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What is FGCM?

e The “Forward Global Calibration Method”

* Solve the global calibration problem with a
physical model of the atmosphere + instrument

e Picking up on Stubbs & Tonry (2006)

e (Given a set of atmospheric parameters at any
given time (under photometric conditions) we can
predict the atmospheric extinction as a function of
wavelength

e Also need to know object SED (see e.g., Li+16)

 Once we know the atmospheric extinction, can
predict fluxes of all the objects in an exposure



What is FGCM?

* [wo step process

e Select exposures & stars suitable to obtain
atmospheric model on nights of the survey

 Multi-band solution

 Assume atmospheric parameters vary slowly
over the night

« Calibration stars are used to fit the zeropoint for all
exposures in survey

 |nclude chromatic corrections

* Include non-photometric exposures (with
increased error!)



The Atmosphere Model

e Atmospheric transmission can be described with a
small number of parameters

* Precipitable water vapor (PWV)
* Aerosol Optical Depth (AOD) T and a

7(A) = Trrs0 X (A/TT50 A) @

¢ Ozone (O3)

e (Given zenith distance and barometric

pressure, compute Rayleigh and O» using
MODTRAN



Atmosphere Constituents

 The FGCM standard atmosphere model
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Fit Parameters

We use PWV from the GPS monitor system
e With a global multiplicative and additive bias

A single-constituent aerosol, with optical depth T7750
that varies linearly through the night, and single a
per night

A single value for Ozone each night

Plus airmass and site-monitored barometric
pressure



Auxiliary Data

e DES also has auxiliary aTmCam system
e 4 narrow-band filters on 4 cameras
« Continuously fit atmospheric parameters through
night
* Did not use for DES Year 1-3 because of some
problems with the parameters

* Working on improved calibration of aTmCam...
promising so far.



From ADUSs to Fluxes

The number of ADU depends on size of telescope,
passband Spebs and SED of source Fu(A)

A AT 00
ADU, = — x / dt X / F,(A) x Sp(x,y,alt,az,t,\) x
g 0 0

Normalizing to the AB scale yields

FL(A) x SO () x AT
m§b55—2.5log10 (fooo ) l; Q) )
Jo© FAB X SpP5(X) x A~tdA

d\
hpl/\

But what we really want is the magnitude through

our “standard” atmosphere
Jo™ Fy(3) X S5TP () x A~
fooo FAB SbSTD<)\) < A\—1d\ )

my P = —2.5log,, (

See Fukugita+96, Lynne Jones, LSST Science
Book, etc.



To The Standard!

The difference between the observed passband
and the standard passband is:

5 =yt = mp™ = 2.51og(Tg " (0) /157 (D))

Jo7 Fu(A) x SgP5(X) x AtdA
JoT Fu(A) x SPIP(X) x A~tdA

With a normalization integral lo

+ 2.51og, (

1™ (b) = / SpP (M)A

0

This correction depends on SED (color) of object

e Each individual observation has its own
bandpass which must be corrected
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Chromatic Corrections

* Including instrumental and atmosphere effects, red
histograms show the chromatic correction per
exposure for stellar SEDs
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Red Stars (g—/ ~ 3. O)
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Instrumental Passband

e |Instrumental effects (filter variations, anti-reflective
coating differences, CCD QE difterences) are as
big or bigger than atmospheric effects

 Require (at least) CCD-by-CCD scans (for DES
from the “DECal” system)
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Filters+CCDs

* From the DECal monochromatic scans
e g band especially variable from chip to chip
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| band Radial Variation

« DECam /band filter has blue edge that varies with
radius

=
o
T

o
o)

o
(*))]
T

©
S
T

o
N

Transmission (normalized to central i-band

Radius (°)
0.00 0.25 0.50 0.75 1.0D

OO I I I I I
7000 7050 7100 7150 7200 7250 7300
Wavelength (A)

14



Mirror + Corrector Dust

e Dust accumulates on mirror and corrector
 Mirror washing a few times a year
e Mirror to be re-aluminized summer 2017

0.02

0.00F

I
—0.02+ v | | | | -
- A I I

ptics

~—= —0.04}

2.5log,(S°

~0.06| : : N C

| | |
—0.08} : : ! !

_O.lo 1 L 1 L ) 1
0 200 400 600 800
MJD - 56520

15




The Fit

e Given atmospheric parameters and CCD response,

correct each observation of each object from
mObS — mSTD

 Compute average magnitudes of each object

mSTD () = > my P (4,5) o (i)
b 3 o (i) 2

* Compute global x?

__ \2
STD(; \ _ »STD{ :

oy (m§™ (i) — m§™() )
T o) + (o)
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Chromatic Shifts

e Jo first order, the fit is sensitive to atmospheric
extinction (lp) to different components of
atmosphere

e The fit is also sensitive to different color objects,
and the response to different atmospheric
components

e PWV for zand Y bands
e Aerosols in g and r bands
* |nstrumental effects in all bands
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Water Vapor and z-band

 High PWV cuts the red end of the zband, so red
and blue stars are shifted differently
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Water Vapor and Y-band

 High PWV cuts the blue end of the Y band, so red
and blue stars shift the opposite way from z
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Airmass and g-band

 High and low airmass have ditterent Rayleigh
terms, and different chromatic response in g
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Photometric Selection

e As with any global calibration routine, a challenge
IS to select “photometric” observations

e Anything that is consistent with model is
photometric

e Fainter than model is non-photometric

e Forward model approach constrains to physical
solutions

e Fit model, reject non-photometric exposures, and
refit

21



Photometric Selection

 Make cut progressively tighter at each fit “cycle”
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Atmosphere Fits

 Model parameters show seasonality
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Water Vapor and z-band

 Before correction...
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Water Vapor and z-band

o After correction...
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R; from Retrieval

R; from Retrieval

R1 is estimated from each exposure/ccd

-4 4

—6

—4 4

Global and Exposure Fits

(9)

T
-6

11 is the linearized chromatic correction from fit

-4

T T T
-2 0 2

I1 from FGCM Fit

4

(i)

-6

.
-4

T T T
-2 0 2

I, from FGCM Fit

26

R1 from Retrieval

R; from Retrieval

-2 1

—4

-2

-4

(r)

T
-2

I1 from FGCM Fit

3

(2)

-4

T T T
-2 0 2

I, from FGCM Fit




Calibration Errors

 Stability/Repeatability
 |f you return to an object

e Uniformity
* |f you go to another point in the survey footprint

e Chromatic
 |f you move to a different object SED
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Repeatabillity (griz)

For all observations of all objects in the fit, what is
the intrinsic RMS?

~5-0 mmag
These are straight model residuals
Assume: each tiling
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Repeatability (Y)

e We do notuse Y band in our fit. Itis “dead-
reckoned”

* \We think we know the atmosphere from the other
bands... do we”? (yes)

1o (V) Ocalzo.0058 i

rbitrary units)

SSSSSS



Comparing to Gaia G

» Consistent with 5-6 mmag uniformity over 5000
deg? footprint

* Very broad Gaia G band tricky to compare to
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LSST

QA and redundancy! (obvious)

Robert’s dream of measuring (e.g.) PWV directly
from each image affected by PWV

 We have the signal ... but it is noisy
e Smooth over what timescale?
Aerosol signal is trickier...

Given Gaia spectrophotometry, we can short-circuit
parts

 Known SED of every (brighter) source

 Use apparent star colors as more direct measure
of atmospheric parameters (as above)

32



Updates

Add aperture correction term (necessary for DES
ohotometry)

Updated model interpolation

Repeatability down to 3-4 mmag in gri
 Need more PWV improvements for z, Y
Completely refactored code >10x faster

e 3 years of DES in <24 hours using 20 cores
Being incorporated into LSST stack

* Code to be made public “soon”
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Linear Approximation

e You should — if you can — integrate the
corrections given Spebs and SED of source Fy(A)

e This is impractical for fitting
e Do a first-order expansion of the SED

F,(A) = F,(Xs) + F,(A) (A — M)

_ dF, ()

=

F,(\) = F,(\)/Fo(\)
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Linear Approximation

e Substituting in, the correction factor is now:

6; TP ~ 2.51log,,(I5™P /15")

JZ (4 F (X)X (A= Xp)) x SgP5(A) x A™tdA
J2(L+ FL (M) x (A= Ap)) x SPTP(A) x A~LdA

+ 2.51og;, (

 And the corrected magnitude is achromatic

1D o\ extinction
my = — 2.5log;,(ADU) + 2.5log,,(AT) 2.5 log,,(I3>%)

L+ 7, () B0 o
Y v ZPTH".
e

£ 2.51og,, <

I (b)
5™ (b)

I55°(b)
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Computing Zeropoints

 The FGCM fit yields a set of standard star
magnitudes from good, photometric exposures

e To compute a CCD zeropoint: model zp

P =< m§TD _ (m%bS@ chrom + superstw) >

 Where lg is the integrated atmosphere extinction;
we have a chromatic correction that depends on
star color; a “superstarflat” correction

e [he residual between the zeropoint and the
predicted model zeropoint is CCDoray
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Computing Zeropoints

* The "gray” corrections are assumed to have no
chromatic terms

e Clouds, dome occultations, other effects

* Errors in atmosphere and unmodeled effects: this will
be an incorrect assumption

* 90% of DES exposures taken on nights with
atmospheric solution

* The rest have only instrumental chromatic corrections
* Apply to all CCDs
* Effect of “compressing” the repeatability plots
* This is a fit artifact, and we do not believe the (2-3
mmag) errors that result from this.
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Aperture Effects

* We only recently looked at fit residuals with PSF
FWHM

e ThisiIs an Issue that increases our noise

e Implementing an afterburner correction for DES
Year 3; properly fit in new versions of code
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