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Substructure lensing

Past.
» Mao & Schneider 1998: connect flux ratios and substructure
» Metcalf & Madau 2001, Chiba 2002: propose to test CDM
» Dalal & Kochanek 2002: constrain substructure mass fraction
Present/future.
» New observables.
» Can we learn more about substructure?
> Is there really a of clumps?
» Can we constrain its: mass function? spatial distribution?
redshift evolution?
» What does it reveal about dark matter?



Flux ratio anomalies
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Flux ratio anomalies are hard to miss, and hard to misinterpret.

(CRK, Gaudi & Petters 2003, 2005; Congdon & CRK 2005; Yoo et al. 2005, 2006)

Flux ratios



B15554-375

Marlow et al. (1999)

Smooth models generically predict A — B & 0. (crk, Gaudi & Petters 2005)
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Smooth models predict A — B + C ~ 0. (crx, Gaudi & Petters 2003)



Flux ratios and substructure

Dalal & Kochanek (2002): constrain substructure mass fraction Flux ratios

mass scale b (arcsec)
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Single-wavelength flux ratios reveal

/m—dm

but say little about dN/dm itself.



Finite source effects

Multiwavelength

Flux perturbation depends on size of subhalo relative to size of
SOUrCE. (Dobler & CRK 2006)




Finite source effects

Flux perturbation depends on size of subhalo relative to size of

source.

(Dobler & CRK 2006)
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Finite source effects

Flux perturbation depends on size of subhalo relative to size of

source.

(Dobler & CRK 2006)
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Finite source effects

Flux perturbation depends on size of subhalo relative to size of

source.

(Dobler & CRK 2006)
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Finite source effects

(Dobler & CRK 2006)
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Multiwavelength flux ratios

Heuristically, each wavelength probes substructure above some
mass threshold:

i AN
() N/ m — dm
m(Rsrc(A)) dm

Plus, useful “resonance” if Rein(m) &~ Rge-

Many possibilities:

>

>

radio
mid-IR (Chiba et al. 2005, Poindexter et al. 2007, Minezaki et al. 2009, Fadely & CRK)

optlcal emission lines (Moustakas & Metcalf 2003, Metcalf et al. 2004, CRK et al. 2006, Sluse et

al. 2007, Sugai et al. 2007, Eigenbrod et al. 2008)
optical continuum

X— I’ay (Blackburne et al. 2006, Pooley et al. 2006, 2007, 2009, Kochanek et al. 2007, Morgan et al. 2008,

Chartas et al. 2009, Dai et al. 2009)

Multiwavelength



Mass “threshold”

Multiwavelength

Band corresponds to range of redshifts in current sample.
Rein (cm)
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Milli-images

MG 2016+112, Koopmans et al. (2002)
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Milli-images
B0128+437, Biggs et al. (2004)
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Milli-images
MG J0414+0534, Trotter et al. (2000)
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Gravitational imaging

Vegetti & Koopmans (2009ab): clumps > 108 My, visibly perturb Grav. imaging
Einstein ring images (a la SLACS)

(my illustration)




Time delay millilensing

(CRK & Moustakas 2009)
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Time delay millilensing

(CRK & Moustakas 2009)
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Time delay millilensing

(CRK & Moustakas 2009)
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Time delay millilensing

(CRK & Moustakas 2009)
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Time delay millilensing

(CRK & Moustakas 2009)
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Random time delays

Flux ratios
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Scalings
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RX J1131-1231
Morgan et al. (2006): M2 (2.2 £ 1.6 d) M1 (9.6 £ 2.0 d) S1.

Smooth models predict M1 leads M2.

Time delays
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RX J1131-1231
Morgan et al. (2006): M2 (2.2 £ 1.6 d) M1 (9.6 £ 2.0 d) S1.

But substructure can reverse that ordering. (crr & moustakas 2009)
Time delays

arcsec

arcsec



Summary of observables

. . Recap
radio flux ratios

multiwavelength flux ratios
milli-images
gravitational imaging

time delays
.7

vV v.v. v v Yy

They probe different aspects of the subhalo population ...
but how, exactly?



Lensing with stochastic substructure

Can we develop a general theory of substructure lensing?
Theory

1. Improve substructure modeling:
> faster
> richer — broader substructure models
> better — understanding of systematic uncertainties
2. Develop general insights:
> how is information about substructure encoded in lensing

observables?
> what are the “reduced observables” we can/should aim to

measure?



Framework
Lensing potential from 2-d Poisson equation:

by
Vi =2k=2
(b " Ecrit

Framework

Time delay:

1+z DD |1
T(z;u) = . D |2

@ — ul® — ()
Fermat's principle V7 = 0 gives lens equation:
u=x—a(x) where ax)=Ve(x)

Distortions/magnifications:

_ ou - _ 1- (bzac _¢Iy -
M= (33’3) a [ _¢wy 1- ¢yy



Characterizing substructure effects

Can express observables in terms of

potential ¢

deflection o, = %

T

o¢

Oéy = 87y
convergence Kk = 1(82¢+82¢)
T2\ 022 " 9y?
1 /0% 0%
shear Ye = 5 @_TyQ

_ 9%

T = 0x0y

Formally, we need to know the (joint) probability distribution of
® = {¢, az, oy, K, Ve, 75} at all image positions.

Framework



Deflection
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Convergence

y?

1 (9% 8%
R = 5(81;2—1— )
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Shear
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Use polar coordinates (r;, ;) centered on an image:

Z mg
e lnri
P ™

cos 0;
- - . g Framework
Z mr; | siné;

Ye o m; | cos?26;
[ Vs } N Zwrf { sin 260; ]

(Small corrections for any clump that overlaps line of sight.)

Can we just use the Central Limit Theorem?



Use polar coordinates (r;, ;) centered on an image:

mg
¢ = Z 7 In T
A _ cos 0;
|: Oly :| N _Z ™™; |: sin 01 :| Framework
Ve - _ m; | cos26;
[ Vs } B Z mr? [ sin 26; ]

(Small corrections for any clump that overlaps line of sight.)

Can we just use the Central Limit Theorem?
No: variances diverge.

Trouble caused by clump(s) closest to image. If we can handle
those, we can use CLT on the bulk of the remaining population.



Local analysis: Uniform spatial distribution

Goal: find probability distributions for most extreme shear,
deflection, and potential.

Work through uniform case analytically for illustration.

Local

(Over some large but finite area such that [ p,(x) d*z = 1.)

Polar coordinates (r;, ;) centered on an image. Shear strength:

my;
Yi = 2

Ty

What is the probability distribution for the largest shear?



Probability that the shear from clump i is bigger than ~:

Pi(>7)

/ pe (i) pm(mi) d*z; dm;

5>y

T

ﬁ/dm pm(m)/d@/o(ﬂ)l/2 dr r ks

Rs

N~

Probability that all shears are smaller than ~:

N
K K
Pa(<y) = (1— : ) — exp (—S) for N — oo

This is the cumulative probability distribution for vyax.

Local



Deflection strength:
mg

a; =
r;

What is the probability distribution for the largest deflection?

Probability that the deflection from clump i is bigger than «:

P(>a) = /m‘ Do (@:) pm(mi) Pz; dmi
7\'7‘1‘>a

1 o
= N(m)/dm pm(m)/dﬂ/o dr r ke
2

rs (m?)

N7ra? (m)

Probability that all deflections are smaller than «:

2\ 9
Pa11<<0‘):<1— e <m >) — exp <—KS <m>

Nrma? (m) ma? (m)

)

Local



Local analysis: Power law spatial dist’'n

Substructure population: kg oc 7772 with 0 < n < 2.

Taylor series expansions for large local shear/deflection:

Local

P(<y) = 1——“5:’%
2 2
Rs,img | Rs,img _ <m >(77_ 2) O -3
Ty l 2> smg, | TO0T)

P(<a) = 1_%“;;?

y Dosime [W (m") (n-2)

2m2at | (m)? s ime = (m) dmrf,

+ O (OFG)




Mass function: Local shear

ks o< 1 and dN/dm oc m~—19.

Fix meg = <777,2> / (m). Vary ¢ = my;/my, = 1, 10,100, 1000.
Theory.

Local

PDF




Mass function: Local shear
ks o< 71 and dN/dm oc m=19.

Fix (m). Vary ¢ = my;/m, = 1, 10,100, 1000.
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Mass function: Local deflection

ks o< 1 and dN/dm oc m~—19.

Fix meg = <m2> / (m). Vary ¢ = my;/my, = 1, 10,100, 1000.
Theory.

Local

PDF
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Mass function: Local deflection

ks o< 71 and dN/dm oc m=19.

Fix (m). Vary ¢ = my;/m, = 1, 10,100, 1000.
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Mass function: Local potential
ks o< 771 and dN/dm oc m~1Y.

Fix meg = <mQ> /(m). Vary ¢ = my;/my, = 1, 10,100, 1000.
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Spatial distribution: Local shear

ks < 7172 and dN/dm < m~1? with ¢ = 100.
Isothermal (n = 1), , and shallower (n = 1.5).
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Spatial distribution: Local deflection

ks < 7172 and dN/dm < m~1? with ¢ = 100.
Isothermal (n = 1), , and shallower (n = 1.5).
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Spatial distribution: Local potential

ks < 7172 and dN/dm < m~1? with ¢ = 100.
Isothermal (n = 1), , and shallower (n = 1.5).
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Long-range analysis

Can use Central Limit Theorem = need to know variance.

Illustrate with deflection:

Qg = § Oy
i

Long-range

Variance:

<a325> - <O‘r>2
2
S o)~ (S to

var(ay)

S (02 + 03 ) (o) — (W o))
i i g
N<a2-> - N (am»>2

X1



1 m,; cos 0;

. — - . . . 2 . )y -
<amz> N <m> /d’ﬂh pm(m7) / d T; Hs(mz) p
1 m; cos 0\ >
2 _ i
<ozm> = N(m /dmL Dm (M /d x; ks(x;) ( p— )

Note

Long-range

1
Nlag)? ~0 (=
(o) O(N)
Thus

var(a,) ~ N {(a2;) = <m2>/d2mi (i) (COSQ>2

Similar analysis for all quantities.



Local vs. total: Shear

ks o< 771 and dN/dm o m~9 with ¢ = 100.
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Local vs. total: Deflection

ks o< 771 and dN/dm o m~9 with ¢ = 100.
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Local vs. total: Potential

ks o< 771 and dN/dm o m~9 with ¢ = 100.
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Mass function: Total shear
ks o< 771 and dN/dm oc m~1Y.

Fix meg = (m?) / (m). Vary ¢ = myi/mu, = 1, 10,100, 1000.
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Mass function: Total deflection
ks o< 771 and dN/dm oc m~1Y.

Fix meg = <m2> / (m). Vary ¢ = mpi/my, = 1, 10,100, 1000.
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Mass function: Total potential

ks o< 771 and dN/dm oc m~1Y.

Fix meg = <m2> / (m). Vary ¢ = mpi/my, = 1, 10,100, 1000.
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Spatial distribution: Total shear

ks < 7172 and dN/dm < m~1? with ¢ = 100.

Isothermal (n = 1), , and shallower (n = 1.5).
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Spatial distribution: Total deflection

ks < 7172 and dN/dm < m~1? with ¢ = 100.
Isothermal (n = 1), steeper (1 = 0.5), and shallower (n = 1.5).
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Spatial distribution: Total potential

ks < 7172 and dN/dm < m~1? with ¢ = 100.
Isothermal (n = 1), steeper (1 = 0.5), and shallower (n = 1.5).
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Lensing Complementarity

Einstein radius, Rei, o< m'/2. Scaled distance, 7 = 7/ Rein.

observable

mnemonic mass scale

spatial scale

magnifications
positions

time delays

Sp ~ 1/72 jmdem
0x ~ Rein/f’ <m2> / <m>

5t ~ R% In# <m2> / (m)

quasi-local
intermediate

long-range

Different observables contain different information about the

clump population.

Complementarity



Outlook

what how

reduced observables

combine
observables

mass function

low-mass cutoff  multiwavelength

(e.g., WDM) flux ratios
spatial time delays
distribution

[ m (dN/dm)dm
and (m?) / (m)

[ m (dN/dm) dm for
different thresholds

something like
[r7" ks(z) >z

Outlook



Outlook

Radio quads.
» radio loud: 9 — 3 currently have milli-images
» radio quiet: 220 — doable with EVLA and e-MERLIN?

(N. Jackson, O. Wucknitz)

Multiwavelength (optical/IR).
» Others: 4 quads + 1 double published
» Fadely: 1 quad + 5 doubles now, 2 quads + 8 doubles soon

Quad t| me de|ayS (Congdon et al. ApJ submitted)

» 7 known currently; more and better measurements to come. ..

» 1 with clear evidence for substructure

» 4 with “anomalies”

Gravitational imaging: 2100 SLACS lenses. (s vegetiet s

Outlook



Outlook

Wide-field time-domain surveys will yield thousands of new lenses:
Pan-STARRS, DES, LSST, SKA, ...

Dream:
» Clean sample of ~100 quads.
Radio/mid-IR photometry: multiwavelength flux ratios. Outioo

Radio interferometry:

vV v v

Optical/near-IR monitoring: precise time delays.
(Also microlensing and AGN structure.)



Outlook

Wide-field time-domain surveys will yield thousands of new lenses:
Pan-STARRS, DES, LSST, SKA, ...

Dream:
» Clean sample of ~100 quads.
» Radio/mid-IR photometry: multiwavelength flux ratios. Outioo

» Radio interferometry:

» Optical/near-IR monitoring: precise time delays.
(Also microlensing and AGN structure.)

The Observatory for Multi-Epoch Gravitational lens Astrophysics
(O M EGA)! (L. Moustakas et al.)
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