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Outline

e Weak lensing shapes and the PSF
e PSF, star & galaxy cross-correlations
e Quantifying and calibrating PSF systematics

e Spin-consistent calculations
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Weak gravitational lensing

e “Weak” = galaxy shape distortions at %-level

o X intrinsic galaxy shapes

o <K atmosphere & telescope distortions: PSF residuals . . . . :

Probe of (dark) matter distribution at large scales, and in
clusters and galaxies

Measures density amount and fluctuations amplitude
(“0g / Sq tension”)
Dark-energy dominated epoch

Dvornik, Heymans, Asgari et al. 2022 N /

—KiDS 2 x 2 pt + SMF ENEY r
— KiDS + BOSS 3 x 2 pt o2 Q o 9

. T
— Planck A° o

e > Need to quantify and calibrate PSF contributions o @ BBy P
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Weak lensing and galaxy shapes

[from Y. Mellier]

Galaxy ellipticities are an estimator of the local shear.

Observed galaxy ellipticity is
(complex) sum of intrinsic

ellipticity and shear
e=¢e"+g
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Galaxy shapes and

e  Effect of PSF on galaxies:
o  Rounding from isotropic part (seeing)
o Shearing from anisotropic part

e  Ifnot corrected:

o  biased shape and estimated shear 0.060
o spurious shear correlations 0.045
e  Imperfect correction: 0.030
o Leakage (of PSF into galaxy shape) . .
o Errors from PSF residuals Mean x:gﬁsg Sfi‘i,%ﬁjf 0.015
B 0.000
—0.015
add residual —0.030
|
g S sl —0.045
e= = 63 + + (seg i =W
g e il B —0.060
with "ﬁf
2 T* - T, del | |
()eg = (X €mypdel +5 (e* - emodel) +n <e* T*mo ° = ’~
Leakage Ellipticity error N — < _p
Size error DES-Y1, (Zuntz et al. 2018)
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PSF error propagation

. . o 3 N . C o T* - Tmodel
With this error model e® = e* + g + de® with e = aenode, 3 (€« — emodel) +1 | € ——F——
—_  — T,
Leakage Ellipticity error N ~~ o
Size error

the PSF residuals are additive biases:

{e®e®) = (gg) + (de®de’) +mixed terms
N—— N~ N—_——
observed corr. cosmic shear p-statistics

6 o-statistics

[Rowe 2010, Jarvis et al. 2016]

Past assumption [Paulin-Henriksson 2008]: p =75 = 1. N T .
But: we can infer «, 8, n from the catalogues. \ S—Correlat|on
[Zhang, MK et al. 2024] small multiplicative bias from PSF A

B8 PsF
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Galaxy - star cross-correlations

Measure galaxy - PSF cross-correlations (r-statistics): (e®de®)
and solve (7‘0,1\ (Po,l P2,1 Ps,l\
T2,1 P21 P11 P4,1
T5.1 P51 P41 P31 a
= 1 3 7-statistics
Ton Pon  P2,n  Psn n
T2.m P2 Pln Pdn
KTE) ,"l) KPS,n P4an pS,n/
for free parameters «, 3, 1, using MCMC or least
squares.

Need covariance of t.
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Covariance of r-statistics

e Jackknife resampling.
Noisy, biased low on large scales, sensitive to patching & number density fluctuations,
need large sky area.

e Mock simulations.
Need large number, slow, difficult to include PSF (residuals) and galaxy - PSF
correlations.

e Semi-analytical.
Follows analytical formalism from Schneider, van Waerbeke, MK & Mellier (2002).
Uses measured 7- and g-statistics.
Assumes normal distributions, extrapolates correlations.
Noise-free, fast, any sky area, includes all correlations.
[Guerrini, MK, Leterme et al. to be submitted.]
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Covariance of r-statistics

Correlation from simulations Correlation from jackknife Semi-analytical correlation 1.0
1
T()(l?) 1B
0.5
Ta(F) 1 = 0.0
—0.5
_ P ' | | N
T0(9) 2(?) 75(9) 70(?) (V) 75(0) 70(9) 72(1) 75(0)
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Variance of ¢

Good agreement on small scales
Slight offset on large scales
Shot noise on small scales
Cosmic variance on large scales
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UNIONS weak-lensing catalogue v1.3

Fit to r-statistics
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UNIONS weak-lensing catalogue v1.3

Parameter inference

Hl Simulation LS

[0 Jackknife LS
70 Semi-analytical LS
t

1.5 F
T, — T, / \
S o8 * model
()eﬁ = X emodel +B (e* - emodel) +T] <G*T ol \
Leakage Ellipticity error ~ ~ 4 -
Size error sl
sl
ol
g
Here, PSF leakage « is the dominant contamination.
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Additive PSF bias

Systematic error at 68% level

\. —— Simulation LS
I —— Jackknife LS
104 1 N —— Semi-analytical LS
""""""" S ==n V)

1077 ;
S
=
wp
(e*e®) = (gg) + (Je®de®) .
——— ~—— N——’ 1076 4
observed corr. cosmic shear p-statistics
1077 ]
10! 10° 10! 10°

¥ (arcmin)

Eonl = a’po + BPp1 + 17 ps + 2aBpa + 2amps + 2Bnpa
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Parameter degeneracy

sys
6emodel

i

15|
o @

L L . L L L L
0.00 0.02 nh\ 0.5 1.0 15 —5 0

« B n

strong degeneracy

T* - Tmodel
= « €podel (e* - emodel) +1 | e«
Leakage Ellipticity error ~ ~~ ~
Size error

redundant information

Tmodcl

Redefine size residual termto g ( 2ip Ts — Tmodel>
Lifts the degeneracy:
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~5)'S . 2ip
6emodel = (€model + ﬁ(e* - emodcl) +n\e
. —— Standard 7-statistics
10-41 N —— New 7-statistics
N 70)
10 5
=
<
1076_
10-71 -

Parameter degeneracy

T* - Tmodel

Tmodcl

remove the leakage information
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9 (arcmin)
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PSF leakage calibration

Ignoring PSF residuals, we can estimate PSF leakage de® = ae,oqe1 + € Via regression,
using PSF interpolated to galaxy positions.

linear model linear model
0.00075
0.00050 0.00050
0.00025 0.00025
_, 0:000007 ~~ 0.00000+
© . o
' —0.00025 (4
—0.00025+
—0.000504
0.00075 —0.00050+
’ —— a3 =0.00723 + 0.00096, c; = — 0.000384 + 0.000027 —— a3 =0.0022+0.0013,¢; = — 0.000332 + 0.000028
—0.001001 —— @, = 0.00280 + 0.00096, ¢, = 0.000160 + 0.000027 —0.000757 —— a, =0.0044 +0.0013, c; =0.000149 + 0.000028
T T T T T
—0.06 -0.04 -002 0.00 0.02 0.04 0.06 —0.04 —0.02 0.00 0.02 0.04
el_PSF e2_PSF

Calibrate by subtracting best-fit ae,.4e1 + € from each galaxy.
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PSF leakage calibration

Ignoring PSF residuals, we can estimate PSF leakage de® = aeod01 + €
using PSF interpolated to galaxy positions.

via regression,

Either compute global a or bin by galaxy property. Important if correlated with shear,

redshift, ...

larger
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PSF leakage calibration

31.7%, 68.3% quantiles

No calibration

Global calibration

Binned + global calibration

. SP v1.3_LFmask 8k
. SP_v1.3_LFmask_8k_no_alpha
SP v1.3_LFmask 8k_li 2024
107° -
S i
10774
T | T T T T T T T T | T T T T T T T T | T T T T T T T T | T T
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0.0004- = T — @1; =0.001020.
PSF leakage TR | o
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PSF leakage

What about a mixed-component leakage,

. o ?
e.qg. ()6% = (¥12 €2, model + €1 *

Can use quadratic model
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PSF leakage

Can decompose leakage matrix into spin components

s O oH ) af +af —af +oF
x91 [&5D) ﬂ(; + (\,1‘ ﬂ[})? e (\'3?
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PSF leakage

0.05=
- aof =(an +an)2
ai = (a1 — ax)f2
0.04 - —4— a = (a1 +a)/2
—+— aj=(-an+axn)2
Can decompose leakage matrix into spin components 0.03~

_(an an ) _ [ af+af —af +af
a = ‘ , = I k3 R R
(.121 (122 (]() + (\4 (1[) I (14

Components of leakage matrix

_0.01 T T T v LR T T l LI T T
1 2 5 10 20 50 100 200
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PSF leakage

Can decompose leakage matrix into spin components

5 oy o
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3 3 n R

PSF |eakage g ( F ol —af +af )ep

) n 0
spin-0 real a= ( a(()) R )
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3 3 n R

PSF |eakage g ( F ol —af +af )ep

) n 0
spin-0 real a= ( a(()) R )

e
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3 3 n R

PSF |eakage g ( F ol —af +af )ep

) n 0
spin-0 real a= ( a(()) R )
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3 3 n R

PSF |eakage g ( F ol —af +af )ep

R Ly
. Gn &
spin-0 complex o= 3 R
p .

€ de®

_CD_
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3 3 n R

PSF |eakage g ( F ol —af +af )ep

R Ly
. Gn &
spin-0 complex o= 3 R
p .

€ de®

_CD_
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PSF Iea kage Sef — ( a?f +af —aof +of ) oP

( n
ay + uf nt’,‘ - nf{?
o R Q ?_R aS Q 3,
o tay —a5+aj
« R R

spin-0 + spin-4 complex & A 5
P P P oy +ay oy —ay

p spin-4 modulation, e. 9. ay = c(l — 1 cos? ab) e

_CD_
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PSF Iea kage Sef — ( a?f +af —aof +of ) oP
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PSF Iea kage Sef — ( a?f +af —aof +of ) oP

( n
ay + uf nt’,‘ - nf{?
o R Q ?_R aS Q 3,
o tay —a5+aj
« R R

spin-0 + spin-4 complex & A 5
P P P oy +ay oy —ay

ep Spin‘4 mOdUlation, e.g. oy = (_:(1 = %0034 ¢) (’4i“b
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PSF Iea kage Sef — ( a?f +af —aof +of ) oP

( n
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PSF leakage

spin-0 + spin-4 complex

_CD_

rotates through 7 — spin-2

Q?R I a;}?

0 4

a = 3 )
oy + o

R N
an 4+ Q]
def = ( 9 T

oy + nf
3 3
—Qp. 10y )

R R

spin-4 modulation, e. 9. ay = c(l -

R R

—a:i‘]} + a-f p
R ] €

4 cos? a&) e

modulates through 7z/2 — spin-4

Martin Kilbinger (CEA CosmoStat)

PSF Systematics Quantification



Summary

e Quantify PSF additive biases to cosmic-shear two-point function.

e Calibrate by:
o Subtracting §...*'* from cosmological signal
o  Marginalising over a, 8, n, provide priors.
o  Subtract PSF leakage a €

e Create PSF systematics maps for forward modelling (e.g. SBI). Use for any
(higher-order) statistics.

e Full spin-consistent allow for flexible, physically meaningful PSF contamination
model
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Backup slides
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UNIONS: Ultra-violet Near-Infrared Optical Northern Survey
CFIS: Canada-France Imaging Survey

Large imaging survey (4,800 deg?) in the Northern hemisphere with CFTH in
optical bands
P.l.: Jean-Charles Cuillandre (DAp) & Alain McConnachie (Victoria/Canada)

e Optical bands for
Euclid for photometric
redshifts

40°

Dec. (2000)

e Weak lensing

e Milky Way dynamics R m i

R.A. (2000)

UNIONS-r survey area and realized coverage as of November 2023

L4 La rg e - Sca le Stru Ctu re E z:?elr::r::aa:r:;;':gf(e:i;). left to cover: 418 deg.? (9%) % u NION s

e Galaxy evolution
www.skysurvey.cc
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http://www.skysurvey.cc

UNIONS footprint & Euclid

18h 16N 140 12h

10h

gh oh

+50°

+40°

Dec. (2000)

+30° |

+20° ‘

|
1

+10°

0°

-10°

300° 270° 240° 210° 180°

UNIONS-r sky coverage completed as of October 2024

Galactic plane

BOSS
] UNIONS-u: 9,000 deg.?
] UNIONS-r: 4,800 deg.?

150°

120°
R.A. (2000)

90° 60° 30° 330° 300°

I UNIONS—r covered with 1 exposure (1st pass):  ~ 4504 deg.?
I UNIONS-r covered with 2 exposures (2nd pass): ~ 4403 deg.?
[ UNIONS-r covered with 3 exposures (full depth): ~ 4437 deg.?

J-UNIONS
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UNIONS/CFIS vs. SDSS

anay an
: > . UK
it <y B a L) o
W g A

[ "'.j Al 4 !_xj‘.’, )

- o
g >

A

r~27.1 mag/arcsec?

SDSS |

r~24.4 mag/arcsec? e , ’
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CFHT MegaCam - Image Quality - CFIS as of Apr. 2023

3° ey
UNIONS/CFIS
g 23 Images: 1 13‘-377‘7
z20
§ 0.88° 0.69"
Best wide-field imager on CFHT ever. £ 101
Improvements (2011 - 2014) e
03 04 05 06 07 08 09 10 11 12 Ellx"-_LSB

Delivered Image Quality (FWHM ssophotal, arcsec.)

ﬂ UNIONS is basically a

static LSST in the
North. Unique
combination of depth,
area, and image
quality

60}

40|

Total transmission (%)

L PR R (unmatched before
s R B Euclid, Rubin, Roman,
Dome venting 40 CCDs + Fast readout New "square” filters  CSS-QOS, WFST!)
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UNIONS depth

I
N
o

Pz
/
[

15
o

”
8
o

)
b

Total magnitude, tield galaxy, 10-sigma

5000

VIS (r+i42)
\

Rubin (colors) = u,g,ri,zy Euclid (orange) = VIS)Y,J,H

|"J“‘“”T

P —— e e,

ﬁ,_,k,_ \

Ly -5 "“!-JEudtd

w24.5) galaxy spectrum ‘

J | [ H ‘A
J \ N \
15000 17500 20000

e

+0.75

=249
=250 |Y4 depths

Photo-z depth metric proxy (for all): point source in 2 arcseconds diameter aperture, 100
Euclid (median over the Euclid sky): VIS=25.0, Y=J=H=23.5
DES in Euclid DR1/2/3: g=24.7, r=24.4, i=23.8, z=23.1

UNIONS in Euclid DR1: u=23.6, g=24.5, r=24.1, i=23.2, z=23.4
UNIONS in Euclid DR2: u=23.6, g=24.5, r=24.1, i=23.4, z=23.4
UNIONS in Euclid DR3: u=23.6, g=24.5, r=24.1, i=23.6, z=23.4

UNIONS = LSST Year 1 depths

Rubin LSST* Y1in Euclid DR2: u=23.7, g=24.9, r=25.0, i=24.3, z=23.6
Rubin LSST* Y1to Y4 in Euclid DR3: u=24.4, g=25.6, r=25.7, i=25.0, z=24.3

*Rubin-LSST main releases depth with point source PSF performance scaled to the 2" diam. metric
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Survey Params
[*] Measured
* Forecast
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Galaxy - star cross-correlations

Measure galaxy - PSF cross-correlations (r-statistics):

and solve
To(1?) =a po(?) + Bp2(1F) + nps(F):
T2(19) =a p2(F) + B (F) + nps(F);
T5(1) =a ps(?) + B ps(F) + np3(P).

for free parameters «, 3, 1, using MCMC
squares.

Need covariance of t.

(€%8e%)

T-statistics

Shear

or least Cross-Correlation

& PSF
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