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Abstract: <p>Weak gravitational lensing is a highly valued tool for inferring the structure of the spacetime metric between an observer and a
cosmologically distant &cavallpaper,&€+ most commonly either the CMB or faint background galaxies. The best-measured quantities are the second
derivatives of the projected scalar potential(s), which are manifested as apparent shearing and magnification of the wallpaper. Given a collection of
faint-galaxy images, what information can we extract about the shear and magnification that these images have undergone? | will describe a new
method of lensing inference that, unlike predecessors, is rigorously correct in the presence of noise and other observational realities, nearly optimal,
and computationally feasible at the scale of current/future surveys like the Dark Energy Survey and the Large Synoptic Survey Telescope.</p>
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[he projected scalar gravitational potential(s)
between us and a source “wallpaper” is a great thing

(O measure:
Relation between total and visible matter
Growth of potentials since recombination

Ratios of distances vs redshift

Pirsa: 15040051 Page 3/48



Pirsa: 15040051

Lensingzshear

10

Hudson et al 1998 | 2D,
LS

700 source galaxies | W 7'67 B ——
( ) CQDgDS

lonal [‘le..‘]‘l[i.‘.|l'-r-.l

o*

oozt i " PEr—— -
10 00

Radius from 'ffélaxyl (kpc)

ecCo

\Hiii‘.‘ﬂ Ol a“.‘-\[l‘!flt eS VS |_L'L3..")}”|[

Page 4/48



‘. Cloweetal 2006

L - -~

=
©
U
£
%
&
N
=
0
]

o

oozt .
10

Radius froni galaxy (kpc)

e recombination

Ratios of distances vs redshifi

Pirsa: 15040051 Page 5/48



T lowsetal 2006

., - -~

-

' ST T
: ._ g; S _..."“,_ ‘ A .
. ' .'a‘;".:}."' . .
Lo UM LT

. ‘.‘" i

=
@
U
=
o
&
&N
=
U
]

=]

’ ¥,

oozt .
10

Radius fromi galaxy (kpe) ¢ recombination

Ratios of distances vs redshifi

Pirsa: 15040051 Page 6/48



Pirsa: 15040051

10
Hudson ¢
700 source

o
o
=

=]

=
@
U
-
T
&
7
=
U
i

0

Radius froni gal

Ratios of distai

Vikram et al (Dark Energy Survey)

P 1504.03002
. ™
goe > Wt o ~1Msources
‘e . .:d - ® :J .. .“

-~
™ L. -

100 million light years
at distance of galaxies

Page 7/48



i source 5 2Dls
l/)(@) — A dT‘ \IJ(TG) m

[he projected scalar gravitational potential(s)
between us and a source “wallpaper” is a great thing

(O measure:

Relation between total and visible matter

Growth of potentials since recombination

Ratios of distances vs redshift

Pirsa: 15040051 Page 8/48



I"SOIITCC a ? D’“

E (D) e

i —e— | CFH Lens survey
Kilbinger et al (2013)
154 deg?

~5M sources

Q 0.59
o ( ) = 0.79 + 0.03

Shear correlation

0.27

10

) [arcmin]

1 of potentials since recombination

s redshift
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What is P(¢ | D) given data D that are the pixel values

N

of a set of images of the sky?
['wo successful kinds of w mi]l'vllw-r to date:
CMB: unlensed T & E are i"-‘U{.T‘UPik'(r.lli.‘w‘wic]H

random fields, B is zero. Optimal ¢ estimation is
“easy.” Nothing

Galaxies: Only a priori knowledge of unlensed field

i.'-» 5.--‘H| t‘t\|“\.
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What is P(¢ | D) given data D that are the pixel values

N

of a set of images of the sky?
['wo successful kinds of w d”]'hll"('l' to date:
CMB: unlensed T & E are i‘-—w»h‘n\pin'(r.mr-c-wi(m

random fields, B is zero. Optimal ¢ estimation is
“easy.” Nothing

Galaxies: Only a priori knowledge of unlensed field

1S 1SOt ropy.

Pirsa: 15040051 Page 16/48



Pirsa: 15040051

Var e |
N

g

signal  0.02 .
AR R
neise = 10=2

Vargy =

[n order that lensing measurement systematic errors not degrade
the statistical power of a large-scale WL survey, the shear inference

should be accurate to 1 part in 1000, and any spurious shear signal

should be <10-° RMS over cosmologically interesting [ values.
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Var e;
N
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Var g, =

signal 0.02 F
.(}l'lllh' ~ (].()2 j T ~ - = — 2 X l() '
noise= -+ 10=>
[n order that lensing measurement systematic errors not degrade
the statistical power of a large-scale WL survey, the shear inference

should be accurate to 1 part in 1000, and any spurious shear signal

should be <10-° RMS over cosmologically interesting [/ values.
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Create a galaxy model that predicts the galaxy signal at each pixel,
maximize the likelihood of the model:

GBS DIG N —Ga= el €700, vz, sizes B/ D o)
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Create a galaxy model that predicts the galaxy signal at each pixel,

maximize the likelihood of the model:

GBS D@ Ga={el 5,71, g sies Bl D)
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Largest WL survey to date:
CFHLS, 150 deg?

Miller et al (2013) show that
shear measurement requires

~10% ad hoc correction based

on measurements of -

4

. < Mgt ®
simulated sheared sky images {h@!ﬂ[p
as S/ N<20. ]

r~03"]
'l 'l
10 20 50 100

Van

Magnification measurements are substantially cruder.
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Point spread function (PSF): observed image is
s &
l()l)h‘ S ]:-;l‘(t *

Sampling

Noise - ML estimates are not unbiased!

No dictionary: galaxy images have no finite basis

Selection biases
Missing data (cosmic rays, etc.)

Crowding
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Model fitting

v Forward model

v Forward model

X Correction from simulation
X Correction from simulation
X Correction from simulation
v Fit extant data

X (multi-galaxy fit?)

v Fourier-domain moments
v (Nyquist sample)

X Correction from simulation
v Non-parametric

X Correction from simulation
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[he classical Bavesian inference formula:

(Dl|g)P(g)
P(D)

P(glD) = ©

Chop the (image) data into N, disjoint selected ga

.\ Y O rJ)
LI'I][II\_‘L y | . ‘I‘\r”

P(g|D) « P(g)P(Nylg) || P(Dilg)

t=1
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[he classical Bavesian inference formula:

(Dl|g)P(g)
P(D)

Chop the (image) data into N, disjoint selected ga

P(g|D) = i

1 y [).-
(8 \L‘ ‘f /5 b
1IMNage ‘I'\(”

P(g|D) x P(g)P(Nglg) | | P(Dilg)

t=1
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In P(g|D) = const + In P(g) + In P(N,|g) + Z 11

[Introduce a descriptive vector G for a galaxy.

Simple case: G fully predicts each pixel value.

P(Dilg) = [ dG P(D/|G)P(Gg)

/' dG.L (Di —~ 1‘)((;)) P(Glg)

Where do we get P(G 1 g)? It must be empirical; there is no accurate
theory for galaxy shapes!
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In P(g|D) = const + In P(g) + In P(N,|g) + Z 11

Introduce a descriptive vector G for a galaxy.

Simple case: G fully predicts each pixel value.

P(Dilg) = [ dG P(D/|G)P(Gg)

/ 16 £ (D: - D(@)) P(Clg)

Where do we get P(G 1 g)? It must be empirical; there is no accurate
theory for galaxy shapes!
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;\|v|11‘:1\i||1.1‘.t' the 7+ dimensional function by

sampling galaxies from the actual sky.
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;\|7|‘]'H\ill].\fl' the 7+ dimensional function by

sampling galaxies from the actual sky.

Renlirate
AN FLEC il
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;\|1|11‘n\i||1.1it' the 7+ dimensional function by

sampling galaxies from the actual sky.
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Copy each
galaxy
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P(D;|lg) = ) L|D;— D[G.(g)])

/

M
Sum over >10° templates for each of 10 targets,
repeat at every g ol Interest - too slow.

[t’s weak lensing: Taylor expand about ¢=0.

|
P(D;lg) = P;+g-Q; + 5!} K- g

P=Y¢ (1), — D[G,(g = n)])
i

Qi = VP

R, = V,V,P,

9=0

g=0
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We want to describe galaxies by a short vector M
aving the following properties:

Effect of PSF can be removed from M

Measurement noise distribution on M is small and

1s known exactly, rapidly calculable.

Does not assume parametric form for galaxies

\] ires nearly all informati n change i

M captures nearly all information on change 1in

galaxy under lensing.
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L(M;|M)is Gaussian in M;-M in most imaging modes as M is

linear in the pixel values D..

P(M;|g) = /(IU P(M;|M)P(M|g) = > L [M; — M,(g)]

L

Pirsa: 15040051 Page 37/48



My | 1
A[ T ’ k.‘:;

-~

. I()h‘-.(k) ‘ IA
= 12 ] Yy

M, | A.._Z Lé
M, o

\ / \ /

L(M;|M)is Gaussian in M;-M in most imaging modes as M is

linear in the pixel values D..

P(M;|g) = /(IU P(M;|M)P(M|g) = Y L[M; — M, (g),

L

Pirsa: 15040051 Page 38/48



Compute moments of Compute moments

target galaxies of template galaxies
Compute P, Q, R, for Sumoverall P, Q, R, to
each target galaxy obtain shear estimator
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PSF
Sampling
Noise
Model bias

Selection bias

Missing data
L

Crowding

Speed?
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Our starting point should have accounted for the fact

that only galaxies passing selection s make it into our

data vector: N,

P(g|D) o P(g)P(Nylg) | | P(Dils, 9)

: : =] o
Compressing the data into the non-parametric

moments:

P(M;, s
1)(i\[,ﬁ|.'~;,.(]) —— ( #2 "|.(f)

P(s|g)
[ dM P(M;, s|M)P(M|g)
~ [dM P(s|M)P(M|g)
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Our starting point should have accounted for the fact

that only galaxies passing selection s make it into our

data vector: N,

P(g|D) < P(g)P(Nylg) | | P(Dils,g)

‘ . =] oy
Compressing the data into the non-parametric

moments:

P(M;, s
P(M,|s, g) = LM 5l9)

P(sl|g)
[ dM P(M;, s|M)P(M|g)
~ [dM P(s|M)P(M|g)
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In most survevs the selection s is difficult to even

define, or at best is a complex function of the D,
Images.
We can make our life hugely easier by making our

\I T i 1 1 | J ) | ] -’. y | V4TV | ) ¢ "f “u. .| | Y ¥
Ll el []l‘l\l Oadsed 071 Jr."r'! ooseroed odlues \.I 1N W h;( [1 CadSe

P(M;ls,N\ (] V) for all selected galaxies! Now
Z“ L(M;—M,(g)]
Z;l .].n“fe.q L [M i Mu(-‘f)]

P(M;|s,g) =
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Example numerical test: this case, testing number of template galaxies
O O

needed in the restricted case of known galaxy center (by Bob Armstrong)
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