Atmospheric calibration for photometric correction at

the Vera Rubin Observatory

The auxiliary telescope

Sylvie Dagoret-Campagne (1JCLab)
Marc Moniez, Jeremy Neveu, Olivier Perdereau (1JCLab)
Laurent Le Guillou (LPNHE)

IJCLAB, IN2P3-CNRS, Universite Paris-Saclay
October 15, 2020

Action Dark Energy, October 13th-15th 2020

®Cuo

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

S.Dagoret (IN2P3-CNRS) Atmospheric calibration for photometric correction at t ADEOCT 2020 1/29



Outline

@ Introduction on photometric calibration

9 The atmospheric model for the air transparency above observation site
© Simulation of Star Spectra to be observed including atmosphere variations
@ Observational data at Pic du Midi observatory

© Conclusion

S.Dagoret (IN2P3-CNRS) Atmospheric calibration for photometric correction at t ADEOCT 2020



Motivations for magnitude calibration

@ Photo-z's
@ Supernovae cosmology and others...

@ Other non-Dark Energy science (Stellar physics by ex. photometric
metallicity)
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Review of photometric calibration
The magnitude in filter b to be published in catalog

The standard magnitude at VRO, (extrapolated above the

atmosphere)

std
mitd = —2.5 x log,, <f° Nop7(N)d )

FaB

@ F,(X) : Spectral energy distribution (SED) of the source in unit of
10~2erg/cm?/s/Hz or Jansky (Jy),

o ¢§(\) : Normalised standard passband b (averaged, stable during survey
and specific to VRO) to be specified (ex at commissioning),

@ Fuag = 3631 Jy : External Absolute reference calibration, reference flat SED,
(— StarDice project to calibrate external star reference with a lab source
reference.)
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The measured magnitude at Rubin Observatory (LSST)

ndence of standard magnitude on instrumental magnitude and
calibration terms

mztd _ /nst( )—l—AmObs( )—I—Zgbs(t)

inst(4) — F(@) . ; ; ;
o m*'(t) = —2.5logy, ( 7 ) : the instrumental magnitude which vary at
each observation
o Febs(t) = [;° FL(A)¢gP (X, t)dA : the observed flux

Calibration terms

| A

= F (A2 (A, t)dA
o Amg>(t) =2.5lo “’;oo
) 20 ( Jo Feaz()ax
correction term evaluated at each observation or each night, used when SED
is known.

) : the pure color magnitude

@ Z2b(t) : the Zero point correcting any grey scale from pixel scale to full
CCD scale.
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The measured magnitude at Rubin Observatory (LSST)

Dependence of standard magnitude on instrumental magnitude and
calibration terms

mitd = —2.5logyo C2P5(t) + AmgPs(t) + Z2P(t)

instrumental photometry measurement

e C2b5(t) : Number of counts in ADU (or photoelectrons) in passband b
measured by aperture photometry,

| \

Zero point
(absolute calibration scale),
+ 2.5logy, (”f;gm) ,

(conversion term of flux term in photoelectron or ADU)
+  2.5logy (fooo Tm(\ alt, az,t) - T\, x, y, t) %) ,
atmospheric and telescope zero point.

A\
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The normalized passband

Observation passband and average passband
T2M(\, alt,az,t) - T (A, x,y,t) - 1

obs
/\, t) = S3)
®p (A t) fo Tatm(\, alt, az, t) - Tge/(/\, X,y,t)- %

o Tatm(>\) . the’()\) . %
RN = e =
T T TR 2

e T2'™() alt,az,t) : atmospheric transmission,

° the’()\,x,y, t) : telescope transmission : optical throughput, CCD quantum
efficiency, electronic gain,...,

W

When calculated and used

o ¢§()\) : determined during commissioning (or maybe at each data-release),

° gbgbs()\, t) : should be evaluated at each observation, to correct magnitudes
for some object of known SED. Could be used for later analysis.
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The photometric requirements on

1) Repeatability during 10 years

@ 5 mmag in griz

@ 7.5 mmag in uy

LSST throughput

2) uniformity in (alt, az), and

(x,y)

@ 10 mmag in griz

@ 20 mmag in uy

3) band to band photometric
calibration

o 10 mmag in griz

@ 20 mmag in uy

4) Absolute photometric
calibration

Uncertainty on filter position (ANGSTROM)

@ 10 mmag in griz

10 10" 10°
Uncertainty on (relative) ZP’s  (MAG)

@ 20 mmag in uy
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Photometric calibration strategy summary

and piece of hardware used

Collimated beam VRO
s o Model fc Feedback fror
projector Calibration | 'Mage reduction ‘Ghosting -
Gorrect zeropolnt spatiel varistion

screen on small scales (<<CCD)

e R
' SC

Scale and Subtract Finge n

T

¢ from narrow band flats
and aux tele sky emission profile)
Correct wavelength

dependent variations

Agxﬂlary telescopg as comecion arms P——
slitless low resolution o o (a5 appropriate for SED)
spectrograph

- |
:
spectroscopy .

Output of
Photometric
calibration

Correct zeropoint spatial
variation on larger scales (~CCD)
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The atmospheric model (model assumption in LibRadtran)

A) The stable thermodynamic quantities : Pressure, Temperature density vertical profiles

Altitude vs Pressure Altitude vs Temperature Altitude vs Air Density
% T e % M) % AR = ] atmospheric
849 — s 8ast 8459 .
H —_— H H models in
4 40F 4 i
e LibRadtran,
35) — 35f 35| -
aof @ choose one
25F model (US
1 = standard) to
1 0% infer its
! 10F .
atmospheric
E sk
| Loallunl Ll para meters
0 200 400 600 800 1000 180200 220240 260 280300320 340 360 Wlth data_
P(mbar) T(K) at percm®3

Different base assumption
@ US standard atmosphere,

@ mid-latitude summer or winter,
@ arctic summer or arctic winter,

@ tropical atmosphere.

S.Dagoret (IN2P3-CNRS) Atmospheric calibration for photometric correction at t



The atmospheric model components (parameters in

LibRadtran)

B) The chemical components density vertical profiles: Precipitable water vapor, ozone density
vertical profiles (Oxygen not tunable)

« Air Density Stable Di-Oxygen Variable Ozone
= T T aimosphere =5 T T T T 250 T T T T T
=4 s US Standard =45
o P
o wmm mid. lat. winter ° =
S 4 S40
£ w— mid. lat. summer 2
© 35 tropical © 35F
30 subartic winter 30F 3
2 subartic summer p 3 3
20
15F E
10F = E
4 E 5F - 4
ix10"® Qb L 1 10" oE] Ix10°
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The atmospheric transmission (output of LibRadtran)

Impact on transmission of varying parameters, at VRO (h=2.7 km)

Atmospheric transmission at airmass z = 1.2
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.08
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Atmospheric transmission measurement with Auxiliary
Telescope

\ Known star SED
(CALSPEC or GAIA
\stars)
AR

in converging.bearft £ .
Clouds " 9 S
good-correction of aberfation

Aerosols «

Precipitable water vapor v ¥ Gopd wavelength resolution *
s

V= .R=A7AA > 400 (seeing limited) ~**
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Mathematical model for atmospheric transmission

Model of spectra at Auxiliary telescope

GF (A )| apy

To'™(\, t)

Tray(A)
Taer(A, t)
Kn(A, t)
&n(A); kin(A)

fn(2)

Q

Scolr . Tatm()\, t) . Topt(/\) . Tdisp()\)
el
dN
xéeccp(A) - d—;()\)dA

Cte(\) x T2*™M(\, t)dA

exp (—Teid(t)z — Tray(A)Zz — Taer(A, t)z

- Z kn(A, £)fn(2))
n202,03,H20

Tray * gray()\)

7—z:er(t) : gaer()\)

Kn(t) - gn(A)

known templates

& 1 ;
z7 ngygl 7 airmass
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@ Flux at AT

@ Atmospheric

transmission

Extinction due
to light
scattering
(Rayleigh and
aerosols)

Extinction due
to light
absorption
(Rayleigh and
aerosols)

Atmospheric
depth (airmass

AR

1
cos 6, )
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Mathematical model linearisation with magnitudes

2.3
Em()\, t) = Cte(\)+

Tray(A) - 2 4+ Teia(t) - 2 + Taer(t) - Gaer(X) - 2 +
Z K/n(t)gn()‘) : fn(z)

n=0,,03,H,0

t — i sample number, 0 < /i < Nyps
_>

A J wavelength index, j < 700 (400nm < A < 1100nm)

mi = Tl Geerj Ther t Y &njha(2) -,
n:O3,HQO
23 i

. s==mi — Cte;

mi = 22— 1. —go,; ho,(2) Ko,
_ f(2) ,
ho(z) = (hn(z) ~ 1 except where absorption saturates)
z

S.Dagoret (IN2P3-CNRS) Atmospheric calibration for photometric correction at t ADEOCT 2020



Definition of the parameters

@ a priori known constants :

Ctej known from instrument calibration

Trayj kKnown from atmospheric model , ex LibRadtran, (analitic formula known)
8aerj known from atmospheric model , ex LibRadtran,

go, j known from atmospheric model , ex LibRadtran,

80 j, 8H,0 j known from atmospheric model , ex LibRadtran,

fa(z) known from atmospheric model , ex LibRadtran

@ for each spectrum observation i :
o ~ 700 j-observations mj (or mj’),
o only 4 unknown variables to estimate: 7.y, Tser, K0, KH20,
o linear equations between observed variables and variables to estimate.
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Atmospheric parameters estimation by ML linear regression

Mathematical model for ML (method 2)

Nj Nj
i Id Id,1 i Id,2 i
The = B+ BT mi+ Y 67 mi/2

j=1 j=1
Nj N;
i _ aer aer,1 i aer,2 i/
Toer = Do + E Bj - mj+ § ﬁj : mj/z
j=1 =1
N N;
i _ O3 E 03,1 i 2 : 03,2 i/ i
K’O3 = 0 aF ﬁj mj = /BJ mj/z
j=1 j=1
N; N;
i _ H,O H,0,1 i H,0,2 i i
Kmo = Do +§:Bj ~mj+§iﬁj -mj/z
j=1 j=1

@ i — index of observation number, j — wavelength index
i/
o Features mi/z,

° f:2x4x (Nj + 1) parameters to estimate by training on simulated training
set and tested on simulated testing set.
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Methods for atmospheric parameters inference

Random generator
Output (method 1):

Method 1: Maximum Likelihood Atmospheric .
Chi2 minimisation MCMC parameters —-I Infered Atmospheric Parameters I
Atmosghgnc Auxiliary Telescope
Spectrum Spectrum Transmission o
— . . Transmission
Measurement Model Simulation (throughput)
(LibradTran) ENP
Spectra
Method 2 : " . Training/ Atmospheric
| Machine Learning It— Validation/test parameters «~—— Random generator
samples
Output (method 2):

—-l Parameter estimation Il -I Infered Atmospheric Parameters I
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Generation of atmospheric parameters

simulation of atmosphere

Airmass Precipitable water vapor ozone
1o — beta: a=2.02 b=3.01 s=1.98 — beta : a=2.94 b=6.78 s=19.81 —— beta : a=2.96 b=2.97 5=604.39
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0.0025
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z pwv (mm) ©Ozone (DbU)
— Aerosol vertical optical depth __ ——— Clouds vertical optical depth -
» — rayleigh : s=0.05 175 Clouds:
10 §=0.06 150 > 53% nights:od < 1-2 %
g-003 125 » 85% nights :
8
100 v myy <1.5mag
6 v 0d<0.14
75
4 5.0
(od : optical depth)
2 25
o 0.0
0.00 0.05 0.10 0.15 0.20 0.0 0.1 0.2 0.3 0.4 0.5
vaod od
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Simulation of observed spectra

simulation for VRO observation site ( 7 km)

Preselected CALSPEC relative SED

S o018 i (no clouds ext)
—— ALPHA_LYR (AOVa ) magV = 0.03 v-i =0.01 10 1.0
Lo16
s
Zo1a 0.8 0.8
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E 0.10 @ 0.6 0.6
s —
Z o008 2
s go4a N 0.4
goos s Many atmospheric
20.04 .
% 00 0.2 Transparencies (no cloud ext) 0.2
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2
£
0.10 2 2
0.05
1 1
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Correlation between atmospheric parameters and features

mj; and m;/z
simulation at VRO (h=2.7 km) + ML Linear Regression with Ridge (L2) regularisation of

coefficients

Correlation coefficient ( m/ with atm parameter) Correlation coefficient ( m//z' with atm parameter)
N )
- — vaod
— v
08 08 LadtE
ad
. 506 — vaod 506
Correlation 2 — pwy E
- e ozone 3
s g g
coefficients | o+ dd go4
L A,
0.0 A 5 o — m—
a0 500 600 760 800 900 1000 1100 40 500 600 700 800 900 1000 1100
A (nm) A (nm)
N Ridge Linear Regression coefficients for X
— coefit or vAOD )
—z 2
E £
E i
o 2| — xcoettum or vaoD
o] coctton for purv r o — coettuz) for Py
pfe— | £ 22
Linear . < o5
Regression o — coettt) forozone | 04 — xcoetttun or ozone
s = \ /
s
parameters | I MM\ fo f
. : oo
H H \/‘/ \\/M/WL\
(Ridge reg) - % .. W)
025 [ xcoetton for cio W as0] — Xcoettta) for cio
g —T—k g
3 oas |
g o000 JWP /J\r\vl{f‘r J
% oz il
Mo o o o sl %o oo 1o

%00 500 600 700 800 90 1000 1100

Atom) 2 tom)
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Resolution on inferred atmospheric parameters

simulation at VRO (h=2.7 km) + ML Linear Regression with Ridge (L2) regularisation of
coefficients

Linear Regression + Ridge reg, (with cloud) Linear Regression + Ridge reg, (with cloud)
ar Regress! et Estimation of VAOD Estimation of WV
e w00
Py 003[[u=7 5005 =155%-05 y=7.8705
0.002 { | median=-7.3e-06 median=2.6e-05 medi . 500 median=2.55¢-05
0=0.00028 Y . . 0.02 { |0=0.0033 . [P=0.00334
§ oo $ ool gt . 400
% o000 > ooo] 200
g S ool .
3 -0001 32 . 200
-0.02 - 100
0002
-003 B
E " 3 50 k0 o o 10 0
o000 005 oo ois o030 s i 5
VAOD in PWV in (mm) AvaoD x102 2PWV (mm) x10
Estimation of 0zone Estimation of Cloud 0D Estimation of Ozone Estimation of Cloud 0D
100 30 200
= —nm 4=0.000995 156005
o075 o 0002 - 300 | | median=0.16 median=7.4¢-06
medin-o01s medan74005 i as0] | medencrs
. o5 . 2501
< £ oo01f 200
3 3 200 {
% 000 > o000 150
£ ] 150
g -0z 3 100
H 2 o001/ 1001
> -050 =
| s
-075 —-0.002{ 0
-0 %1500 30 5 s0 w00 ° 2 1 o 1 3
3 200 %0 0 0o 01 o2 03 o4 05 ; o e B
Ozone in (dBU) Cloud OD in A 0zone (dBU) x10 x10

@ The linear regression model fits with Ridge regularisation a = 103 very well
the simulated data.

@ The accuracy limitation will come mainly from photoelectron statistics and
sky background (for moderate star brightness),

@ But is assumes the instrument throughput is well known.
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Estimation of the telescope

Mag vs airmass
simulation at VRO (h=2.7 km)

throughput: Bouguer lines :

Fit only atmosphere

G2 it Iog of atmospheric transmission vs aitmass (with clouds)

15

ot h cloud:

—~ ne00

Extrapolation
At airmass z=0

Saturated
Absorption lines

460 ED 660 70 800 %60
2 (o)

1000

Atmospheric calibration fc

Fit only Mobs - Msource - Mdisperser

P it : magnitude vs aifmass (SED and holo transmission sublracted) (with clouds)

magnitude (mag)

Throughput (CCD)
Extrapolation Second order
oo At airmass z=0 contamination
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Observational data at Pic du Midi observatory (h=2.9 km)

Observation of calibration star CALSPEC HD116405 at night 2020-02-15

Pic du midi coupole

le-11 HD116405
- -

5

Phase Hologram .

Flux (Erg/cm?/s/Hz)

T
None HOE

t7):TIM_20190215_225957_677 :: Z = 1.53

>0
0

0
300 400 500 600 700 800

1000 1100
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Bouguer lines fit on data

Observation of calibration star CALSPEC HD116405 at PDM VRO (h=2.7 km) during night
2020-02-15

33 instrumental magnitude vs airmass

w
N

w
=1

log transmission atmosphere (mag)
w
o

N
©

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
airmass
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Extrapolation of Bouguer lines at airmass z =0

Observation of calibration star CALSPEC HD116405 at PDM VRO (h=2.7 km) during night
2020-02-15

Estimation of the throughput at
Pic du Midi

including hologram efficiency

Extrapolated Spectrum above the

atmosphere

le-12 Spectrum at TOA (with Bouguer lines)

— SED x throughput
3 data

Uncorredted Optical Throughput (Bouguer lines)
— holo-2-1 eff
} «eee fitted spline

spectrum
-

Residuals

-5

A (nm)
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Comparison of experimental spectra with simulated spectra

Observation of calibration star CALSPEC HD116405 at PDM VRO (h=2.7 km) during night
2020-02-15

1e—12 _Good Spectra of HD116405 observed at Pic du Midi 1e-Siprulated Spectra of HD116405 for observations at Pic du Midi

Spectra in s
DATA

Spectra in
SIMULATION

flux (erg/sec/m?/nm)
w

flux (erg/sec/m2/nm)
w

Q Q
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
A (nm) A (nm)

Magnitudes vs airmass

average M vs wavelength

— sim

data —
No H20

-3

1 % )
2 = In Data - /
B e we W wm p R TR //
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Summary, Lesson learned and Take home message (1)

@ Ground cosmological survey requires Photometric corrections (1-5 mmag)

and implies accurate measuring the atmospheric transparency :
o TM(\, t) — AmZ*(t) for each object — mi,
o Tm()\) — ¢i()\) at a average airmass.

o Need an atmospheric model (ex LibRadtran) + atmospheric parameters
(clouds, aerosols, precipitable water vapour, Ozone) to be estimated by some
method,

o Data on Bouguer lines indicate exponential attenuation is relevant, (get
telescope throughput at percent level),
e Data may suggest aerosol template profile in LibRadtran may be not relevant,

@ Which is the accuracy required on telescope throughput, including CCD
Quantum Efficiency, optical throughput, disperser efficiency ?
e Method of fitting Bouguer lines interesting but must be improved on bias and
statistical errors,
o Phase holograms have good wavelength resolution, small aberration, good
efficiency,
e Second order correction for holograms.
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Summary, Lesson learned and Take home message (2)

@ Method of inference, model used in ML (In Progress by now !):
o ML : Linear Regression + Regularisation (L2 = Ridge) evaluated on
observation at Pic du Midi
e improve aerosol model,

o check impact of telescope throughput accuracy,
e improve ML model (more robust):

o features : group wavelength bins - spectra smearing, wavelet decomposition, - - -
@ extension of ML to non linear model - - -,

@ Need more data to tune atmospheric model (at VRO site) — commissioning
should start soon.
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