Probing Dark Matter and Dark Energy
with strong gravitational lensing
A combined-probe analysis to unveil the
physical nature of dark matter
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Dark Matter and Structure Formation

Planck Collaboration 2019
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•

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

•

How do we measure the
smallest scales?

Planck Collaboration 2019
adopted by E. Nadler A. Drlica-Wagner
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Dark Matter and Structure Formation
Microphysical dark
matter properties
affect structure
formation on small
scales
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Buckley & Peter 2018

Probing Dark Matter
CDM

WDM

Lovell et al. 2011
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Probing Dark Matter
CDM

WDM
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What if structure is completely dark?
CDM

WDM

CDM predicts completely dark halos!
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Strong gravitational lensing
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Strong gravitational lensing

Y. Hezaveh
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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
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…end of part 1

Flux-ratios are sensitive to
completely dark structure

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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Forward modeling and simulation
based inferences with Approximate
Bayesian Computing

Figure 4. Left: Intensity contours of the reconstructed source surface profiles rescaled to fiducial
value = 0.2” for the di↵erent shapelet scales in filter F814W of Figure 3. The contour lines overlay
well. The lens model does adopt to the choice of such that the source reconstruction catches the
best scales. Middle: Same as left for the filter F555W. The same behavior can be seen as for F814W.
Right: Color composite model of the filters F814W and F555W for a chosen joint lens model.

5.3

Relaxing on the lens model assumption

As pointed out by [1], there can also be an internal component to the MST. Namely when the
lens model can not reproduce the underlining internal mass distribution. The assumption of
a power-law lens model formally sets the internal part of the MST. The parameters will fit
preferentially those models, whose shape, modulo an artificial MST, are the most similar to
the underlying mass distribution. The only e↵ect visible in the modeling of the imaging data
is on the source scale. The inferred source scale will be di↵erent from the one of the true
lens model. Any assumed mass distribution which can not be rescaled according to Equation
(5.1) can thus potentially lead to biased inferences, in particular on the slope of the mass
profile. This also can result in significant biases in the inferred lensing potential and lens
kinematics. In particular, it was stated by [1] that the assumption of a power-law lens model
can potentially lead to a significant bias in the inference of the time delay distance.
Three approaches to handle the concerns of [1] in performing cosmographic estimates
are:

smooth
preferred

thermal relic mass > 5.2 keV
from a sample of 8 quasar
5. Dark matter halo e↵ective multi-plane convergence maps for some of the highest-ranked realizations for the subset of quads
lenses, > 2 keVFigure
from1
B1422, WGD J0405, WFI 2033, and RX J0911, each of which has flux ratios inconsistent with smooth lens models. The defintion of the
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lenses,multi-plane
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1. One assumes that the true lens model can be described within the functional form of
the chosen parameterization. This is the approach done by [22]. In this case we end
up with the potentially biased inference discussed in [1], a situation we want to avoid
as good as possible.
2. One choses a more flexible lens model than a single power-law mass profile. This
approach was followed in [23] in response to [1]. Di↵erent profile parameterizations may
lead to di↵erent preferred source scales. It is not guaranteed that a more sophisticated
lens model parameterization infers an unbiased result in the cosmographic inference.

3. Perform
simplifications
approximations
that lead to
greater
robustness against
and fluxes. The
forward-model
sets fit thearcs
image
positions
andandfluxes
to within
the
measurement
uncertainties.
xies are smooth, massive ellipticals.positions
The majority
of lenses
havedata
extended
known degeneracies. For instance accommodating MST through careful handling of

SB+2015, SB+2017a, b,
Gilman, SB+2019, 2020a, b

c 0000 RAS, MNRAS 000, 1–??

the source size inference.
In this work we chose the third option mentioned above. This option requires the least
assumptions on the lens model and a prior is placed on the source size, rather through
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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
12

•

Each individual measurement
probes a distinct aspect of dark
matter clustering
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MW Satellites + Lensing
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•

Recent analyses of the Lyman-α
forest, strong gravitational lenses,
and Milky Way satellites achieve
similar dark matter sensitivity
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are key to break degeneracies and
sub [kpc ]
robustly detect non-CDM physics Figure 4. Joint marginal likelihood of WDM half-mode mass ver-

thermal relic mass > 9.7 keV
sus projected subhalo number density at the strong lensing scales
at 95% confidence
from our combined MW satellite–strong lensing posterior, trans-

formed according to the procedure in Section 5.2, with q = 1. The
Nadler, SB, Gilman et al. arXiv:2101.07810
colormap
shows the probability density normalized to its maximum
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Measuring the Hubble constant
with time-delay cosmography
Cosmographic analysis of the doubly imaged quasar SDSS 1206+4332
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ars (Suyu et al. 2010, 2014; Birrer
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0LiCOW collaboration measured from the four lenses to provide
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This section outlines our analysis. We describe the observables and how they relate to the underlining cosmological model
(Section 2.1), highlight the cosmographic constraining power of the
combined data sets (Section 2.2), layout the formal notation of the
combined Bayesian analysis of this work (Section 2.3), and highlight
our strategy in regards to lensing degeneracies and other potential
systematics (Section 2.4). The details of the modelling choices are
presented in Sections 4 and 5.
2.1

Observables

Credit: M. Millon

excess time delay (see e.g. Schneider et al. 1992) of an image at
absoluteThe
scale
path diﬀerence

✓ with corresponding source position relative to an unperturbed
path is
lensing potential
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where zd is the redshift 15
of the deflector, c the speed of light, the
lensing potential and D , D and D the angular diameter distances

Measuring time delays with long-term monitoring
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credit: Courbin & Millon

TDCOSMO project
(H0LiCOW+STRIDES+SHARP+COSMOGRAIL)

•

Detailed analysis of several time-delay
lenses (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

•

Goal is to constrain H0 to ~few %
precision

•

Seven lenses have been analyzed
(Suyu+2010, 2013; Wong+2017,
Birrer+2019, Rusu+2019, Chen+2019,
Shajib+2019), more coming

B1608+656

RXJ1131-1231

HE 0435-1223

WFI2033-4723

PG1115+080

SDSS J1206+4432

www.tdcosmo.org
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SB et al. 2020 TDCOSMO IV
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H0 - near future - road to 1%

Resolved kinematics
(approved JWST program)

Kelly et al. 2015, Kelly (incl SB) et al. in prep

Lensed supernovae

SB & Treu 2021 TDCOSMO V

Goobar et al. 2017

Summary
Gravitational lensing is…

•

unique window to the dark universe

•

probes small (dark) matter structure

•

independent anchor of
cosmological scales

•

competitive with other
cosmological probes

•

advancing with increased sample
size and improved observational
capabilities!
https://github.com/sibirrer/lenstronomy
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https://github.com/sibirrer/hierArc

