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Applications of Mass Maps in Cosmology

Gravitational lensing

Image credit : NASA
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Gravitational lensing
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Gravitational lensing
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Mass mapping

Main idea

Reconstruct the projected mass density in a region of sky using
measurements of slight galaxy shape distortions (weak lensing)

Applications

e probe matter distribution of the universe

« constrain cosmological parameters

e study in galaxy clusters

* measure group and cluster masses

 distinguish among competing cosmological models

< CosMoSTAT French-Chinese Days on Weak Lensing Austin Peel



>
(0}
o
(©)
£
(%]
(@)
O
=
[72]
o
(©
p=
(2]
(2]
(©
p=
G
(o)
(%]
(e
(©)
E=)
(©
o~
aQ
o
<

() ©Q ¢

Mass mapping

galaxy shape
catalog

Y1 12

’y:

convergence K(0)

-

shear y(6)

P T T NN

Ve n e e e
s B RN
N D TR TR T

ST N SRS

AR EENENENEN SN

RN NN S~
Vo s . BENIENEN 1

N PN
o v IR .

- [

Y P
NI .. -
(SRR foe e e
e AR N

\ Proe AN I A B e

e [ A B

P N 2 I T B PR

s ' P PRV

- N BRI B AN R e

‘e (IR A BV A

P RS

. . N A AR TN

N T TN TSR NN

P NN . BN

AP ' RN

e ' N VRN

s P N VL TR R Y

|||||| . LS T N N N Y

- - RN EEEE RN

- = N N

P SN R

B N R R R R

B A T BN N SR SRR

N (RN

::::: P NRIRNEN

N EEEERNENEN

~ s Ne—- s i~ N

BN L R

........ N NN

- - N NN

~ - N N RN

N N N TR

\ N N

NS s SSAN AN s s

~e e . N R RS
“ e e . - = S\ [ VAVZESE SR
P N T I WY ] PO T Y
T U N T T N N N L e T
COANN = e~ e~~~ -
T T RN N . e
[NRN - [ ~ ~ NN ==,
e Neemmma o - - R R
C N e emmmea e —m . N A
- e e e e e o s oA AAANANY s m s
....... Pt N e N e
- B U Y VRN
DI I B W N N N N T T
,,,,, ~=~ ANS 2110y v v Ny s s s s m—
. et ANN= AN i a = aa=—-
1 . C e v mNNS S S s s N S = SN\
N NN
N s 0 5 T T VA RN W U N N WA NN
. AN e e RN I SN N NN RN
Sv s sy Z=N VA s s v AANNANNS- -
IR ~——s v v v v VNSNS N =SS s
s —_——— SV VNN SNSN Y VAN
. —_—— SOV NN N VNN Y Vs
f e mm—— - s s NSNS SAN G S S s
I N N N NN
. R T N N N N
N It e~ s s v A ANA S AN
N I AN N
o (I B R e e D AT TR T TR SR RN
N N N N SR AR NSO N N AN A B IR
VNN ]SS A= \//////,_‘__/
NN \\\,,,,///’///,,/___‘
N T T I I T N NG 2 U W W R W B B
. e NV NN/ /77 -NNS v vy
,.__/,~//,//\A\, AR
ANV UNNNNNANSNY /S ey
NAANASSAOANNNNSNANN=—Y/ /7 v s v s
Sy vy s SAANNNNNSNS~—— /Ty
RN N N S e I 2 I
CANAN - A ANNNNSNSS——— e m e
CAANNSN s NSNNSSNSSNS— s m v s s L
CANNN N S NSNS NSNS —— - - e - ' 7
N N e e T T TR T - e - -
N S TR T I PP
RN TP N U SR ...
SNAVANAN T s e P
SN AVAANN—- - s m s m P
VALV ANNS=—= - o\t - s s =N N

in Peel

Aust

ing

inese Days on Weak Lens

Ch

French

< CosMoSTAT




Applications of Mass Maps in Cosmology

Outline

2. Inversion techniques
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Applications of Mass Maps in Cosmology

Shear inversion

Shear and convergence are derivable from a lensing potential 1(8)

V1= ((9% + 83) W

1
(0} =) m=00  m=g

DO | =
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Applications of Mass Maps in Cosmology

Shear inversion

Shear and convergence are derivable from a lensing potential 1(8)

1 1
’7125(33_83)15 Y2 = 01027 /<;:§(8%—|—8§)¢
Kaiser & Squires (1993) easy in Fourier space
1 / / A Nk ~
«(6) o=~ [ 0D (6~ 6)4(6) RO =D (DA  (£40
T JR2 .
D(6) = 02 — 07 — 2i6,0, Do) = 02 — 03 + 2il1 4o

6[* €]

regularize shear values
to a grid and use FFTs !
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Applications of Mass Maps in Cosmology

Practical difficulties

e Shear measurements are and irregularly sampled

« We don’t actually measure shear but the reduced shear g = v/(1 — K)
« Integration over a subset of R? leads to border problems

« Data masks induce reconstruction errors

« Noisy data need filtering

residual K
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Applications of Mass Maps in Cosmology

(A few) alternatives / improvements

Direct Inverse
Seitz & Schneider 95 Entropy-reqularized ML
* lterative scheme to « Maximum likelihood fit of
address reduced shear a general lens model with
nonlinearity entropic regularization
Seitz & Schneider "0 Lenstool [ Jullo+ 2007 ]
* Finite-field algorithm » Mass-follows-light
avoids integration over parametric modeling of
entire real plane galaxy clusters
Curved Sky GLIMPSE [ Lanusse+ 2016 ]
« Spin-2 spherical » High-resolution mapping
harmonics on the Sphere with multi-scale wavelet
prior
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Applications of Mass Maps in Cosmology

(A few) alternatives / improvements

Direct Inverse
Seitz & Schneider 95 Entropy-reqularized ML
* lterative scheme to « Maximum likelihood fit of
address reduced shear a general lens model with
nonlinearity entropic regularization
Seitz & Schneider "0 Lenstool [ Jullo+ 2007 ]
* Finite-field algorithm » Mass-follows-light
avoids integration over parametric modeling of
entire real plane galaxy clusters
Curved Sky . GLIMPSE [ Lanusse+ 2016 ]
. Spin-2 spherical « High-resolution mapping
harmonics on the Sphere i with multi-scale wavelet
| prior

__________________________________________________________
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Glimpse2D on public DES SV data

DES SV 139 deg? DES SV

Kaiser-Squires (Ggmooth = 10 arcmin)

GLIMPSE (A=3.0)
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[N. Jeffrey et al. 2017, MNRAS 479, 2871]
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Applications of Mass Maps in Cosmology

Outline

3. Peak statistics in cosmology
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Applications of Mass Maps in Cosmology

Cosmology from peak counts

[Haflo mass %unction}

Peaks probe non-Gaussian
information encoded by the
nonlinear structure formation,

10'4 e . ) ] o

which is a sensitive probe of
YOS SR DS D SR U S S | cosmology
1008 b\ S UURUURRUUURNS SRUPR PP i

Complementary

to shear 2-point
correlation functions

— Press & Schechter (1974)
- - Sheth & Tormen (2002)
Jenkins et al. (2001)

—
<
~
T

Halo number density n(logh) [(Mpc/h) ]

-8 1 1 1 I | s |
10 12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0
Halo mass [log(M/M  h™")]
()., : amount of matter 08 : clustering amplitude
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Applications of Mass Maps in Cosmology

Cosmology from peak counts

— | ~ [Halo mass function| _
=103 bt S B S S SR | Peaks probe non-Gaussian
B information encoded by the
= VN S R R e 1 nonlinear structure formation,
=) which is a sensitive probe of
= cosmology
S0 Ngowss U B :
2 i N
O 0 b L\ DR \ ................ i
g f \ : Compl t
2 : : : ; ) plementary .
S o7 [| — Press&Schechter (1974)| 1\ AL | to shear 2-point
2 - - Sheth & Tormen (2002) : Y 4 correlation functions
- Jenkins et al. (2001) A\ ’ !

10'8 1 1 1 ! \ | \'/i

12.5 13.0 13.5 14.0 145 150 7155 16.0
Halo mass [log(M/M  h™")]
()., : amount of matter 08 : clustering amplitude
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Applications of Mass Maps in Cosmology

Peak detection

starlet original
transform  [EARUEIES

data vector of peak
counts sorted by
amplitude and scale

local maxima
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Applications of Mass Maps in Cosmology

Peak prediction model

< TAMELUY

e Counts of Amplified Mass Elevations
from Lensing with Ultrafast Simulation

https://github.com/Linc-tw/camelus

Sample halos
from a mass function

Assign density profiles,
randomize their positions

™

Sar:npled mass

[ C.-A. Lin & M. Kilbinger 2015, A&A 576, A24 ]
] [ C.-A. Lin & M. Kilbinger 2015, A&A 583, A70 ]
[ C.-A. Lin, M. Kilbinger, & S. Pires 2016, A&A

0=, sy T S

& Compute the projected & 593, A88 ]

g mass, add noise

I.' A e el L S ..—.-."I'l:'.'- .
G e e T Assumptions

1. Diffuse / unbound matter does not
contribute to peaks

o q'f' 1‘ Y T 2. Spatial correlation of halos does not
A=l | create peak catalogues impact peak counts
X ' L o s
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Applications of Mass Maps in Cosmology

Testing CAMELUS on simulations

CAMELUS parameter settings
Extracted 186 patches

5 Description Symbol Value
of 5 x 5 deg Dimensionless Hubble param.  h;y  0.70
Baryon density Qb 0.044

Spectral index Ng 0.95

DE linear EOS param. w 0.0

NFW inner slope «a 1.0

M—c relation param. Co 9.0

9 M—c relation param. B 0.13

~ 5000 deg Galaxy density [arcmin=2] Mgal 27

Source ellipticity st. dev. Oe 0.43

0° < RA < 90°
0° < Dec < 90°
z <14
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MICEv2 Euclid-like galaxy mock

https://cosmohub.pic.es/

Step 1: Columns - Select the fields you need

& O

Q Search...

halo_id

galaxy _id
random_index

ra_gal

@ dec_gal

ra_gal_mag

cal mao
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CAMELUS vs MICEv2

10°

10° |

10 |
10° |

102 |

Number of Peaks

10" |

1001

S/N

500 CAMELUS runs

104

103

— MICE

102
i ¢ ¢ CAMELUS

Number of Peaks

10' ¢

100 I Il Il Il L ] 100 Il Il Il Il

[ A. Peel, C.-A. Lin, F. Lanusse et al. 2017, A&A 599, A79 |
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Applications of Mass Maps in Cosmology

Results : Parameter constraints with ABC

1.6 ! ! . ( Approximate Bayesian )
' | 1—0 Computation
5 ] 2—0
1 RN : -
L2fR T T—
-~ . . .
b . . .
LOf T T—
r r r Appears to have
- - - ' th K...
| 5 | \/’/ missed the mar
0.8 ) G ERREEEERERES R e .
06 | | |

0.1 0.3 0.5 0.7 0.9

[ A. Peel, C.-A. Lin, F. Lanusse et al. 2017, A&A 599, A79 |
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Applications of Mass Maps in Cosmology

Results : Parameter constraints with ABC

1.0 T T T T
Peaks, calibrated — peaks: g =0.7679 02 (a=0.65)
= 1o 30[| — 2PCF: %5=0.76"0% (a=0.70)
: : L 2-0
0.9F o o e i 55|
20}
R 0.8 S E
A1)
z : z 1ol
0.7h i e IR N N
5,
0.6 i i i o ‘ : i ‘ ‘
0.1 0.2 0.3 0.4 0.5 0.65 0.70 0.75 0.80 0.85
O Yg = 05(2/0.27)¢

Take-home message

Before CAMELUS can be applied to real data of this size, its systematics need to be
carefully studied and corrected for : (1) lack of halo clustering, (2) modeling of halo
concentration, and (3) possible limitations of (spherical) profiles.

[ A. Peel, C.-A. Lin, F. Lanusse et al. 2017, A&A 599, A79 |
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Applications of Mass Maps in Cosmology

Outline

4. Distinguishing cosmological models
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Applications of Mass Maps in Cosmology

Motivation

Dark energy is still a (big) problem.

If a non-standard gravity universe is masquerading
as N\CDM, can we find out using weak lensing ?

Reference

A. Peel et al., in press A&A (2018) [ arXiv:1805.05146 ]
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Applications of Mass Maps in Cosmology

(¢v) GR works very well here

A good MG model should...

Change the fundamental
gravitational interaction only
on large scales

(screening mechanism)

many orders of
magnitude
‘ | Result in a cosmology close

to ACDM in the high-redshift
regime (CMB constraints)

k. | SR LR, Provide late-time cosmic
http://www.Isst;(‘:.IeSC'.org/WorkingGroups/CS al ’ ; : acceleration

(?) we aren’t sure about here
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Applications of Mass Maps in Cosmology

Ricci scalar

Standard gravity (Einstein, 1915) S = L d*x vV—gR + S,
167G
1
One way to modify gravity S = e /d4:c vV—g|R+ f(R)] + Sm
T
. - 2\n
Hu-Sawicki model (2007) F(R) = —m? c1(R/m*) (n>0)

CQ(R/m2)” + 1

Choose €1 / C2 to give a desired background (ACDM) evolution.

e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

—> 2 parameters: fro = ——=(2=0) n=1,

s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

< CosMoSTAT French-Chinese Days on Weak Lensing Austin Peel



Applications of Mass Maps in Cosmology

DUSTGRAIN-pathfinder simulations C. Giocoli et al. 2018 [ arXiv:1806.04681 ]

Sample joint parameter space of f (R) gravity and massive neutrino cosmologies

Performed with MG-Gadget code that implements the exira fifth-force and screening

Simulation Name  Gravity type JRro my [eV]  Qcpwm Q, mépy Me/h] mP [Mg/h]
ACDM GR —~ 0 0.31345 0 8.1 x 1010 0
fR4 f(R) —1x10~* 0 0.31345 0 8.1 x 1010 0
fR5 f(R) —1x107° 0 0.31345 0 8.1 x 1010 0
fR6 f(R) ~1x 1076 0 0.31345 0 8.1 x 1010 0
fR4-0.3eV f(R) —1x 1074 0.3 0.30630 0.00715  7.92 x 100 1.85 x 107
fR5-0.15eV f(R) —1x107%  0.15  0.30987 0.00358  8.01 x 1019 9.25 x 103
fR5-0.1eV f(R) —1x107° 0.1 0.31107 0.00238  8.04 x 10'° 6.16 x 108
fR6-0.1eV f(R) —1x107° 0.1 0.31107 0.00238  8.04 x 101° 6.16 x 10%
fR6-0.06eV f(R) —1x107%  0.06 031202 0.00143  8.07 x 1010 3.7 x 108
S CUSMDSTAT French-Chinese Days on Weak Lensing Austin Peel




Applications of Mass Maps in Cosmology

1.5 A
m,=0.0 eV NACDM
14 & Mv= 8'(1)6 \e/V ;4523 matter power spectra
' * my=0U.1l¢e 5 -
o m,=0.15 eV £(R) (relative to LCDM)
x m,=0.3eV
1.3
5 f4(R) farther from LCDM
< 1.2 -
Q\é f5(R) intermediate
d': 1.1 A 5
neutrinos suppress the
growth of structure

‘10t 1010
large scales k [h/Mpc] small scales
(linear) (nonlinear)
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Applications of Mass Maps in Cosmology

Weak gravitational lensing

galaxies _tell us about. .. structures
here here

<«—— redshift z

X 256 per redshift,
per model

WL convergence map x(0)
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Applications of Mass Maps in Cosmology

F isotropic filter function

aperture mass: M, (0;9) = / d*0' Uy(|0" — 0]) (6"

T— Mass map

implemented as a wavelet transform (starlet)

(animation)

original Kk map apertue size 95 =4.69 arcmin
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Applications of Mass Maps in Cosmology

aperture mass map 55 5 deg2

M., (model, ¥;, z,) =
ap ( jsZs) 400 x 400 shown, but

2048 x 2048 in practice

le5

variance second order

w
1

skewness third order

kurtosis fourth order

Frequency

-0.02 0.00 0.02 0.04 0.06 0.08

Map value peak count
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Applications of Mass Maps in Cosmology

Distributions of observables

——— le4d source redshift z=2.0
______________ | .
| ° msm ACDM
mm fs(R) [m,=0eV]
5 1 fs(R) [m,=0.1eV]

fs(R) [m, =0.15eV]

a
a 37
2 -
1 .
0 .
2.4 2.6 2.8 3.0
M,p variance (9 =0.586 arcmin) le-4
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Applications of Mass Maps in Cosmology

7

==

o source redshift z=2.0
4 f: 1
N f5(R) [m, V]
.
0 L "N
054 0% 088 100 102 104 106 108
M., peak count (> 30,9 =0.586 arcmin) led

Distributions of observables

1e6 source redshift z=2.0
16 mmm ACDM
mm fs(R) [m,=0eV]
e fs(R) [m,=0.1eV]
1.2 - fs(R) [m,=0.15eV]

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Map skewness (9 = 0.586 arcmin) le—-6
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Applications of Mass Maps in Cosmology

f\ ) Distributions of observables
.
\\ 1e6 source redshift z=2.0
msm ACDM
7 -

mm fs(R) [m, =0eV]
fs(R) [m,=0.1eV]
fs(R) [m,=0.15eV]

\\ 0.5 0.6 0.7 0.8 0.9 1.0
L M, kurtosis (9 = 0.586 arcmin) le—6

L "N
100 102 104 106 108
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==

Distributions of observables

le—3 source redshift z=2.0

mm ACDM

mw f5(R) [m,=0eV]
fs(R) [m,=0.1eV]
fs(R) [m,=0.15eV]

094 096 098 1.00 102 1.04 106  1.08
M, peak count (> 30,9 =0.586 arcmin) led
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Applications of Mass Maps in Cosmology

An alternative approach: machine learning

[ A. Peel, F. Lalande, et al., submitted PRL (2018) ]

New data representation

ZS = 05

5
: 4
@
©
]
0 1.5 3
' +— Ze = 1.
9, .
)
n s
ZS=20
/ 1 1
2
3
4
5

Zs

-1.0 -0.8 06 -04 -0.2 00 02 04 06 08 1.0
Histogram bins
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Applications of Mass Maps in Cosmology

Convolutional neural network Peak statistics (best case)

Prediction Prediction
fs(R) fs(R) f5(R) fs(R) f5(R) f5(R)
Onoise = 0 ACDM M,=0eV | My=0.1eV |M,=0.15eV Tnoise = 0 ACDM M,=0eV | M,=0.1eV |M,=0.15eV
ACDM ACDM
fs(R) | f5(R)
S M,=0eV £ My,=0eV
> 35
= | f5(R) = | f5(R)
M, =0.1eV M, =0.1eV
fs(R) fs(R)
M, =0.15 eV M, =0.15 eV
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Applications of Mass Maps in Cosmology

Convolutional neural network Peak statistics (best case)
Prediction Prediction
fs(R) fs(R) fs(R) fs(R) fs(R) fs(R)
Onoise = 0 ACDM M,=0eV | My=0.1eV |M,=0.15eV Tnoise = 0 ACDM M,=0eV | M,=0.1eV |M,=0.15eV
ACDM ACDM
fs(R) | f5(R)
£| M,=0eV £| M,=0eV
> E f
E AR £ £R)
M,=0.1eV M,=0.1eV
f5(R) f5(R)
M, =0.15 eV M, =0.15 eV
fs(R) f5(R) f5(R) f5(R) f5(R) f5(R)
Onoise = 0.35 ACDM M,=0eV | My=0.1eV |M,=0.15eV Onoise = 0.35 ACDM M,=0eV | M,=0.1eV |M,=0.15eV
ACDM ACDM
fs(R) | f5(R)
£ M,=0eV £| M,=0eV
> E I
= fs(R) = fs(R)
M,=0.1 eV M,=0.1 eV
fs(R) fs(R)
M, =0.15 eV M, =0.15 eV
fs(R) fs(R) fs(R) &R | KR KR
Onoise = 0.7 ACDM M,=0eV | M,=0.1eV |M,=0.15eV Onoise = 0.7 ACDM M,=0eV | M,=0.1eV |M,=0.15eV
ACDM ACDM
fs(R) | £(R)
S| My=0eV S| My=0eV
> =0
= | f5(R) = | f5(R)
M,=0.1eV M,=0.1 eV
f5(R) fs(R)
M, =0.15 eV M, =0.15 eV
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Outline

5. Summary
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Applications of Mass Maps in Cosmology

To sum up

« Mass maps are indeed useful for cosmology
» Various shear inversion (mapping) techniques are available
» Peaks access non-Gaussian information that can be used to
constrain cosmological models
* Modified gravity + neutrinos can mimic ACDM but
and (better yet) machine learning

can break degeneracies
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Applications of Mass Maps in Cosmology

To sum up

Mass maps are indeed useful for cosmology

Various shear inversion (mapping) techniques are available

Peaks access non-Gaussian information that can be used to
constrain cosmological models

Modified gravity + neutrinos can mimic ACDM but

and (better yet) machine learning
can break degeneracies

L I

== |
\/\%

alljr
A\

allj-
A\
Z
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