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Rubin Observatory will answer some of our biggest questions about the Unlverse

Rubin Observatory Will Help Unravel
Mysteries of Dark Matter and Dark Energy
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=" The deconvolution problem

Forward Model y = h k Xt -|— ’)7 (ill-posed inverse problem)

Observed Noisy Image PSF Ground Truth Additive Noise

y € Rnxn h € Rnxn X[ € RTIXTL T’ (= Rnxn
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Single band deconvolution
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=L golution

1 2 2
L0 = 555 I Hx =y I3 + A1 Tx |1

Analytical
solution

X=HH+AT'T)"1HTy

c ER = Noise standard deviation
Deep Ieaming I € RPx? » Laplacian high-pass filter
based den()ising AER, » Regularization weight
H € R xn? = Block circulant matrix associated

with the convolution operator h
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Deep learning-based denoising

Skip Connection /

....... . sl o > PR R~
>
Swin Transformer Block

Swin Transformer Block Swin Transformer Block /

: Feature Map @: 3x3 convolution @: Swin Transformer block —- : Patch Merging —--» : Dual up-sample

* A U-net with Swin Transformer blocks incorporated in the architecture

SUNet: Swin Transformer UNet for Image Denoising,
Fan et al, 2022



="l Test on real images from VLT, Chile

VLT: | SUNet: | HST: F814W
0 0 0
= Noisy images: VLT cutouts of 32 x 32
pixels in I-band (768nm) with resolution
o =0.2"
= Ground truth: HST cutouts of 128 x 128
= 2 0 28 0 128 pixels in the F814W filter with resolution

VLT | SUNet: | HST: F814W =0.05
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Joint multi-band
deconvolution
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*"* " The multi-band deconvolution problem

—— Euclid VIS
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Forward Model

yr

Vi

yz

:hr*x7€+7’r

= h; * Xf +7; Yeuc

=h, *x, +1,

Observed Noisy Images
PSFs

Ground Truth Images
Additive Noise

Fractional Flux Contributions

t
Xeuc

The multi-band deconvolution problem

a,xt + axt + a,xt

— t
- heuc * Xeuc + neuc

Yr, ¥i, ¥z € RV
h,, h;, h,€ R™"
xt, xt, xL e R™™
N Miy Nz € R

a,, a;, a, € R"
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1

LT(Xr) = E
1

Li(x;) = §|
1

L) =

The loss functions

2
hT* Xr—¥r

2
A hewe * X AcXe — Yeue
+ Aconstr
Or F Oeuc F
2
_hi* Xi — Vi A heuc * Zc UAcXe = Yeuc
+ Aconstr
0 F Oeuc F
2
hz* X, —Yy; }\ heuc * ZC 0:Xe — Veuc
+ Aconstr
0z F Oeuc F
C E {1‘, i Z} = Fractional flux contributions

aTI air aze Rn

= Noisemaps

Oy, Oj, O-Ze Rnxn
}\constr € R+
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Optimization

Loss Functions iteratively minimized
using Gradient Descent

ﬁ{r,i,z} = ai{gm;n L{r,i,z} (X{r,i,z})
i,z

[k+1] _ k] (k]
Xoriz) = X{riz} B {T,i'Z}VL{T:i'Z} (X{r,i,z})

ﬁr: :81'1 :BZE R™

heuc * ZC AcXe — Yeuc

||0euC||12:

heuc * Zc AcXe — Yeuc

h;r * (hr * Xy — Yr)

- VL = + 22 h!
Gradients of the r(Xr) ”Gr||}27 constr Xrlegyc *
Loss Functions .

h; * (h; xx; —y;)
VL;(x;) = - - zl —+ 2}\constralih-eruc * [
llo;ll%
h!  (h, *x, —y,)
VL,(X,) = ——Z2 2 T2 4 D eomser @M e *
llozllz

||0-euc||%' ]

heuc * ZC AcXe — Yeuc

loeucll
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= Convergence guarantee & Optimal step size

A function’s gradient is Lipschitz

continuous if IVF(x") —VfX)| < ClIx" —x|| where C is the Lipschitz constant
In our case IVigriny(X(ri21) = VigrioyKraz)ll < CorimllXiriz = Xpianll
o o T >
Substituting the individual h{r,i,z} x h (riz) 2}\constr a{r,i,z}h-eruc * heuc
loss functions, we get C{r,i,z} = 2 ” o “2
log-izll, euctir
The Optimal Condition 1 Hence, we 1

ﬁ{r,i,z} <

Birizy = =
for Convergence Coriz) choose T @+ 1075) Gy

15



EPFL o

c 35000
onvergence — bana
30000 —— i-band
—— Zz-band
c 25000
e
= Algorithm run for 200 iterations o
S 20000
= Converegence within 50-100 o
@\
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Rubin r-band: Iteration 0 Rubin j-band: Iteration 0 Rubin z-band: Iteration 0 Euclid VIS: Iteration 0
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Flux Leakage
Test

= Assume 3 separately

placed Gaussians in each

Rubin r-band: Iteration 200 | Rubin i-band: Iteration 200 ] Rubin z-band: Iteration 200 Max channel (corresponding to
LSST channels)

= The joint image (Euclid) is
a linear sum of these

channels

= No Flux Leakage from one

channel to another



Results

Euclid: VIS

Rubin: r-band

Rubin: i-band

Rubin: z-band

Joint Deconvolution: r-band

Joint Deconvolution: j-band

Joint Deconvolution: z-band

HST: F606W

HST: F775W

HST: FB50LP
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L Pre-denoising: r-band Post-denoising with DRUNet

DRUNet denoising

ise Level
vNo}se evel Map ) ‘Penoised Image
Skip Connection "

Pre-denoising: i-band Post-denoising with DRUNet

4 Residual Blocks
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Plug-and-Play Image Restoration with
Deep Denoiser Prior, Zhang et al., 2021

NMSE r-band i-band z-band Pre-denoising: z-band Post-denoising with DRUNet
Pre-denoising 0.059  0.041 0.053
Post-denoising  0.058 0.038 0.038
% improvement 1.69%  7.32%  28.3%
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Fractional error in Flux
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Flux recovery
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Comparison
with
independent
deconvolution

Euclid: VIS

Rubin: j-band

-

Rubin: z-band

SUNet: r-band

SUNet: i-band

-

SUNet: z-band

2

Joint + DRUNet: r-band

-

Joint + DRUNet: i-band

-

Joint + DRUNet: z-band
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Test on real data
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Perseus Cluster
12000
200
10000
150
8000

6000

4000

2000

0 2000 4000 6000 8000 10000 12000



=PrL

Euclid Images

Test on real data

Euclid Early Release Observation (ERO)

Perseus Cluster [ERO-10] - https://euclid.esac.esa.int/dr/ero/ERO-Perseus

VIS Band

Pixel scale = 0.1"

euclid early release observation

Name

ple]]

Data

Version

Credit guidelines

Acknowledgement

ERO-Perseus

https://doi.org/10.57780/esa-qgmocze3

Image Catalog
vis Euclid-VIS-Stack-ERO-Perseus.DR3.tar Euclid-VIS-Catalog-ERO-Perseus.DR3.tar.gz
NISP Euclid-NISP-Stack-ERO-Perseus.DR3.tar Euclid-NISP-Catalog-ERO-Perseus.DR3.tar.gz

V3.0

Please refer to the credits page for instructions on how to acknowledge the use of this data.

Euclid is a fully European mission, built and operated by ESA, with contributions from NASA. The Euclid Consortium is responsible
for providing the scientific instruments and scientific data analysis. ESA selected Thales Alenia Space as prime contractor for the
construction of the satellite and its Service Module, with Airbus Defence and Space chosen to develop the Payload Module,
including the telescope. NASA provided the near-infrared detectors of the NISP instrument. Euclid is a medium-class mission in
ESA’s Cosmic Vision Programme.

The Euclid Data Service is managed by the Euclid Science Operations Centre
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https://euclid.esac.esa.int/dr/ero/ERO-Perseus

=Pt Test on real data

= MegaCam - wide-field optical imaging facility at CFHT that covers a 1 x 1 square degree FOV

CFHT Images

= Region of interest - Perseus Cluster (covereing the same portion of the sky as the Euclid ERO FOV)
» Pixel scale = 0.187" (median seeing = 0.7" at Mauna Kea)
* Images rebinned to 0.2" (to obtain an intergral ratio with respect to the Euclid pixel scale of 0.1")

= r i,zbands

0.7
—— cfht_megacam-u cfht_megacam-r
—— cfht_megacam-ustar cfht_megacam-i
06 1 cfht_megacam-g - cfht_megacam-z
LY
M
0.5 £ ’\T APAA
A 1\
7] -
w N
S 0.4 i ‘
a |
v
L]
o«
E 0.3
0.2 A
0.1 ‘ k
0.0 k L T

3000 4000 5000 6000 7000 8000 9000 10000
Wavelength [Angstrom]



Test on
real data

Colour Map

min max

Euclid: vIS Deconvolved + Denoised: r-band Deconvolved + Denoised: i-band Deconvolved + Denoised: z-band




Leakage
test

Colour Map

min max

Euclid: vIS Deconvolved + Denoised: r-band Deconvolved + Denoised: i-band Deconvolved + Denoised: z-band




Leakage
test

Colour Map

min max

Euclid: vIS Deconvolved + Denoised: r-band

CFHT: i-band

Deconvolved + Denoised: i-band

Deconvolved + Denoised: z-band




Leakage
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Euclid: vIS Deconvolved + Denoised: r-band Deconvolved + Denoised: i-band Deconvolved + Denoised: z-band




Conclusion

CFHT: r-band CFHT: i-band

Colour Map

min

Euclid: vIS Deconvolved + Denoised: r-band Deconvolved + Denoised: i-band Deconvolved + Denoised: z-band
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