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Quasar Lensing with Substructure
Small halos are very weak lenses by themselves. But ...

The effects of small halos on lensing are greatly enhanced if they are embedded
in a larger strong lens. This makes it possible to detect even a very small
amount of substructure.

The magnification is strongly affected near the
critical lines where the primary lens’ magnification perturbation in surface density

is large.
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The image magnifications are affected without substantial changes in the image
positions. Magnification is more sensitive to small scale mass distribution.
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Quasar Lensing with Small-Scale Structure
Small halos are very weak lenses by themselves. But ...

The effects of small halos on lensing are greatly enhanced if they are embedded
in a larger strong lens. This makes it possible to detect even a very small
amount of substructure.

The magnification is strongly affected near the
critical lines where the primary lens’ magnification perturbation in surface density

is large.
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The image magnifications are affected without substantial changes in the image
positions. Magnification is more sensitive to small scale mass distribution.
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Modeling Gravitational Lenses

The lens models are inevitably degenerate.
The lens is decomposed into normal modes.

Using the image positions and the position of the lens
center, the modes and the space of degenerate lenses in
mode-space can be found through a system of linear
equations.

Moving in the degenerate region of mode-space a model
can be found that is as much like an idealized model of a
galaxy + halo as possible. For example the Most Singular
Isothermal Ellipsoidal model (MSIE) that fits the
positions perfectly.




flux anomalies in radio relative to the MSIE
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classification of 4-image lens configurations

Einstein Cross
configuration

short axis
cusp caustic
configuration
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Cusp Caustic Lenses




Fold Caustic Lenses




Measuring Small-Scale Structure with Gravitational Lenses

Monte Carlo simulations

add substructures at random positions
in this case tidally frucated NFW profiles

construct a host lens model that reproduces the
image positions with the substructure and is
as near to SIE as possible - fully self-consistent
lens model

measure the magnifications of the images

20,000 simulations for each parameter set




Simulations of Lensing by Substructure

For a finite size source the magnification
is proportional to the size of the image

The goal is to solve the lensing equation: for a finite Size Source.

it —P»y =X - X) - E o.(x For a point source the magnification
SOTEe POSTHON Y ahOSt( ) l( ) can be calculated directly once

the images position is found.

image position sum over substructures
deflection caused by host galaxy

With random distribution of substructures that are truncated by the tidal forces of
the host galaxy.

A simple cross section type approximation is not sufficient because we are
interested common events where the interaction between clumps can be
important not rare events where the influence of one clump dominates the
magnification.

The internal structure of the substructures, most importantly the cutoff radius,
is important so an untruncated SIS model is not a sufficient.

We also want to calculate the magnification for finite sized sources with
different sizes over a range that encompasses the size of the substructures.

A large dynamical range is required: source sizes from 1 to 103 pc, 10° in area
typically several hundred clumps included

Use an adaptive grid refinement technique which tracks the image position as
it shrinks the grid region and increases the number of cells until it has the
required resolution to determine the area of the image.
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Likelihood constraints using ALL flux ratios
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But:

- there is no constraint on
the size scale of the
discrepancies: large scale
asymmetry in galaxy/halo
or small scale structure?
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Spectroscopic Gravitational Lensing

NLR line normalization

To avoid problems with model degeneracy, differential extinction
and plasma scattering we are developing a different technique.
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In the line emission the QSOs are consistent with being
point sources. The lens galaxy is well subtracted.

The [OIII] line especially noisy in this case because of
atmospheric absorption.

The BLR is found to be 0.65 +/- 0.1 mag too bright relative
to the NLR in image A! The other differential magnification
ratios are consistent with each other.
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CDM Substructure Predictions

Moore et al.1999.

: Improved resolution has resulted in
Low resolution

| million particles more substructure in dark matter
halos.
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Numerical effects could be suppressing
substructure.
Baryons could increase it or destroy more of it.

High resolution

8 million particles Mass function
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Simulated Strong Gravitational Lenses

Can N-body and SPH simulations reproduce the lensing data?

The baryons are an essential ingredient in reproducing a
realistic gravitational lens.

We use Moore et al. (1999)'s N-body simulation of a galactic
halo.
particle mass ~ 1.68x10° M
force resolution is 0.5 kpc
~ 106 particles

sun

Implant an artificial galaxy
- both an elliptical and a disk + bulge, 50,000 paticles

Let system relax for 200 Myr
collaborators:

Adam Amara (Cambridge), TJ Cox (Harvard/SantaCruz)
J. Ostriker (Princeton/Cambridge)







simulations of gravitational lenses :
critical curves, caustic curves & surface density
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simulations of gravitational lenses :
critical curves, caustic curves & surface density
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simulations of gravitational lenses : magnification
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caustic structure for several realizations of the noise
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Cusp caustic relation as a function source position

RCusp = (U + W, + w3/ (uyl + lusl+ lusl)
Rcuspl
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2D histograms of Number per pixel
- —— ——
29

R (-
cusp
0 5 10 15 20

ho smoothing

smoothed at
0.5 kpc

0 100 O
A6 (degrees)

0 100

Opening angle of image triplet



2D histograms of Number per pixel
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2D histograms of Number per pixel
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The magnification ratios as a function of source size

for a simulated Einstein Cross.
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For an Einstein Cross the configuration the magnification
ratios are generically independent of source size up to
~ 1 kpc if there is no substructure below 0.5 kpc.
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Intergalactic Small Scale Structure

It was believed that the halos and galaxies outside of the
primary lens would not contribute enough to the lensing to
account for the observed magnification anomalies.

This conclusion was based on an analytic cross section type
calculation (Chen, Kravtsov & Keeton 2003) where only one
intergalactic halo is included.

Numerical simulations have shown that in fact intergalactic
dark matter halos could account for all of the
monochromatic magnification ratio anomalies.
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Importance of Intergalactic Structure
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Importance of Intergalactic Structure

standard deviation in the convergence (~ surface density)

of the universe
perturbation to magnification Au ~ u? dk
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Conclusions:

The monochromatic flux ratio anomalies indicate that small-scales
structure makes up between 0.25% and 1.5% of the surface
density at projected radii of ~ 10 kpc. This is believed to be
in rough agreement with ACDM.

Spectroscopic gravitational lensing indicates that there is more
substructure at a lower mass scale then expected, but we need
more observations.

There is not enough substructure in the simulations at small projected
radii fo account for the observed anomalies.

- Could be because of resolution, could be because the subhalos are
not concentrated enough or it could be that they really aren't

there.

The indicators of flux ratio anomalies are robust in simulated galaxies.

Intergalactic Small-Scale Structure contributes significantly and inevitably
to the flux anomalies and can be studied in this way.
- concentration as a function of halo mass
- slope of the primordial power spectrum as a function of scale




