[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL: model-independent measurement of b/r

Idea:
Combine weak lensing and galaxy clustering to determine b and 7.

e Galaxy clustering (5§>
e Galaxy-galaxy lensing, measures (040)

e Cosmic shear, measures (§?)

Cosmic shear is the most difficult to measure, so first measurements only used
galaxy clustering and galaxy-galaxy lensing.

Form ratio:

(5:6)(6) _ br _ b
(0g0g) (0) 2
Any cosmology-dependence, e.g. of clustering, drops out in the ratio.

These density correlations are projected to weak-lensing observables, and b
and r (if constant) can directly be measured.
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL: model-independent measurement of b and r I

Next: Combine all three
(62), (650), (62).

to measure b and r.

Difficulty: Structure along all redshifts contribute to cosmic shear, not only
mass associated with foreground galaxy sample 0.

Solutions:

e Choose background sample such that maximum lensing efficiency
coincides with foreground redshift.

e Add correction functions with minor dependency on cosmology
(geometry).
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

Redshitt calibration factors
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Scale-and cosmology-dependence of calibration factors. From (Simon et al. 2007), GaBoDS
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL results: model-independent measurement of b/r

effective scale [h ! Mpc]
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Observed ratio R (a), and B-mode (b); b/r (right) from (Hoekstra et al. 2001).

Main result: no scale-dependence found (on observed scales).
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[Day 3] Galaxy-galaxy lensing measurements

Galaxy — dark-matter connection II

GGL results: model-indep. measurement of b and r 1
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Redshift distributions for GaBoDS samples, estimated from COMBO-17. From
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL results: model-indep. measurement of b and r 11
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Filled boxes, open stars, open crosses = FORE-I, FORE-II, FORE-III.

Galaxy clustering: Bias on small scales is not constant, but scale-dependent.

Stronger galaxy clustering than from constant bias. (Simon et al. 2007),
GaBoDS (Garching-Bonn Deep Survey).
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[Day 3] Galaxy-galaxy lensing measurements

Galaxy — dark-matter connection II

GGL results: model-indep. measurement of b and r III
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GGL and cosmic shear.
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[Day 3] Galaxy-galaxy lensing measurements

Galaxy — dark-matter connection II

GGL results: model-indep. measurement of b and r IV
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL: HOD model measurements

increasing luminosity —
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Purple=red early-type galaxies; Green=Dblue late-type galaxies. From (Velander et al. 2014).
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL: HOD model measurements

increasing luminosity —
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Purple=red early-type galaxies; Green=Dblue late-type galaxies. From (Velander et al. 2014).

e Red galaxies have larger associated mass than blue galaxies.
e Exceess mass increases with luminosity. Light traces mass.
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL: HOD model measurements

increasing luminosity —
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Purple=red early-type galaxies; Green=Dblue late-type galaxies. From (Velander et al. 2014).

e Red galaxies have larger associated mass than blue galaxies.
e Exceess mass increases with luminosity. Light traces mass.

e Bump at 1 Mpc for low-luminosity red galaxies, disappears at higher L.
Red satellite galaxies.
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL: HOD model measurements

increasing luminosity —
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Purple=red early-type galaxies; Green=Dblue late-type galaxies. From (Velander et al. 2014).

e Red galaxies have larger associated mass than blue galaxies.
e Exceess mass increases with luminosity. Light traces mass.

e Bump at 1 Mpc for low-luminosity red galaxies, disappears at higher L.
Red satellite galaxies.

e Bump at slightly larger scale for blue galaxies. 2-halo term, from
clustered nearby galaxies.
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[Day 3] Galaxy-galaxy lensing measurements

GGL: HOD model

Galaxy — dark-matter connection II
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[Day 3] Galaxy-galaxy lensing measurements Galaxy — dark-matter connection II

GGL: M/L parameters
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[Day 3] Galaxy-galaxy lensing measurements @ Testing GR

Modified gravity

General, perturbed Friedmann-Lemaitre Robertson Walker (FLRW) metric:

20 20
ds? = (1 + —> cdt? — a*(t) (1 — —) dl?,

c2 c2

Valid for weak fields, (Bardeen) potentials ¥, & < c?.

e In GR, and absence of anisotropic stress: ¥ = &,

e In most modified gravity models: ¥ # ®! Very generic signature for MoG.

Some characteristics
e VU is Newtonian potential. Time-like. Quantifies time dilation.
e U is gravitational action on non-relativistic objects (e.g. galaxies).
o O is space-like. Describes spatial curvature.

e U + ® is gravitational action on relativistic objects (e.g. photons;
lensing!). [Photons travel equal parts of space and time. This is the origin
for the factor two in GR equations compared to Newtonian mechanics!]
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[Day 3] Galaxy-galaxy lensing measurements @ Testing GR

Testing GR 1

Idea of a null test
Measure difference in potentials to test GR: Galaxy clustering for ¥, weak
lensing for W + ®.

Modified Poisson equation
Potentials are related to density contrast ¢ via Poisson equation. Generalise to
account for MoG, and write in Fourier space:

U(k,a) = 47Ga®[1 + p(k,a)]
k2 [q’}(k, a) + d(k, a)} — 87Ga%[1+ X(k, a)]

) =)
S

VN

5?‘

-

N—"

With free parameters/functions p, . GR: p =% = 0.
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[Day 3] Galaxy-galaxy lensing measurements @ Testing GR

Testing GR 11

Probes of Bardeen potentials
Assuming linear, deterministic bias (b =const, r = 1).

e Galaxy clustering measures ¥ and b; <5§> x b’Py.
o GGL measures ¥ + ® and b; (0g0) X bPy 1.

— form ratio to get rid of cosmology dependence!
However, bias still remains, need another observable.

e RSD anisotropy parameter; B = %dlz&;(a).

Can be measured from redshift space galaxy clustering along
(4 = cosf = 1) and perpendicular (u = 0) to line of sight. Linear power
spectrum:

2
P(k,p) = P(k) (1+ B8p*)".
E¢ parameter

(9g9)

1
be = 56
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[Day 3] Galaxy-galaxy lensing measurements @ Testing GR

Parenthesis: Anisotropic clustering
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[Day 3] Galaxy-galaxy lensing measurements Testing GR

gravitational action on
relativistic particles

‘ light deflection ’

observer M —

weak gravitational lensing from
hotometric survey (e.g. Euclid)

dark-matter halo " peculiar velocities

gravitational action on
non-relativistic objects
redshift

galaxy clustering from
‘,{,‘pectroscopic survey (e.g. DESI)
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(Day 3] Galaxy-galaxy lonsing messurements. | Hasting @R

AT, (hMgpc2)

10 |

0.1
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Testing GR: results I

B=10.309£0.035

SDSS (Reyes et al. 2010)
— T T T —T b T T T T 7T T T
bg shear-fg | |
clustering :
<Ogdm> | %
| #°F fg clustering
<0g0g>
' 1I4 ‘fli‘élllo 2I0 | 4I0I ll é ‘ 4I1 Iélélllo 2I0 | 4I0I
R (h-! Mpc) R (h~! Mpc)

from SDSS galaxy clustering
(redshift-space distortions)
Tegmark et al. (2006)



[Day 3] Galaxy-galaxy lensing measurements Testing GR

Testing GR: results 11

Introducing new observable to exclude small scales:

Tom(R) =AYen(R) — (120)2 A¥gm (Ro)

2 [ ?
=73 dR' R' Y, mgm(R') — Egm(R') + (§> Yem(Ro),
Ro
(Baldauf et al. 2010).
Define in analogy >.4,.

Then modified Eg probe of gravity:
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[Day 3] Galaxy-galaxy lensing measurements Testing GR

Testing GR: results 111
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From (Blake et al. 2016).
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[Day 3]: More lensing theory

E- and B-modes: recap 1

.’:ss\. E mode ‘ m.ass ’ . ’ ® B mode .\ .
peak @D trough )
T N 4 o

Origins of a B-mode
Measuring a non-zero B-mode in observations is usually seen as indicator of
residual systematics in the data processing (e.g. PSF correction, astrometry).

Other origins of a B-mode are small, of %-level:

e Higher-order terms beyond Born appproximation (perturbed light rays,
non-lin lens-lens coupling); other (e.g. some ellipticity estimators)

e Lens galaxy selection biases (size, magnitude biases), and galaxy
clustering

e Intrinsic alignment (although magnitude not well-known!)
e Varying seeing and other observational effects

e Non-standard cosmologies (non-isotropic, TeVeS, ...)
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[Day 3]: More lensing theory

E- and B-modes: recap 11

Measuring E- and B-modes
Separating data into E- and B-mode is not trivial.

To directly obtain " and &P from ~, there is leakage between modes due to
the finite observed field (border and mask artefacts).

One can quantify the shear pattern, e.g. with respect to reference centre
points, but the tangential shear +; is not defined at the center.

Solution: filter the shear map. (= convolve with a filter function Q). This also
has the advantage that the spin-2 quantity shear is transformed into a scalar.

This is equivalent to filtering x with a function U that is related to ().
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[Day 3]: More lensing theory

E- and B-modes: recap 111

The resulting quantity is called aperture mass M,,(#), which is a function of
the filter size, or smoothing scale, #. It is only sensitive to the E-mode.

If one uses the cross-component shear v instead, the filtered quantity, M
captures the B-mode contribution only.

End of recap from part L.

Martin Kilbinger (CEA) WL Part cycle 2

100 / 130




(Day a1: More lensing theory | E3/Bomada astimatara |

Convergence as potential field
Again convergence k and shear ~:

9B
agj =A;; = 0ij — 0;05;

A = 1_/1_71 —2
—72 l—xk+m /)

From this, write k and ~ as second derivatives of the potential.
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(Day a1: More lensing theory | E3/Bomada astimatara |

Convergence as potential field
Again convergence k and shear ~:

9B
agj =A;; = 0ij — 0;05;

A = 1_/1_71 —2
—72 l—xk+m /)

From this, write k and ~ as second derivatives of the potential.

1 1 1
KR = 9 (8131 + 5’2@2) Y = §V2¢3 Y1 = 5 (8131 — 5’2@2) V5 y2 = 0102%.
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[Day 3]: More lensing theory & E-/B-mode estimators

Convergence as potential field
Again convergence k and shear ~:

9B
(‘92 =A;; = 0ij — 0;05;

A = l—r— g4l —72 .
—72 l-Kk+m
From this, write k and ~ as second derivatives of the potential.

1 1 1
KR = 5 (5131 + 3232) Y = §V2¢§ Y1 = 9 (5131 — 3232) V5 y2 = 0102%.

We can now define a vector field w for which the convergence is the
“potential”, with

u = Vk.

Express u in terms of the shear.
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[Day 3]: More lensing theory & E-/B-mode estimators

Convergence as potential field

Again convergence k and shear ~:

9P
=A;; = 0ij — 0;05;

00,
l—r—m —2

A= .

( —72 1—/<3+’71>

From this, write k and ~ as second derivatives of the potential.

1 1 1
KR = 5 (5131 + 3232) Y = §V2¢§ Y1 = 9 (5131 — 3232) V5 y2 = 0102%.

We can now define a vector field w for which the convergence is the

“potential”, with
u = VK.

Express u in terms of the shear.
" — ( 01K ) _ ( %(31315’1 + 010202)1 ) B ( 011 + Oay2 )
D2k 5(010102 + 020202)% —Ooy1 + 0172 )
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[Day 3]: More lensing theory & E-/B-mode estimators

E- and B-mode potential, convergence, and shear I

Thus, from a shear field ~, to linear order, the corresponding convergence is
derived from a gradient field u, and is curl-free, V x u = d1us — douy; = 0, as
can easily be seen.

This is the E-mode, in analogy to the electric field.

However, in reality, from an observed shear field, one might measure a
non-zero curl component.
This is called the B-mode, in analogy to the magnetic field.

Definition:

VikE =V - u;

V2B =V x u,

and potentials
V2BB = 94BB,

Note that 1® and xB do not correspond to physical mass over-densities.
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[Day 3]: More lensing theory & E-/B-mode estimators

Aperture mass

Earlier we have mentioned the aperture-mass. This is formally defined as
convolution of the shear field with a filter (),

M8, 8) = / 829’ Qo (|9 — O'|) 1 ()

It can be shown that this is equivlaent of convolving the convergence with
another filter U,

Map(6.9) = [ &0 V(10— 9')) (), 2)

(Kaiser et al. 1994, Schneider 1996).
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[Day 3]: More lensing theory & E-/B-mode estimators

E-/B-mode separation with M,, I

It is clear that M,, (M) is sensitive to the E-mode (B-mode) of the shear
field ~.

When chosing @) such that its support is finite, with Q(0) = 0 for 6 > 0.,
the E-/B-mode separation is achieved on a finite interval.

To get this separation at the second-order level, let’s take the variance of the

aperture-mass: Square M,,(6,1) and average over circle centres 9 (Schneider
et al. 1998).

Martin Kilbinger (CEA) WL Part cycle 2

104 / 130




[Day 3]: More lensing theory & E-/B-mode estimators

E-/B-mode separation with M, II

Square M,,(6,7¥) and average over circle centres -
(M3,)(0) Z/d219' Us(|9 — ') /dQﬁ" Us (|9 — 9"|) (k" (') (9"))
:/d219’ Ue(ﬁ/) /d219” UQ(Q?N)<FGE/{/E>(|T9/ . ,19//‘)
= / d*9 Uy () / A9 Uy (19')

X / (;sze_iw / %e—iw’(zw)%ﬁ)(ﬁ—z’)P,E(e)

— / (;ifz ( / d219e2w’9U9(19))2PE(€)

1 N
:—/dMUQ(ee)PE(e).
2T

Note: Typically, the filter function U depends on the scale ¥ normalized to the

A

radius 0, Uy(9¥) = U(4¥/60). In Fourier space this then becomes U (6¢).
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[Day 3]: More lensing theory

E-/B-mode separation with M,, I1I

For popular choices of U, U2 is a narrow pass-band filter function.

E-/B-mode estimators

polynomial Gaussian
9 9> 1 92
——(1-%)(z—-% 9] < 0 1 92 92
762 02 ) \3 ~ 92 1 (1 - 22 _ 97
Up () ; ( ) ( ) olse 2762 (1 292) exXp ( 292)
6 92 92
762 62 62 _ 97
Qo (V) { 0 ( ) olse 1ro% %P ( 292)
- J 2 2
U(n) 2477;42(77) T~ exp ( . )
1 | | | Ug(®)  poly
0.8 1 Qe(®) poly :
2 o6t Ug(®) Gauss )
S [ R Qq(®) Gauss
2 04Ff i
S o2¢ |
_c% 0r
-3 S N |
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[Day 3]: More lensing theory

E-/B-mode estimators

Aperture-mass dispersion measurements

CFHTLS 2007 versus CFHTlenS 2013.
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From (Fu et al. 2008).
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[Day 3]: More lensing theory & E-/B-mode estimators

Ring statistic 1

The problem of the unaccessible zero lag shear correlation for an E- and
B-mode decomposition remains. How can we construct a E-/B-mode
second-order correlation with a minimum galaxy separation ¥, > 07

Solution: Correlate shear on two con-
centric rings

What are the minimum and maximum
distances in this configuration?

Figure from
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[Day 3]: More lensing theory & E-/B-mode estimators

Ring statistic measurements

CFHTLS 2007 versus CFHTLenS 2013.
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statisc following (Fu & Kilbinger 2010).
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