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A bit of theory of gravitational lensing!

 Observational evidence of dark matter from gravitational lensing!

 Dark matter on scales of 1 - 10 kpc!

do we really need dark matter?!

 how much dark matter is there? !

how is dark matter distributed?!

!

Dark matter on scales smaller than 1 kpc!

measuring the amount of substructure!

Outline

Today

Tomorrow





g.l. - a bit of theory

The best way to think about lensing is in terms of the time 
delay surface (Fermat potential):

Basic lensing configuration Assumptions:!

Thin lens approximation!

Small deflection angle
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From the Fermat’s principle follows that give a source position the corresponding images are 
located at the stationary point of the time delay surface:
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g.l. - a bit of theory
The shape of the images is different from the shape of the sources. The shape can be determined 
by solving the lens equation for all points within an extended image. If the source is much smaller

than the scale on which the lens properties 
change, the lens mapping can be linearized and 
we can use the Jacobian matrix to describe the 
distortion of the images:
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Images are distorted in both size and shape

=  magnification, it comes with a sign (parity), e.g. negative magnification images are 
mirror symmetric images of the source

Liouville’s theorem implies that lensing conserves surface brightness



g.l. - a bit of theory
Curves on which the determinant of the Jacobian goes to zero are smooth curves 
called critical curves. The mapping of the critical curves on the source plane are 
known as caustic curves and are not necessarily smooth. The critical and caustic 
curves are such that:

µ ! 1

Sources near a caustic create images with 
very high magnification located close to 
the relative critical curve,!

The number of images depends on the 
position of the source relative to the 
caustic. Every time the source crosses a 
caustic curve two images with opposite 
parities are created or destroyed.!

If an extended source is located on the 
critical curve only the part of the source 
inside the curve is multiply imaged, the 
other images merge together in very 
elongated images (det A = 0).



g.l. - micro lensing
! ! Micro lensing: is a form of strong lensing in which the lens mass is relatively small (star or       

planet) and the created distortions or multiple images are not resolvable (image separation 
of the order of few micro-arcseconds to milli-arcseconds). Because of the relative motion 
between the source, the lens and the observer, micro lensing is observable as a change of 
brightness of the multiple images over a time scale of days to years. It is the perfect tool to 
study faint objects, such as black holes and massive compact objects and to detect extra- 
solar planets. 
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g.l. - weak lensing

!   Weak lensing: the distortions and the magnifications are very small and the lensing effect   
appears, for true axisymmetric lenses, as a statistical preferred stretching of the background 
source in the direction perpendicular to the centre of the lens. It is a rather common event and 
it is generally used to constrain the mass profile of galaxy clusters, cosmological parameters 
and the properties of dark energy.



g.l. - strong lensing

If you see it ….



early evidence of Dm



evidence for dark matter
Back in the early 90s little was known about the DM content of late-type galaxies. Some evidence existed 

that DM is dynamically unimportant within the effective radius:!

kinematics data can be fitted with constant M/L.!

the M/L measured from stellar kinematics and inferred from SSP agree with each other.

Few available cases with X-ray extended emission or HII/HI rings were indicating that M/L increased with 
radius. 

Can you reproduce the observed strong lensing statistics with constant M/L models?
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If M/L is constant with radius ⌃(r) = (M/L)I(r)

Maoz & Rix 1993



evidence for dark matter
!  Constant M/L models exclude the possibility of lens systems with image separations > 2”,    

which have however been observed. 

By adding a dark matter halo with an isothermal mass density profiles, expectations agree with 
observations

Maoz & Rix 1993



evidence for dark matter

Image of the radio lens MG 1654+134

Results of the lens modeling 

Best model Residuals

Kochanek 1995



evidence for dark matter

⌃ / (s2 + r2)↵/2�1

Constant M/L model requires a high M/LB, 
inconsistent with stellar dynamical models and 
an effective radius larger than the observed one

A SIE model fits the data well and gives a stellar 
velocity dispersion which consistent with the 
FP

The total M/L ratio is 3 times larger than expected 
from SSP models.

Constant M/L model can be ruled out.!

The presence of a dark matter halo is needed. 

Kochanek 1995



evidence for dark matter

There is strong evidence for the presence of dark matter in galaxies from 
lensing.  But then,

How much dark matter is there, that is, which fraction of the total mass is in dark matter? !

How is dark matter distributed? !

Is the dark matter halo of galaxies smooth or clumpy?!

Finally, are these measurements consistent with prediction from the CDM paradigm or do we need 
other form of dark matter?



Because lensing is sensitive to the total mass (dark matter + baryons) an integrated 
approach that combines lensing with other probes is required.

dark matter in galaxies

Strong Lensing
   Total mass within the Einstein 

radius & average   total 
average density slope at 

the Einstein radius

Stellar dynamics
   Total mass at the effective 

radius

SSP

Stellar mass/ IMF shape

DM fraction and 
distribution in 
the inner 
regions

+

=

+

Weak Lensing

Environment/Outer DM halo
=

DM distribution 
from 1 to 100 
kpc

Micro lensing
Stellar mass



lensing and dynamics
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Jeans Equation

Predicted velocity dispersion inside aperture

Single component

Double components⇢(r) = ⇢⇤(r) + ⇢DM (r)



How much?



dark matter in galaxies

If the surface density is clumpy on scales greater than or equal to the size of the emitting region of the 
quasar, the local values of κ and γ in the vicinity of the image will differ from the explained under the 
hypothesis that the lensing potential is smooth on scales smaller than those computed from the 
macromodel.

t =
Dd✓E
v

A micro-lens will cause brightness fluctuations only if its Einstein ring is larger than the lensed source. Radio 
continuum emission is thought to arise from regions very much larger than the typical stellar Einstein ring.

Micro-lensing is chromatic.



dark matter in galaxies
The best way to think about the brightness fluctuations is by mapping the magnification of the source as a 
function of its position in the source plane.

Minimum Saddle

100% stars

15% stars

2% stars

Schechter & Wambsganss 2002



dark matter in galaxies

The X-rays come from a region much smaller than the Einstein radii of the stars, they offer therefore a 
clean signal of micro-lensing.

P (�i|Sj) = P (xi) ⇤ P (�mi,j |Sj)

Pooley et al. 2012



dark matter in galaxies
The local stellar fraction is 7%, with the other 93% in a smooth, dark matter component, at a mean impact 

parameter Rc of 6.6 kpc

The local stellar fraction varies as a 
function of the impact parameter

Pooley et al. 2012

4.5%

5.9%



dark matter in galaxies

Uniform sample of  ~100 lens galaxies at mean z~0.2; 80% are elliptical galaxies; 10% have spiral 
morphologies 10% have lenticular morphologies.

High S/N HST data —> high quality lens modeling.

SDSS spectroscopy —> redshift, precise velocity dispersion measurements.



dark matter in galaxies
V,I,H photometry —> robust stellar mass measurements, assuming an IMF.

CSP: fits for stellar population parameters and returns the stellar mass for an observed magnitude.

Auger et al. 2010

When we had dynamics we can 
discriminate between IMFs.

dN
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dark matter in galaxies
M⇤
L

= 3.2, 5.7
M

L
= 8.7            some   DM is definitely needed.

There is no correlation between the stellar fraction and mass.

Auger et al. 2010



dark matter in galaxies

This assumes that the IMF does not changes with mass. 

Auger et al. 2010

photometry+strong lensing+stellar velocity dispersion

Halo-Bulge conspiracy: with intrinsic scatter of 0.16

The dark matter fraction with half of the effective radius is a monotonically increasing function of galaxy mass and size

Clear trends exist between the fraction of dark matter and the luminosity, the stellar mass, the total mass and size of the 
galaxy

⇢(r) / r�2.07±0.03



dark matter in galaxies

The central fraction of DM, either baryonic or 
non-baryonic increases with galactic stellar mass.

Several evidence exists that the IMF in non-universal

Auger et al. 2010 Spiniello et al. 2013

total

stellar

I can achieve this effect by either steepening the slope of the IMF or the dark matter slope



dark matter in galaxies

Combing lensing and kinematic data 
allows one put firm constraints on the 

stellar mass of the galaxy.

Independently one can derive the stellar 
mass from SSP analysis.

Barnabe et al. 2011



how is dm distributed?



Dm Density profile

V,I,H photometry —> robust measurements of the redshift

Each ring provides a measure of the total mass 
within its Einstein radius

Very rare configuration due to 2 sources at 
different redshift. The lower-z source is a lens 

for the higher-z one.

V,I,H photometry —> robust stellar mass measurements, assuming an 
IMF from SPS

SDSS +Keck I spectroscopy —> redshift of inner ring, precise velocity dispersion (profile) 
measurements for the lens

Sonnenfeld et al. 2012



Density profile
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Simple component analysis

Sonnenfeld et al. 2012



Density profile

Double component analysis, the stellar mass is now also a free parameter as 
the slope of the DM distribution

Evidence for contraction of the 
dark matter

The stellar mass is essentially insensitive to 
the redshift of the second source: no need for 

spectroscopic redshift

Sonnenfeld et al. 2012

�DM = 1.7± 0.2



Density profile

The stellar mass derived from the lensing+ dynamics is larger  
than the one derived from the SPS.

We now have to independent measures of the stellar mass, one form lensing and 
dynamics (independent on the IMF) and one from the SPS (dependent on the IMF)

The stellar mass and the slope of the dark matter are 
degenerate in terms of lensing+dynamics

A Salpeter IMF  is a better description of the M/L even for a 
contracted halo. 

The value for the DM slope is consistent with MAC models.

Sonnenfeld et al. 2012



dark matter in galaxies

Combining strong lensing with other measurements allows to quantify the amount of dark matter in 
galaxies and how this correlated with other main galaxy properties.!

From early indications based on lensing statistics to more sophisticated analysis it is clear that also 
early-type galaxies have a non negligible amount of dark matter in their central regions.!

More massive galaxies have a higher fraction of dark matter, but ….!

The amount of dark matter is degenerate with the assumption on the stellar IMF. !

Tight relations exist between the dark matter fraction and the other main galaxy parameters, setting 
constrains on the formation history of their stars and haloes.!

The total mass density profile is slightly super isothermal with a small intrinsic scatter, this sets 
limits on the formation histories of early-type galaxies.


