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SUBHALOS/SUBSTRUCTURES AS A PROBE OF DM

➤ probing the mass function of DM 
sub-halos may be particularly useful 
to test scenarios such as WDM 

➤ but also to test SIDM! 

➤ Important thing to bear in mind: 
the typical scale of the ER in the 
case of a dwarf satellite is  few mas 
(e.g. WDM) 

➤ SL by galaxies in clusters may help 
to constrain the sub-halos on larger 
scales 



SUBSTRUCTURES FROM SL: FLUX ANOMALIES
➤ substructures detectable as magnification anomalies (second derivatives of the 

potential) of point like sources 

➤ easy to model 

➤ sensitive to wide range of masses 

➤ some theoretically established relations for cusp and fold images



SUBSTRUCTURES FROM SL: FLUX ANOMALIES

Dalal & Kochanek (2002): flux 
anomalies consistent with a 
fraction of mass in sub halos 
within the ER f~0.02 

This is consistent with 
simulations in the framework of 
CDM

detected in 7 radio lenses



SUBSTRUCTURES FROM SL: GRAVITATIONAL IMAGING
➤ substructures are detected as surface brightness anomalies (i.e. 

astrometric anomalies, first derivatives of the potential) 

➤ sensitive to larger masses 

➤ becoming more efficient thanks to the achievement for higher 
resolutions: ALMA, adaptive optics, GVLBI (astrometric 
perturbations of the order of ~10 mas)

E.g. Vegetti et al. 2014



SUBSTRUCTURES FROM SL: GRAVITATIONAL IMAGING

Substructures detected as 
corrections to a smooth 
potential

Issue: in addition to the usual modeling uncertainties, need to disentangle 
the structure in the potential from those in the sources
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SUBSTRUCTURES FROM SL: GRAVITATIONAL IMAGING

Vegetti et al. 2010, 2012, 2014: 

substructures detected at high 
significance level (>10σ)



THE FRONTIER FIELDS INITIATIVE 
(P.I. MATT MOUNTAIN, JENNIFER LOTZ)

• 6 lensed + 6 parallel fields


• 840 Hubble orbits +1000 Spitzer 
hrs directors’ discretionary time


• Cycles 21, 22, 23


• Strongest lenses with low 
zodiacal bkg, galactic 
extinction, observable with 
ALMA


• Complemented by Chandra, 
Subaru, VLT Hawk-I, Gemini, 
spectra from Keck, Photo-z






Few highlights from the FF

Courtesy of M. Jauzac

MACSJ0416





STRONG GALAXY-GALAXY LENSING IN CLUSTERS

Parry et al. 2016



FRONTIER FIELDS: AN EXCESS OF DM SUB HALOS COMPARED TO SIMULATIONS?



COSMOGRAPHY WITH TIME DELAYS

Time delay distance

Obtain from the lens mass 
model

➤ Needed ingredients: 

➤ Time delays 

➤ lens mass model

Distances encode 
information on additional 
cosmological parameters!

Treu & Marshall, 2016



THE HUBBLE CONSTANT FROM TIME DELAYS



Oguri et al. 2007



CURRENT MEASUREMENTS OF TIME DELAYS

0957+561

Vanderriest et al. 1989

Tewes et al. 2013b
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RXJ1131

Enormous progress in the quality 
of the light curves since the first 
measurements thanks to dedicated 
networks of telescopes. For 
example: the COSMOGRAIL 
project measured time delays with 
precision <4% for 5 lenses



CURRENT CONSTRAINTS ON COSMOLOGY FROM TIME DELAYS

Suyu et al. 2013 Results are going to improve by means of 
the combination of many lenses (e.g. LSST)



COSMOGRAPHY WITH SOURCES AT MULTIPLE REDSHIFTS

➤ Even if time delay measurements are 
not available, the sensitivity to 
cosmology remains in the astrometric 
constraints 

➤ With only one lensed source, the 
distance ratio is degenerate with the 
mass distribution  

➤ With constraints from multiple sources, 
one can try to break the degeneracy by 
measuring the so called “family ratio” 

➤ This technique could be used in the 
case of e.g. compound lenses, but also 
in galaxy clusters, where it is easier to 
observe lensing of many sources 

depends on cosmology

depends on the mass distr.



COSMOGRAPHY: GALAXY CLUSTERS

D’Aloisio & Natarajan 10; Jullo & Kneib 09: Jullo+ 10  

Mass model with 3 PIEMD potentials; 58 cluster galaxies
Bayesian optimization: 32 constraints, 21 free parameters;
RMS = 0.6 arcsec; 28 multiple images from 12 sources with 
spec z, flat Universe prior 

SL+Cluster+WMAP



COSMOGRAPHY: GALAXY CLUSTERS

Abell S1063@z=0.348 is one 
of the FFs.  

Spectroscopic follow-up with 
VIMOS and MUSE @VLT 
allowed to measure redshifts 
for 10 families of multiple 
images 
(z=1.035-6.111)+confirm 
the membership of many cluster 
galaxies. 

Very accurate mass modeling, 
using only secured lensing 
constraints

Caminha et al. 2016



Assuming a flat cosmological 
model. Contours are 68%, 
95.4%, and 99.7 confidence 
limits.

Cosmological parameters


