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What can you do with strong lensing?

Traditional ideas
* H, - hard; systematic uncertaintiesin lens models

* Q, — | say no; degeneracy between cosmology and evolution
(“Rethinking Lensing and A” ApJL 575:L1)
» dark matter and physical properties of (elliptical) galaxies — yes!

New ideas
guasar host galaxiesat z ~ 1-5
guasar microlensing
galaxy evolution in groups a z ~ 0.2-1
substructure and properties of dark matter

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)



Small Scde Structure and Gravitational Lensing

Small-Scale Structure: Two Problems

“Missng’ coreimages

» Prediction: afaint image nea the center of every lens galaxy
* Not seen!

* Probe of density inside R < 20-200 pc

Anomal ous flux ratios

e Fluxratios are notorioudy hard to fit

» Dueto small mass clumps (10*-108 M) in lens galaxies?
* Resolutionto CDM “satellite crisis’?

Strong Gravitational Lensing

eliptical,z~0.2-1

Lensequation: u=x-(D,J/D,) a

Dr. Chuck Keeon, University of Chicago (KITP New Cosmology 1125/02)
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CfA/Arizona SpaceTelescope Lens Survey
(CASTLEYS)

C. Kochanek, E. Falco, C. Impey, CRK, J. Lehar,
B. McLeod, J. Muiiaz, C. Peng, H.-W. Rix

http://cfa-www.harvard.edu/castles

Fischer et al. (1997)

Cleaned
“ f Ol dn )
4-image lenses

Schechter et al. (1997)

CASTLES

Dr. Chuck Keeon, University of Chicago (KITP New Cosmology 1125/02)
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Radio lenses
(Cosmic Lens All-Sky Survey;
lan Browne, Neal Jackson, et al.)

quad
(Marlow et al.1999

10 = 4+4+2
(Sykes et al.1998)

double (Rusin et al. 2002)

Problem #1. Core Images and the
Centers of Distant Ellipticals

(CRK ApJin press astro-ph/0206213)

Odd image theorem (Burke 1981):
cusp shallower thanp O r?
0 odd number of images
[0 2/4 observed images+ 1“core” image

Current (radio) dynamic range = 100-2000.

Q: Where arethe (radio) core images?
A: Demagnified by high central densty.

Do the numbers work out?

Long-standing puzzle with implications for core radii, density cusps.
(e.g., Narasimhaet al. 1986 Wallington & Narayan 1993; Rusin & Ma 2007

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Connedions

Galaxy centers are interesting.
— dynamics
— remnants of galaxy formation
— cluesto baryon/DM interactions?

CDM concentration probem.
» Predicted densties too high on kpc scdes.
— rotation curves (e.9., McGaugh & de Blok 1998)
— bars (Debattista & Sellwood 2000)
strong lensing statistics (CRK 2001)
microlensing (Binney & Evans 2001)
e Coreimages. densitiestoo low on ~100 pc scales? (CRK 2001)

Can core images constrain supermassve black holesout toz ~ 1?
(Mao et al. 2001)

Lensing Critical Curves

Two “critical radii”™:
« Eindeinradius Ry, — tangential arcs
 radial critical curve R, —radial arcs

Image Locations

Higher central density [7 smaller R, [J fainter core images

Dr. Chuck Keeon, University of Chicago (KITP New Cosmology 1125/02)
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“Nuker law,” from surface brightness
profil es of early-type galaxies.

Redistic parameters:

e Take 73 nearby ellipticals from the
literature.

e Shifttoz=0.5asmock lens
galaxies.

log surface brightness

(Faber et al. 1997; Carollo et al. 1997; Carollo & Stiavelli 1998; Ravindranath et al. 2001)

A plethora of core images

Among the 73 galaxies...

e 2 don't produce @reimages.

number

e <u>spans4 dex!
0 Some bright, many faint.

108 {(Loore!

galaxies seeper
thanp O r2

Dr. Chuck Keeon, University of Chicago (KITP New Cosmology 1125/02)
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Physical scale

Median R4 ~ 200 pc,
range 10—-2000 pc

R typically slightly larger
than Nuker break radius

Tag By /v

Parameter dependences
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«  <p>"tends’ to decrease as concentration increases
¢ But nosimple trend — and remarkably large scatter

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Should we see core images?

»  Which galaxies have <u> > 0.1?
— NGC 4239 and 5273: dwarf galaxies — poor lenses

— NGC 6166: brightest cluster galaxy; most distant and least concentrated
galaxy in Faber et d. (1997) sample - atypical

e Such galaxies arelikely to berarein lens samples.

» Thus, bright coreimages are likely to berare.

Comparison to data

e
(2) all lenses

1 Datafrom CLASS - only upper
i \\\\models 1 limitson M.
(Norbury et al., in prep.)

Models do not predict coreimages
brighter than observed.

cumulative fraction

Doubles yield stronger limits,
better targets for follow-up.

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Supermassive black holes?

without BH

NGC4649

SMBH deepen potential well,

il SUpPress core images.

= =2 = (Mao et al. 2001)
log Kore log Keore

B R e L L A A R

g [ § estms NG Wemsed But they affect only the faintest
o i 1 core images.

Implications

Unique probe of densitiesinside ~200 pcin dlipticalsat z ~ 0.2-1.
Expect aremarkably wide range of core image properties.
Stellar densities can explain the absence of core images so far.

New searches:
— better radio senstivity
— narrow-band optical imaging?
- 7

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Problem #2: Anomalous flux ratios
and CDM substructure

‘c“lusre{;fs %Aalaxia In CDM, halos are lumpy

sun

CDM leadsto hierarchical structure
formation.

Small objects are dense, not fully
disrupted by tidal forces.

Large hal os contain remnants of their
many progenitors.

Clugterslodk like this — good!

Galaxies don’'t — bad?

. sgngle galaxy,
~:|_0'12 M

sun

(Mooreet al. 1999)

Dr. Chuck Keeon, University of Chicago (KITP New Cosmology 1125/02)
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A substructure aisis?

CDM seamsto overpredict substructure. What does it mean?

Particle physics posshilities:
e Maybe dark matter isn’t cold and collisionless
* Maybeitis L , fuzzy, icky, ...

Astrophysics possihili ties:

* Weonly see dumpsvia gars, gas.
» Maybe galaxies contain lots of clumpsbut most are invisible.

Isthismainly a problem for particle physicists or astrophysicists?

Substructure and Lensing

Nedl to find (or rule out) a population of objeds detedable only by
their mass.

Effeds on strong lenses?
— image positions —d —fairly insensitive to clumps

— image brightnesses —d2p - very sensitive to clumps

S0, seek lenses where smoath model's can reproduce positi ons but not
brightnesses.

(Recall quasar microlensing...)

(Mao & Schneider 1998; Metcalf & Madau 2001; Chiba 2001; Dalal & Kochanek 2002)

Dr. Chuck Keeon, University of Chicago (KITP New Cosmology 1125/02)
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Typical Numbers

I
SR

S
n

From lensing to dark matter physics

Observe lenses.
Find systems inconsistent with smooth lens models.

Infer amount of substructure. (Add substructure until the models are
statistically cong stent with the data.)

Connect to CDM predictions.

Constrain physics of dark matter.

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Daal & Kochanek: “Detection of CDM Substructure”

(2002ApJ 57225)

Bayesian analysis of substructure
parameters.

Main result islower limit on fg,.

probability

f~2% (0.6—7% at 90% confidence)

A detection of substructure!

satellite mass fraction, fg,

Implications?

Appearsto be a major successfor the CDM paradigm:
» Confirms predictions on very small spatial scales.
* Rulesout aternatives like warm or self-interacting dark matter.

But recall the assumptions:

» Theneed for substructureisinferred from the failure of models to fit
observed fluxes..

» The substructure is assumed to be the granular stuff predicted by CDM.

We need to rebuild the chain
of logic, link by link...

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Link #1: Finding the Anomalies

(CRK, Gaud & Petters, astro-ph/0210318)

» Dothe“aomalies’ really indicate substructure?
Or just afailure of imagination in the models?

Proving anegativeishard!

Fortunately, strong generic statements can be made about
certain combinations of fluxes...

(Forget abaut the causes or implications of the anamalies;
for now let’ s just focus on finding them.)

Source Pla

Image Plane

Schechter et al. (1997)

PG 1115+080

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)

14



Small Scale Structure and Gravitational Lensing

Source Plane

Image Plane

B2045+265 (Fassnacht &t al. 1999)

Robustly Identifying Flux Ratio Anomalies

The fold and cusp relations are strong model -independent statements.

Violating them requires structure on scales smaller than the separation.

But they require a source asymptatically close to the fol d/cusp.

How well do they hold in practice?
Can we identify flux ratio anomalies directly from the data?

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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|dentifying cusp anomalies

Pick atriplet of images

Let:
d = maximum separation
0 = angle subtended

Define
Rousp = (A-B+C)/(A+B+C)

Now do Monte Carlos: generate mock
lenses, examine distribution for R;,,q,

(SIS, shear y=0.1)

Thereisafirm upper
envel ope, which can be
derived analytically.

Data:

» B1422+231

*» B2045+265 (blue)

* PG 1115+080 (black)

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Parameter dependences
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Look at the (analytic) upper bound.

Most sensitive to dlipticity, then
shear.

Not very sensitive to profile.

General scaling R, 0 62 [ o? for
small 6, d

Add adistribution of
elipticities and shears.
Derive confidence regions.
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Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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A
—

> B2045+265

200 300
opening angle 8 (deg)

P B20454265

» RX J0811+0551

IR s il

separation d/R,

Add adistribution of
elipticities and shears.
Derive confidence regions.

Data: 17 lenses, 4 cusps,
2 outliers

¢ RX J0911+0551 (red)
» B2045+265 (blue)

(Note: B1422+231 said to
be anomal ous, but not
flagged by our analysis.)

Identifying flux ratio anomalies

There are observed flux ratios that cannot be fit by any (reasonable)

smooth mode!.

We can find them using the fold and cusp relations.

More sophigticated — less robust — methods are needed in some cases.

Still, first link in chain from lenses to dark matter can be made strong.

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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log a,/(mb?)

From lensing to dark matter physics

Find flux ratio anomalies.
e Okay!

Infer amount of substructure.
What do flux ratio anomalies imply about galaxy mass distributions?
What is “substructure™?
Must the departure from smoothness be granular CDM clumps?
Could it be stars, dwarf satellites, tidal streams, dark matter caustics, etc.?
Could the anomalies be caused by € ectromagnetic effects?

Connect the substructure to CDM predictions.
e IfitisCDM substructure, how much isthere?

e What does CDM predict for the substructure mass fraction, the mass function
and spatia distribution of subhalos, the amount of power on small scales?

Constrain properties of the dark matter particle.
e How do predictions depend on assumption of cold, collisionless dark matter?

Where do the clumps live?

PG1115+080 A, | /" ] Assumption: dlumpsliein lens
" galaxy halos

What about free-floating clumps?

Effects strongest near lens gal axy,

but still significant at Az~ 0.2.

Jacqueline Chen: isolated clumps
contribute few % of optical depth;
correlated clumps may be more
important.

clump redshift z

(CRK astro-ph/0209040)

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Beyond basic fluxes

perturber Source size often varies with
wavelength

Use to distinguish between gars,
satellites

Need Ry, = Ry, to see an effect

B1422+231:
— Optica image not perturbed
SptiHl irisse — Radio: Ry, ~1masimplies
Mg = 105 M,

radio image

2 mas

(CRK astro-ph/0111595)

Summary

Current status:

* Fux ratio anomalies can robustly be identified
... using the fold and cusp relations

+ Substructure has been detected
... in quantities that cannot be attributed to normal satellite populations

New theory:
* Tounderstand what we measure, what CDM predicts

New data:

» Source size, wavelength dependence, image shapes ...to diginguish
between different types of substructure

 Morelenses!

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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Conclusions

Coreimages:
» Probedensitiesininner ~200 pc of distant ellipticas.
» Stellar densities can explain the lack of observed core images.

Flux ratio anomalies:

e Thereareflux ratios that cannot be fit by any smooth lens model,
as shown by the fold and cusp relations.

e Compelling evidence for substructure, and hints of alink to the
physics of dark matter.

Dr. Chuck Keeton, University of Chicago (KITP New Cosmology 11/25/02)
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