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Challenging LCDM 

dN/dm � m�1.0 dN/dm � m�1.9

Kravtsov 2010



CDM vs WDM

Lovell et al. 2012



How do we probe the small scales beyond the Local Universe and 
independently from baryons?

Using strong gravitational 
lensing!

Independent of the baryonic content

Independent of the dynamical state of the system

Only way to probe small satellites at high redshift 



Gravitational Lensing
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substructures are detected 
as magnification anomalies

Compact sources are easy 
to model

Sensitive to a wide range of 
masses

degenerate in the mass 
model

substructures are detected 
as surface brightness anomalies

need to disentangle 
structures in the potential from 

structures in the source

Sensitive to higher masses

NOT degenerate in the 
mass model

Gravitational Imaging



Folds & Cusps
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Mao & Schneider 1992
Dalal & Kochanek 2002

Rfold =
µA + µB

|µA| + |µB | � 0

Rcusp =
µA + µB + µC

|µA| + |µB | + |µC | � 0

In the optical and X-ray the quasar emission 
regions are small enough that  the lens fluxes 
are sensitive to the effect of stars. In the radio 
the sources are large enough be insensitive to 

microlensing



Flux Ratio Anomalies

 Smooth lens modeling can fit the image positions well, but fail to reproduce the relative fluxes

 Smooth models produces images 
B which are as bright as A 

 Smooth models produces images 
B which are as bright as A



Flux Ratio Anomalies

Bradac et al. 2002

� = 4 kpc � = 1.5 kpc

� = 0.8 kpc � = 0 kpc

Rcusp =
µA + µB + µC

|µA| + |µB | + |µC | � 0



Flux Ratio Anomalies in 
Simulations

Xu et al. 2009

 the observed cusp lenses violate the 
cusp relation more frequently than predicted 
by the the Aquarius simulation

 the discrepancy is not related to the 
resolution of the simulation

 the probability of reproducing the 
observed rate is 0.2% and as high as 30% 
with the los is included

 maybe not a proper comparison

 proper masses and ellipticity increases 
the probability to 36%



Luminous satellites

 3/6 radio loud systems show evidence of a 
luminous satellite within 5 kpc from the host galaxy 

 once these are included in the mass model the 
flux ratios can be reproduced along side with the 
images positions

 up to 1% of the host mass is contained in these 
systems

  5/22 of all CLASS lenses have a luminous 
satellite within 5 kpc

 Are such luminous satellite galaxies expected this frequently?

0.66 arcsec

~3.6 mag fainter

photometric redshift

McKean et al. 2007
Schechter & Moore 1993

More et al. 2009



Gravitational Imaging
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Smooth analytic power-law model

pixellated potential correction

Vegetti & Koopmans 2009

Koopmans 2005



Gravitational Imaging

substructures are responsible of localised surface brightness 
perturbations and are detected as localised potential corrections

Any substructure can be detected provided it is mass enough and/
or close enough to the Einstein ring

For each substructure detected its mass can be measured by 
assuming a mass model or directly from the pixelated corrections in a 

model independent way



Gravitational Imaging

 Simple smooth model with a power-law mass density profile

Vegetti et al. 2010



Gravitational Imaging

 Smooth model plus potential corrections

Vegetti et al. 2010



Statistics of detections

P (�, f | {ns,m},p) =
L ({ns,m} | �, f,p) P (�, f | p)

P ({ns,m} | p)

 200 very sensitive lenses can 
constrain the mass function  at the few 
percent level 

 10 not-very sensitive lenses cannot 
constrain the slope of the mass function  but 10 may be just enough

Vegetti & Koopmans 2009



CDM vs SIDM

Vogelsberger et a. 2012



Msub = 109 M� rc = 0� 300 pc

Sensitivity to the profile
Vegetti & Vogelsberger in prep



Sensitivity to the profile
Vegetti & Vogelsberger in prep

⇢ =
⇢s

(r/rs)�(1 + r/rs)3��



SLACS

�? = 175� 400 km s�1

z = 0.06� 0.36

Bolton et al. 2006
Bolton et al. 2008



SLACS-Double ring

If  f~5% (Dalal & Kochanek 2002), the expectation values for 
mass substructure is ~50 substructures

µ(� = 1.90, f = 0.3%, R ⇥ �R) = 6.46± 0.95

f (< Reff ) = 73%± 9%

�R = Rein ± 0.3

Two concentric ring-like structures

Dark-matter fraction:

Expected number of mass substructure from CDM paradigm within

Vegetti et al. 2010
Gavazzi et al. 2008

Sonnenfeld et al. 2012



Double Ring

Results are stable against changes in the PSF, lens galaxy 
subtraction, pixel scale and rotation

Vegetti et al. 2010



Double Ring
Vegetti et al. 2010

� log E = �128.0

rt = 1.1 kpc

Msub = (3.51± 0.15)� 109M�

M3D(< 0.3) = 5.83� 108M�

LV ⇥ 5� 106L�

(M/L)V,� � 120 M�/LV,�



Chosen on a s/n basis

Representative sub-sample of the 
SLACS lenses

Representative sample of massive 
early-type galaxies

�? = 175� 400 km s�1z = 0.06� 0.36

M
tot

= 3.2⇥ 109M�

M
DM

= 7.0⇥ 108M�



Statistics of detections

P (�, f | {ns,m},p) =
L ({ns,m} | �, f,p) P (�, f | p)

P ({ns,m} | p)

Vegetti & Koopmans 2009, Vegetti et al 2013

L (ns,m | �, f,p) =
e�µ(�,f,<R) µ(�, f, < R)ns

ns!

ns�

i=1

P (mi, R | p, �)

Constraining the substructure mass function



SLACS Mass Function
Vegetti et al. 2013 in prep.

Preliminary!

 Normalization: uniform prior between  0 and 100 percent

 Slope: uniform prior between -1 and 3, Gaussian prior centred 
on 1.90

f = 0.48+0.48
�0.28%

↵ = �0.43+0.63
�0.41

f = 0.06+0.07
�0.03%



 6/7 radio loud CLASS lenses 
show a flux ratio anomaly

 No microlensing, or dust 
extinction but gravitational origin

 Imply a projected dark matter 
fraction between 2 and 7 percent

Because of the mass 
degeneracy we don’t know how this 

mass is distributed 

Dalal & Kochanek 2002

Xu et al. 2009 Observations vs 
predictions

Comparison between Ours, Xu (2009) and Dalal&Kochanek (2002)
SOTTO: Frazione di massa ottenuta dal fit della mass function che considera tutti i punti ma ha un c2=121.
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Il valore di frazione di massa ottenuto è f = 0.42% e rappresenta una media tra 1.12 % e 0.16%.

SOTTO: Frazione di massa ottenuta dal fit della mass function che considera due punti in meno e ha un c2=7.
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Il valore della frazione di massa è f = 0.35%, media tra 0.12% e 0.98%.

Preliminary! f = 0.48+0.48
�0.28%

↵ = �0.43+0.63
�0.41



SHARP

M
low

= 108 M�Medium sized sample of ~20 systems 

Vegetti et al. 2012



SHARP
Vegetti et al. 2012

M ⇥ 1.7� 108M�



SHARP
Vegetti et al. 2012

M ⇥ 1.7� 108M�



SHARP
Vegetti et al. 2012

M ⇥ 1.7� 108M�



SHARP

Msub = (1.9± 0.1)� 108M�

M(< 0.6) = (1.15± 0.06)� 108M�

M(< 0.3) = (7.24± 0.6)� 107M�

Vmax � 27 km s�1

Vegetti et al. 2012



SHARP
Vegetti et al. 2012



AO vs HST
Lagattuta et al. 2012

AO lens model parameters have 
significantly smaller measurement 

uncertainties than their HST counterpart 

AO data with compact source galaxies, 
the higher resolution provided by AO 

cameras significantly outweighs any loss in 
S/N



Sharp, Sharper, Sharpest



Radio - SHARP
McKean et al. 2013

Compact sources with a flat 
spectrum between 1.4 and 5 

GHz: 10-20 mas 

A few with steep spectra: 
select arcs with 50 mas scales 

with MERLIN at 5 GHz and then 
observe them with VLBI



Radio - SHARP
McKean et al. 2013



Galaxy size
Rau et  al. 2013



Galaxy size

Rau et  al. 2013

Preliminary!



Conclusions

Thank you

&

Stay tuned!


