we fix the mass
distribution of S to that of the most probable model in SU13 since
the satellite impacts the Dmodel

∆t measurement at the < 1% level.
We also include an external shear contribution with strength γext
and position angle φext. We use a grid of 50×50 intensity pixels
on the source plane to model the spatially extended quasar host
galaxy. These source pixels map to an annular region on the
image plane containing the arcs that are visible in Figure 1. We
sample the lens parameters and Dmodel

∆t using the same Markov
chain Monte Carlo (MCMC) methods as were used in SU13.
The lensing data constrain the maximum θc to be 0.′′005 (95%
CI), and θc = 0 is compatible with the data. The marginalized
values of the lens parameters, Dmodel

∆t , and the cosmological
results are the same as those presented in SU13 within two
significant digits.

2.2. Composite Mass Model

In the composite model, we treat baryons and dark matter
individually. We model the baryonic mass distribution of the lens
galaxy G as its observed light profile normalized by a constant
M/L. The difference of two isothermal profiles mimics a Sérsic
profile (Dutton et al. 2011) and provides efficient computation
of lensing quantities:
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where qL is the axis ratio, and wc and wt are profile parame-
ters with wt > wc. We use two sets of the above profile with
common centroid and position angle to fit the light distribu-
tion of G in the ACS image since a single one is inadequate
(Claeskens et al. 2006; SU13). The optimized structural param-
eters are (qL1, wc1, wt1) = (0.88, 2.0, 2.5) and (qL2, wc2, wt2) =
(0.85, 0.06, 0.67), and are held fixed since the uncertainties on
these parameters (< 2%) are negligible in terms of their effect
on Dmodel

∆t (SU13). For the dark matter halo, we adopt the stan-
dard Navarro–Frenk–White (NFW) profile (Navarro et al. 1996)
whose three-dimensional density is

ρ(r) = ρ0

(r/rs)(1 + r/rs)2
, (3)

where ρ0 is a normalization and rs is the scale radius. We follow
Golse & Kneib (2002) for obtaining the deflection angles and
lens potential of an elliptical NFW profile in projection.13 For the
satellite, we model its mass distribution as a singular isothermal
sphere centered on its light distribution. As in the previous cases,
we allow for an external shear contribution.

We have 11 parameters in modeling the ACS image and time
delays: a global M/L of the baryons, the NFW parameters
(centroid (θ1h, θ2h), axis ratio qh, position angle φh, normaliza-
tion κ0,h, scale radius rs), satellite Einstein radius θE,S, external
shear γext, and φext, and the modeled time-delay distance Dmodel

∆t .

13 Golse & Kneib (2002) introduced the ellipticity into the lens potential, and
Sand et al. (2008) showed that this yields valid elliptical surface mass density
when qh ! 0.8.
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Suyu et al. 2014

• RXJ 1131 is a well studied system 
with plenty ancillary data for a 
variety of science cases.

• With more than 13 yrs of high-
cadence monitoring, RXJ 1131 has 
the smallest time-delay uncertainties 
among the H0LiCOW sample.
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Figure 1. HST ACS image of RXJ1131−1231 in F814W filter. The background
active galactic nucleus is lensed into four images (A, B, C, and D) by the primary
lens galaxy G and its satellite S. Left: observed image. Right: reconstructed
image based on the most probable composite model in Section 2.2.

9 year data (WMAP9; Hinshaw et al. 2013) and from Planck
(Planck Collaboration et al. 2013). We conclude in Section 5.

Throughout this Letter, each quoted parameter estimate is
the median of the marginalized posterior probability density
function (PDF), with the uncertainties showing the 16th and
84th percentiles (i.e., the 68% credible interval (CI)).
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Figure 2: Comparison of the model

time-delay distances Dmod

�t , excluding external

convergence (D�t = Dmod

�t /(1� ext)). The
red shaded region illustrates the time-delay

distance based on lensing and time-delay data

only. The blue shaded region includes the

kinematic constraints from the simulated

JWST-like observations. The combination of

lensing and spatially resolved kinematic data

reduces the time-delay distance uncertainties

due to the lens mass profile to  2.8%. Note

that this figure does not include the

uncertainty due to mass along the line of sight.

Figure 3: Probability distribution of

the external convergence (ext,
dimensionless surface mass density)

along the line of sight. The new

method of external convergence

reconstruction by McCully et

al. (2017) substantially improves on

the previous estimate in Suyu et

al. (2013). Conservatively, ext can be

constrained within ±0.018, translating
to a 1.8% uncertainty on D�t. (Figure

taken from McCully et al. 2017).

Aiming for a S/N of ⇠ 35 at the center of the lens, the proposed observations will reliably
map the 2D stellar kinematics of the lens out to ⇠ one e↵ective radius (Re) as well as the
brightest regions of the lensed quasar host. While the former will allow us to pursue our
main science goal of constraining H0 with high precision, the latter will be used for ancillary
science cases, including the kinematic characterization of quasar host galaxies.

Filter choice: Due to the lens’ low redshift (zlens = 0.295), the most important stellar
absorption lines in the optical (e.g. Ca II H+K, Mgb, Fe5015 etc.) commonly fall below
NIRSPEC’s bluest filter. We will therefore employ the G140H/F100LP set-up, covering
the prominent Ca II triplet absorption line features, from which we will measure the mean
line-of-sight velocity and velocity dispersion of the lens. The spectral window provided by
the G140H/F100LP set-up also covers the Ca II triplet feature for the quasar host galaxy
(zquasar = 0.654), making this the only suitable disperser/filter configuration for measuring
kinematics of both the lens and source simultaneously while also avoiding any detector
wavelength gaps. In addition, Ca II triplet has the benefit of avoiding AGN emission features
and proven to be a reliable tool for the recovery of the velocity profile, even if individual
lines are omitted from the fit, and therefore is best suited to obtain kinematic maps at high

8
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Time-delay distances in the era of JWST
RXJ1131 - Preparation is key
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Time-delay distances in the era of JWST
RXJ1131 - Predicted JWST NIRSPEC kinematics
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• Exploiting JWST’s mosaicking 
capabilities for ancillary science.

• Mocking JWST IFU stellar 
kinematics within the lens effective 
radius.



Simulating and modelling realistic JWST NIRSPEC kinematics
Time-delay distances in the era of JWST
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Time-delay distances in the era of JWST
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Lensing & Dynamics - Closing the gap

• Source resolution differences are 
the main source of uncertainty for a 
given lens mass profile.

• Source resolution uncertainties can 
be reduced by including high-spatially 
resolved stellar kinematics.



Lensing & Dynamics - Closing the gap
Time-delay distances in the era of JWST

Yıldırım & Suyu, in prep.

• Main source of uncertainty due to 
lens mass parameterisation.

• IFU Stellar kinematics reconcile 
time-delay distances.



Lensing & Dynamics - Closing the gap
Time-delay distances in the era of JWST

Yıldırım & Suyu, in prep.

• IFU Stellar kinematics reconcile 
time-delay distances.

• Feasible observations with next 
generation of telescopes reduce the 
time-delay error budget of a single 
lens to < 4%.

TDSL probe (of 3 systems) with lensing 

& dynamics will be among the most 

precise measurements of H0 to date.



A secondary cosmological distance estimate
Time-delay distances in the era of JWST

Yıldırım & Suyu, in prep.

• Lens distance (i.e. another 
independent cosmological distance) 
will be constrained in parallel.

• Lens distance not constrained very 
well for profiles that deviate from 
the input.

• Possibly use informative priors to 
narrow down the large parameter 
space (external convergence, 
intrinsic shapes).



Summary/Ancillary Science

• Kinematic characterisation of high-z sources.

• Dark matter (substructure) studies of high-z 
lenses.

• Spatially resolved stellar populations of high-z 
lenses.

TIME-DELAY DISTANCES 
IN THE ERA OF JWST

Akın Yıldırım, Sherry Suyu &
H0LiCOW Collaboration

• SMBH host studies at high-z.

• Unprecedented, spatially-resolved kinematics 
of high-z lenses.

• Lensing & stellar dynamics reduce the 
uncertainties due to the mass profile by ~2.

• Combination of 3 lenses are expected to 
yield tight H0 constraints, comparable to and 
challenging the local distance ladder.
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