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Cosmology with galaxy surveys

A \ Dark matter
¥ =invisible

» Nature and properties of
dark matter, dark energy?

» GR or modified gravity?
» Origin of structure? Inflation?

88 > Signatures imprinted in the

Galaxies large-scale structure

=visible



The large-scale structure of the Universe

Redshift slices of SDSS DR7
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dec | .0.01 < z<0.04

PRy | » Angle on the sky +
.. ey redshift = 3D position

» 3D cosmic web :
filaments, walls, voids

“ due to hierarchical

: structure formation




Exploiting LSS data is complicated

» Photometric surveys (DES, Euclid, LSST): new challenges
» Photo-z errors, spatially varying systematics / depth

» Complicated geometry / selection functions

seeing

Systematics is the new frontier

Appropriate methods are essential



2MASS Galaxy Catalog (XSCz)
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"Zone of Avoidance

Milky Way obscuration

Redshift Key

0<z<0.01
0.01 <z<0.02

0.02 <z<0.03
0.03 <z <0.04
0.04 <z < 0.05
0.05 <z <0.06
0.06 < z < 0.07
0.07 <z < 0.08
0.08 <z <0.10
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Wish list for novel 3D transforms

Luminous Galaxies

» 3D spherical measure

4

4

d37 = r? sin 0dOdpdr

Separable (data on §2 x R+
rather than R3)

Meaningtul translation,
rotation operators

Theoretically exact /
sampling theorem

Relate to Fourier-Bessel
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Exact spherical harmonic transform

e 14
» Spherical harmonics: f(6,6) =) Y fom |Yem (6, 0)
(=0 m=—/ [——']

» MW sampling theorem : band-limited at L <
information captured in Ny ~ 2L? samples

AR e —> integrals discretised without

any approximation
— theoretically exact transform

’ .', : ; S McEwen & Wiaux (2011)



Exact spherical Laguerre transform

———————
» Basis functions on R |
H

_ 1 e /27 £ (2) (r
Kp(r) = (piz)! /73 Ly~ (%) |

Basis functions and
sample points 7;

0.2 0.4 0.6 0.8 1

» Exact transform:

f(r) = z—: fpEp(r)

P—-1
fp = Z wzf(rz)Kp(Tz)
1=0

» P samples on [0, R]

Leistedt & McEwen (2012)



The Fourier-Laguerre transtorm

» Basis on B3 = S? x RT with measure d37 = r* sin d0d¢dr

e e

Ztnp(7) = Kop(r)Yem (8, ) ] 7= (r.0,0)

R — e R R

» For band limited signals,
Joemp =0,V > L, Vp>P

e

f reconstructed on )
~ 2P

femp calculated from samples

e S e R e ——

Leistedt & McEwen (2012)
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Connection to Fourier-Bessel analysis

Basis functions: Z, (k;7) = Yy (6, 0)je(kr)
No sampling theorem for g f(r)je(kr)r=dr

BUT can be calculated (exactly!) from Fourier-Laguerre:

e R e ——————— e e e ——————

szmm) = /2%, fempjep(k)] with jep (k) = (Kp|jie)

e R e e

finite sum it has analytical
band-limited formula

Exact evaluation of Fourier-Bessel transform!

Leistedt & McEwen (2012)



. —-—
King's Cross
St. Pancras

Euston
Square

» Galaxy surveys & data on the ball
» Fourier-Laguerre transform on the ball
» Flaglet transform on the ball

» Spin directional wavelets on the sphere & ball



Flaglet transtform

i p— g S
projection; V10 = WO = UTReo®)
(W0 = ()0 = UTRes )
| f(r,0,0)= | W*E) (T Re.n®)(5)d°s
Reconstruction: B3
> | WG R0 ¥ ) (5)d°F
B3

» Uses translation, rotation, convolution operators on B3

» Done in harmonic space thanks to sampling theorem

Leistedt & McEwen (2012)



Convolution on the ball

Translated flaglets

» 3D operator: Tr = T:Rg,4)

radial translation + SO(2) rotation wﬂ/\ﬁ

» Convolution on the ball:

(f % W) (F) = (f|Tr)ms
= /. f(3)(T-097")(5)ds

r
4x105

3

2

1

0

1

Amplitude
|

» Axisymmetric wavelets:

. -/ 4 *
(f*\:[jjj )ﬁmp — \/2£ 1f€mp\1120p

Amplitude
|




Scale-discretised wavelets on the sphere

Wiaux et al (2009)

0.8F

Tilling of the 44l
harmonic line

0.4|- - B-Spline
J ] —3D
\Ijé — kR (é) 0.2| —— Needlet
0;:: —'—_i"_"l;::::
1 2
Resulting

wavelets
(axisymmetric)




Tilling of the angular harmonic line

Tiling of the Fourier-Laguerre space
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Defining

Tilling of the radial harmonic line

35’
fmp

v

j : angular wavelets
j’ - radial wavelets

«—— Flaglets pIs’

<«<—— Scaling funct @




«—smaller radial extent (j' T) «—

Flaglets wid’

——> smaller angular aperture (jT) ——




Flaglet transtorm of Horizon simulation

Input signal Scaling fct Flaglet: j=0,j'=0

Flaglet: j=0,j'=1 Flaglet: j=1,j'=0 Flaglet: j=1,j'=1



Underdensities in the Horizon simulation

Ongoing work
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Steerable scale-discretised wavelets

» Change U =rI(0) = | ¥ =k ()sem

» Azimuthal band-limit N

Sem =0 V€, m with l/m| > N

» Resulting wavelets:
Wavelet | = 1 Wavelet | =2 Wavelet | =3 Wavelet | =4

(Wiaux et al 2009, McEwen et al 2013)



Application to Earth tomography data

Initial data Wavelet scale j=1, n=1 Wavelet scale j—1 n=2

’*’* AT
¢ \\J"’L 2Z

Wavelet scale |=1, n=3 Wavelet scale =1, n=4 Wavelet scale j—1 n=5

‘\
I-

» Use SO3 sampling theorem & exact Wigner transtorm



Spin directional wavelets on the sphere

» Same wavelets tiling but spin harmonic transforms sY¢m,

Wavelet j= 1, real pat Wavelet|=1,imag part Wavelet|=2 realpart Wavelet|=2, imag part

» E-B separation through wavelet transform:

Step 1:forward spin ~ (Q +iU)(0,9) — { W2Yi(0,¢,p) }

wavelet transform

oW T
Step 2 : inverse scalar Real{*™(0, 0, p)} — l?('g? ?)
wavelet transform Imag{Wﬂjj (‘97 ¢> :0)} — _B(97 Cb)




Application: wavelet denoising of spin data

Spin signal (Q) - Input map with added noise

Spin signal (U) - Denoised map




Spin directional Flaglets

» Directional flaglets Ongoing work

@@

) Spin 2 directional ﬂaglets

» Application to 3D weak lensing analysis (e.g., E-B sep)




» Exact Fourier-Laguerre and Flaglet transforms

» Exact Wigner and spin directional wavelet transforms

» Ongoing: E-B separation, spin directional tlaglets

» Future: complex galaxy survey data, cosmic voids,
CMB E-B separation, 3D weak lensing, etc

www.flaglets.org www.sZlet.org

1205.0792, 1308.5480, 1308.5406, + papers in prep



http://www.flaglets.org
http://www.s2let.org

Extra Slides



Flaglet denoising of geophysical model

S40RTS: Ritsema’s seismological Earth model of shear wavespeed perturbations in the mantle

Signal ' . Noise
Signal

+noise

SNR=5dB

Denoised
SNR=17




Flaglets w7’

——> smaller angular aperture (j1

0 0

<«—smaller radial extent (j'T) «—

)
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Band-limit P

The spherical Laguerre sampling theorem

Spherical Laguerre basis: » fband-limited at P : projected/
reconstructed on P samples

. ' e—r/ZT 2 r
Kp(r) =\ Gy s Lo (%)

. f(r) = z—: foEp(7)

DOCO O O-0-0--0--0---0----0------O--------0
14B000-0- O -0 - O --O -~ O === 0--=--Q- === -=-=-----O
DOC-0-0-0--0---O---0-----Q == --=-=---0 P_1
12600 O -0- -0 --O----0Q----O----- ©------ s 0
COC-0-0--O---0----0----- ©------- Q----m----- 0 fp — g wzf(rz)Kp(Tz)
1000 0-0--O---0----0------ O---n---  CEEETEPE 7o) :
G0-0--0---0----- @------ Q-------- Q---mmmm-- O 1=0
8f0-0--0---O----0------ Q---mmmmn- O - ©
G-B---O----Q--n-- O -m-mmmme- '3 PR 0 , )
L O e o e o » Rescaling on any intervals [O,R]
Q----0------- Q- R R CECEE LR ©
4t O------- S CREEEPEEEPEPRy © - ©
SRR SRR © » Sampling denser near origin due
2t R EEEE R R R PP 3)
2
0 OT1 0?2 OT3 OT4 0?5 OT6 0?7 OT8 0?9 1I to measure T dr



Scale-discretised generating functions (1)

Smooth generating functions

Azisymmetric wavelets filters

2\
a(t) = S(A_l(t—m)q)
- 2041 14
( __1 \Ij‘z — RKx | — 5m0.
_ e 1-t%, tE[—l,l] m At A\
s(t) =«
0, t ¢ |-1,1]
e o _ 21 ey,
) m =\ T 5 ) o
kA(t) — L d¢ 2/
f1/,\t_/5,\(t)




Tilling of Fourier-Laguerre space

ra(t) = VEa(t/A) —ka(t) and na(t) = v /f,\
ko(t) = Vo (t/v) —k,(t) and n,(t) =k
v (1) = ka(/ Nk () + ka(t)k, (' /v) — k,\(t)ky(t’) .

» 204+ 1 14 D
Ve \/ — | 5,,0.
Flaglet tmp a7 ()\9> (w’) ’

filters: |
251—17;1 T (VZ?](’)) 5m07 if £ > )\JO, p < 1,90
by, = Qflj;l TIX (%) 0m0 if £ < )\‘]0, D > 1770

mp

A
2041 / : J J¢
4_7|; nAV(AJ07V€6)5mOa 1f€<)\07p<y0

0, elsewhere.



Fourier-Bessel transform

» Fourier-Bessel : Z, (k;7) = Yo (0, ®)je(kr)
» Eigentunctions of the Laplacian in 3D spherical coord.

o0 14
fR) = > > @ /R ) AkE? foum (k)Y (0, ¢) e (k)

=0 m=—/¢

fgm(k) \/3/82 dQ(0, ¢) /R+ drr= f(r,0,d)Y,5 (0, )je(kr)

» But no sampling theorem for g+ f(7)je(kr)r2dr



Connection to Fourier-Bessel analysis (2)

fom(K) =\ 2 52, fompien(K) with jey (k) = (K Lji)

finite sum if band-limited has analytical formula

in(k) = \/ e Sl )

Details of | =0
analytic formula: L = (_.1)] (p+ 2> __p=J= 1(:1?_1.
7 jt \p—17 jj+2)
1 r
Mﬁ(k) — 1 / drr? je(kr)e™ 27
. T)72 JR+
with
s D(j4+L+1) FAHl+1 44 3 .
Mf(/ﬁ) = 2 kT2 (€+§) 2F1< 5 : 5 150+ 5;—41{:2
2



More details on the Flaglet transtorm

» Thanks to sampling theorem, tlaglet transform easily computed

- WD) = (f*2)(") = (fITRe,?)
Projection: i - 5
WY (7)) = ([ = (fIT R, T )

f(r.0,0)= [ W*E) (T, R, ®)(9)d’s

B3

+Z W‘I’“ ) (TrRg.0) 07 )(5)d35

Reconstruction:

» Most efficient: filtering in Fourier-Laguerre space

L ii 4 5 dm
Projection: ngw \/ fomp¥ip, Wiy = \/% T 1f£mpq)£0p

4
, o o \If“ 37
Reconstruction: femp — \/ Wempq)éop E emp \ij()p



E-B separation through wavelet transform

Step 1:forward spin ~ (Q +iU)(0,¢9) — { W2Yi(0,¢,p) }

wavelet transform

2V ; T
Step 2 : inverse scalar Real{WW2%7(0,¢,p)} — ?(97 2
wavelet transform Imag{WQ\Pj (97 ¢a P)} — _B((97 ¢)

Initial full sky Q+iU map True E-mode map 4 True B-mode map 4
2 2
o °
2 -2
4 -4
E-mode map B-mode map

Masked Q+iU map recovered using wavelets recovered using wavelets

_"; S o no R




