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GRAVITATIONAL LENSING
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GRAVITATIONAL LENSING,
WHY?
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GRAVITATIONAL LENSING

@
v—— w
——  makes very little to no assumptions about the structure of the source (and possibly the lens

potential as well; see end of this lecture), although the solutions often require regularization because the
number of free parameters can be large.
" makes use of all (or most) information available in the lensed images or even absence of
information; i.e. the prediction of lensed images that are not present in the data are penalized.
—— allows structure of the source to be separated from structure in the lens potential, in a statistical (i.e.
Bayesian) sense.
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Galaxy + Lensed Image Lensed Image Non-parametric model

For a fixed lensing
potential

Lensing Galaxy

Reconstructed source

—— Pixelated source defined on adaptive grid+ analytic main lens mass model

—— Pixelated potential corrections

—— All embedded in a Bayesian framework
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Source Plane

Image Plane
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—— Choose a parametric model for the total mass lens distribution: elliptical power-law defined by
the free parameters p (include external shear)

—— Each point x;; with its corresponding surface brightness distribution di; maps to a point on the
=Z;,; — V(i35 D)

—— Assign to the point y;m a surface brightness value s;; using surface brightness conservation

source plane yjm via the lens equation ~ _,
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Image Plane
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Pseudo—inverse

e —
s'= [BL(y)|" d.
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In practical terms

P=x?(8,%) +AReg(s)
P,.=[BL(¢)5 —d|TC'[BL(¥)5 —d]+ )\, [§T(HT H)3]

(MTCMT+\HTH)s =MTC-'d, M=BL()

In Bayesian terms

) Likelihood Prior
Posggnor — ~\ -~ p e .
f y _ P(d]|s,L(p)) x P(s|A, H)

P(s|d,\ L(p), H) - -
P(d |\, L(p), H)

.v
Evidence

Likelihood Regularisation Prior

,Poce—%(x2+)\§THTH§)_ e—§x2 ¥ e—%Aé‘THTHS"
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In practical terms

P=x%(5,9) +AReg(5)

The best non-linear parameter of the lensing potential are derived by minimizing the penalty
function with a Simplex downhill method

In Bayesian terms
P(d|p,\,L, H)P(p, \)
P(d|L, H)

(

P(dlp,\ L H) = [ P(dip,s )P

Pp,Ad, L, H) =

s|H, \)ds

log (P(d|\,M=BL,H)) = —%[x2+)\ | H3||?] — %log [det ( MTC'M +)XH™H)] +%log(/\)

+logdet (HT H)] — ~Xlog(2) + logldet (C1)].

Friday, November 15, 13



28

26

8, / orcsec

2.4

2.2

28

2.6

8, / oresec

2.4

2.2

Original Source

' '

L} LJ LS L)
2.2 2.4 2.6 28
B, / orcsec
Original Source
a8
T v T ¥ \J
2.2 2.4 2.6 28
B, / orcsec

Simuloted Doto

s
- -
v
2
4
0
~
QM R
4
o T
0 2
8, / arcsec
Simuloted Doto
s
-
o
b
o
8
~
QM 4
o 12
0 2

0.5

Friday, November 15, 13



— o

- - :

\

0.5

v T v

.l'
o
o . :
B

0 2
8, / crcsec
Simulated Dato
A A A A
- - 5 ’
\ \
.«N
o v 14 l’ v
0 2 B
8, / orcsec
Simuloted Dota
" 'S - A aud
- -
g ’ \ 0
o & o
3
N
."N g &
] o
° . - - T
0 2 2

8, / crcsec

0.5

Reconstructed Doto

A A

et eTm——
.

A A ™

N -

8, / orcsec

5 A A

8, / orcsec

2.4

28

2.6

22

24 26 28
_’. / orqoc

™

A

8, / orcsec
24 2.6 28

2.2

22

L)
2.6 28

2.4
g, / orcsec

Friday, November 15, 13



1-0 Error of Inverted Source S/N Rotio of Inverted Source
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MODEL COMPARISON

P(L,H|d) < P(d|L, H)P(L, H)

P(d|p,\,L, H)P(p, A
& aLH) - (d|p, AL, H)P(p, A)

P(d|L, H)

P(d|L, H) = / P(dip, A, L, H}P(p; Aldds

Friday, November 15, 13



Lovell et al. 2012

CDM vs WDM
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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
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Kogpmans 2005

\/egetti & Koopmans 2009

GRAVITATIONAL IMAGING

¢(X> 77)75075 i w(Xv 77) o 5¢(X)

?70 (X, 77) Smooth analytic power-law model

5 G ixellated potential correction
p(x) P P
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=K (block matrix)

! —— & s
B[L(v) | — Ds(8) Dy] ( 5*):Kfzd

p—t
S|

(KTC—'K + RTR)7 = KTC -

)

\N.HTH 0
RTRE S S S ,
( 0  AsypHjyuHsy )

In Bayesian terms

likelihood prior
: - . P(d|8¥, 1,1, 5) PV |1, Osy)
P(8¢Id, fa s, t, u'a g8¢) = P w
(dlfs S, ts M, gaw)

Tl
evidence

posterior

?
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likelihood prior

posterior

- . P(d|8Y, 1,1, 5) P(SY |1, Osy)

’

P@yld, 1, s, 11, Qsy) =
5y P(d|f, s, t, i, gsy)

—

evidence

exp(—Ep(d|dy, t, 1, 5))

P(d|5¢ls ta fa S) ¥ Z
D

where

Ep(d|8v,t, 1, 5) = %(d —fs —t8Y) C; ' (d — fs — téy)

exp(—u Esy (0¥ |Q5y))
Zsy (1)
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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

0

Arcsec
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\/egetti & Koopmans 2009

STATISTICS OF DETECTIONS

P(a, f | {ns,m},p) = 5({”871‘;}&72:& I;)!]; ga,f p)

e EB) pla £, D)™ T

ey

P(mkaRk ‘ pa&)
k=1

L ({ns,ms,Rs} | @, f(< R),p) =

M max

:uj(avap)::uO,j(&af7p)/ P(va] |p,a)dm
Miow

M
mex P
= po,j(a, f, P)/ o am

Mlow,j

Friday, November 15, 13



STATISTICS OF DETECTIONS
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—— 200 very sensitive lenses can
constrain the mass function at the few
percent level

— but 10 may be just enough
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SENSITIVITY FUNCTION
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SENSITIVITY FUNCTION
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SENSITIVITY FUNCTION
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CONCLUSIONS

— I developed a fully-Bayesian adaptive lens modeling technique for the analysis of extended sources
—{ Sources are regularizes to unsure smoothness and avoid noise fitting

—{ The regularization level is a free parameter of the model and the regularization form depends on the source
structure

— The method allows for regularized linear and local potential corrections, that could be the signature of mass
substructure

— I developed a statistical interpretation to turns substructure detections into constraints on the substructure
population

— The sensitivity to substructure depends on the substructure mass, the data angular resolution and S/N, the
source structure

— Computing the sensitivity function properly is computationally very expensive and better way is need
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