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The Universe on a timeline

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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Big Bang Expansion |
: 13.77 billion years
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The ACDM model

The ACDM model depends on a set of cosmological parameters
determined and adjusted on the data
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The ACDM model

The ACDM model depends on a set of cosmological parameters
determined and adjusted on the data

Total energy content
of the Universe measured
by Planck collaboration (2013)
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The ACDM model

The ACDM model depends on a set of cosmological parameters
determined and adjusted on the data

Total energy content
of the Universe measured
by Planck collaboration (2013)

Probes of dark energy: * supernovee IA
* baryon acoustic oscillations
and redshift space distortions
* cluster science
* gravitational lensing
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Gravitational lensing

galaxy
galaxy cluster

- OSSO0 gIAXY Images

distorted ight-rays

Earth

credit: CFHT
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Lens system
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Lensing distortions
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Cluster Abell 2218 atz=0.17
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25

Refregier (2003)
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Map of averaged ellipticities
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The LSST project

O

O

O

O

8.4 meter-class telescope
field-of-view of 9.6 deg?
20,000 deg? coverage

6 photometric bands -u, g, 1, /, z, v

very high cadence
scans one third of the sky every night

I < 24.5 for a single exposure

I < 27.5 expected for complete survey
(10 years)

number density of galaxies
n ~ 45 arcmin2

credit: LSST Corporation / NOAO

Expected first light: 2021
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The LSST project

o 8.4 meter-class telescope W
o field-of-view of 9.6 deg? - -

o 20,000 deg? coverage

o 6 photometricbands - v, g, /1, z, v

o very high cadence
scans one third of the sky every night /g

o | < 24.5 for a single exposure

Etendue (m’ deg’)

o | < 27.5 expected for complete survey
(10 years)

o number density of galaxies
n ~ 45 arcmin2

Expected first light: 2021
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The LSST project

o 8.4 meter-class telescope _
. field-of—viev’\?‘gpﬁfg%gg@chon in the Chilean desert

> 20,000 deg? coverage
> 6)photometric NS

facility

credit: LSST Corporation / NOAO
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The LSST project

At Cerro Pachon in the Chilean desert

LSST
facility

credit: LSST Corporation / NOAO
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Source density gain from SDSS to LSST
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Source density gain from SDSS to LSST

courtesy: S. Mei
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Measuring galaxy shapes - shear

PHYSICAL PROCESS
3
Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise

credit: Bridle et al. (2008), GREAT08 Handbook

DECONVOLUTION PROCESS

* background subtraction
* PSF shape deconvolution

* ellipticity measurement
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Magnification motivations

o Cosmic shear is difficult to measure accurately

o The number density of usable sources for shear is limited to
the low redshifts and/or very bright objects

o Cosmic magnification comes for free in an imaging survey
o Easy to measure
o The number density of co-added images can be used

o Cosmic magnification relies on a precise photometry for
- stability of magnitude measurement across the sky
* photometric redshift accuracy
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Cosmic magnification
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dQébs = ,LLdQ
fobs o ,ufO
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Magnification bias

Nopa(> f) = %NO - %

- initial distrib.

log n(m)
log n(m)

— |ensed distrib.

—+ dilution

- magnification
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Magnification bias

Nobs(> f) ol > —

dilution

- initial distrib.

log n(m)
log n(m)

— |ensed distrib.

dilution

—_—
- magnification
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Magnification bias

Nobs(> f) 0

dilution magnification

- initial distrib.

log n(m)
log n(m)

— |ensed distrib.

—+ dilution

- magnification
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Magnification bias

Using the logarithmic slope of the source number counts a

N
we introduce the magnification bias obe (< m) = ,ua_l
No
A
E
Ee —— initial distrib.

lensed distrib.

—+ dilution

- magnification
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First cosmic magnification detection

dN/dz

quasars/sq. degree/magnitude
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First cosmic magnification detection
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First cosmic magnification detection
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+ Hildebrandt et al. (2009, 2011 & 2013), Ménard et al. (2010), Wang et al. (2011)
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First cosmic magnification detection
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+ Hildebrandt et al. (2009, 2011 & 2013), Ménard et al. (2010), Wang et al. (2011)
+ tomography in Morrison et al. (2012)
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Tomography
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Tomography
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Tomography
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Tomography
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Magnification density contrast

The density contrast due to magnification can be written

g (8) = 2 Ty pam1g) - 1

3
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Magnification density contrast

The density contrast due to magnification can be written

—

Omag (0) = nObS(? —<m) = o (@) - 1

In the weak lensing regime YKL= pu~1+2kK
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Magnification density contrast

The density contrast due to magnification can be written

—

Omag (0) = nObS(? —<m) = o (@) - 1

In the weak lensing regime YKL= pu~1+2kK

— —

» Npmag() ~2k(0) (a—1)
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Magnification density contrast

The density contrast due to magnification can be written

—

Omag (0) = nObS(? —<m) = o (@) - 1

In the weak lensing regime YKL= pu~1+2kK

— —

» Npmag() ~2k(0) (a—1)

/

direct measure of the convergence field
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Magnification density contrast

The density contrast due to magnification can be written

—

ONimag(0) = nObS(? - ﬁ(< m) = p*~1(0) — 1

In the weak lensing regime YKL= pu~1+2kK

— —

» Npmag() ~2k(0) (a—1)

/

direct measure of the mass field
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Magnification density contrast

The density contrast due to magnification can be written

—

Omag (0) = nObS(? —<m) = o (@) - 1

In the weak lensing regime YKL= pu~1+2kK

— —

» Npmag() ~2k(0) (a—1)

/

breaks the mass-sheet degeneracy of shear measurements !
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Measurement of the number density

The number density of sources at a given angular coordinate 0 is

— — —

n(@) =n |14+ 04(0) + dnmag(0)
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Measurement of the number density

The number density of sources at a given angular coordinate 0 is

n(6) =70) |1+ 0,(6) + unag(6)

= average number density of galaxies
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Measurement of the number density

The number density of sources at a given angular coordinate 0 is

— — —

n(@) =n |1Hdu(0))+ dnmag(0)

= average number density of galaxies

— —

» galaxy density contrast  §,(0) = bd(0)
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Measurement of the number density

The number density of sources at a given angular coordinate 0 is

— — —

n@) =n |14+ 04(0) +0nmag(0)

= average number density of galaxies

» galaxy density contrast  §,(0) = bd(0)
2

= magnification bias 5nmag( ) —
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Measurement of the number density

The number density of sources at a given angular coordinate 0 is

—

n(@) = 7 [1 + 84(0) + Snmagl *)}

= average number density of galaxies

» galaxy density contrast ¢, ( _’) = b
2

= magnification bias 5nmag( ) —

proportional to projections of the matter density contrast on the sky
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Redshift distributions of matter and lensing

) —_ 2=04
0O _— - ().8
2
Matter R
distribution < f 1 2
1
0
1
.08
0.06 -
.Lepsm_g Opp?
distribution =
0024
(.00

0.0 0.2 0.1 0.6 0.8 1.0
redshift
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Number density cross-correlation

We define the number density cross-correlation power spectrum

19 (g) = @ = ml O &) —ml) _ [P s

Wonon n1 Ny (2m)?

PL?(0) = PGP0 + PG (0) + POV (D) + PO (6) + PG
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Number density cross-correlation

We define the number density cross-correlation power spectrum

19 (g) = @ = ml O &) —ml) _ [P s

Wonon n1 Ny (2m)?

PL2(0) =(PSP(O)+ PG (0) + PO (0) + PR (6) + PG

intrinsic clustering —
1 2 ]

0.6
redshift

il
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Number density cross-correlation

We define the number density cross-correlation power spectrum

19 (g) = @ = ml O &) —ml) _ [P s

Wonon n1 Ny (2m)?

PUD(0) =P 1) ++ PRV + P20 + P4
intrinsic clustering —
galaxy-lensing 1 |

7~

0.6 0.8 1.0
redshift

il
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Number density cross-correlation

We define the number density cross-correlation power spectrum

19 (g) = @ = ml O &) —ml) _ [P s

Wonon n1 Ny (2m)?

g "N
P2 () =(P2(0) ++'\Pg(§%> (Ot P (6) + PR?
intrinsic clustering — =
galaxy-lensing :
: ﬁ@

0.6 0.8 1.0
redshift

il
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Number density cross-correlation

We define the number density cross-correlation power spectrum

(12) (0> _ <[n1(§b) — ﬁl] [77/2(9 + (b) B ﬁ2]> _ / d2€ —il-0 P(12) (@

ning

intrinsic clustering _.;_. — ol

galaxy-lensing - |

lensing-lensing @ j
= A1 |
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Number density cross-correlation

We define the number density cross-correlation power spectrum

([n1($) — 1] [n2(6 + @) — 7o) _ / P 2 pa2)

n1 Ny (2m)?

g "N

Intrinsic clustering

12
wc(Sn(s)n (0) =

galaxy-lensing
lensing-lensing

shot noise

22 Alexandre Boucaud | Soutenance de these 27 Septembre 2013



Number density cross-correlation

We define the number density cross-correlation power spectrum

([n1($) — 1] [n2(6 + @) — 7o) _ / P 2 pa2)

n1 Ny (2m)?

g "N
P10 =42 ) )R i) i

12
wc(sn(s)n (0) =

Intrinsic clustering
e The respective contributions of these phenomena
9 y 9 to the cross-correlation power spectrum

lensing-lensing " only depend on the redshift distribution
of populations 1 and 2

shot noise
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Tomographic distribution for this work

LSST
i-mag < 27.5

23

redshift distribution

simple
tomographic redshift
distribution with non
overlapping redshift bins

average number density
of galaxies

n =45 arcmin=
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Tomographic distribution for this work

A [Mpe]
s v v 10 '
wl galaxy-lensing
lensing-lensing
06
:'i 107
= N ; 1w
1
02 m*
ng 0 .l(l' 10¢ 10!
IRl - 30 [
redshift distribution cross-correlation signal
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Fisher matrix formalism

The Fisher matrix for the power spectrum P, reads:

3P(w)(£) B 8P(’i/j/)(€)
04,6 T 7 Y zjzlj (g) Xapﬂ

1,503’

where the associated Gaussian covariance matrix is:

Cijiey () = Cov | PLP(0), PY (@)
B 1
- 20AY fopy

PO PET (@) + P (0PI (0

pich Alexandre Boucaud | Soutenance de these 27 Septembre 2013



Covariance of magnification signal

1
- 20AL fupy,

Cijis (0) PO PID(0) + PLY (0)?
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Covariance of magnification signal

_ 1 () (57) G N2
Cuiis) = S ynr PO P () +[PE (0
2,=0.3 w " w
z.=1.1 10° b

galaxy-lensing

lensing-lensing

{

10! 10° 10*
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Covariance of magnification signal

7 1 @ ) o) (i) (2]
Ciiis(!) = gyary— (P2 QPP + PP 02
Zz.=0.3 10° A Mpe 10

[

1°

intrinsic clustering

galaxy-lensing

lensing-lensing

shot noise I

)-8 .
10! 10¢ 10}
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Covariance of magnification signal

7 1 @ ) o) (i) / )2
Cusis(0) = 5age (P (0)PE7) (0) + PE (0
Zz.=0.3 10” A Mpc] 10'

[

10° k-

intrinsic clustering

galaxy-lensing

lensing-lensing """ Shear is not limited by
instrinsic clustering !

10 10¢ 10°
{

shot noise 10
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Cosmological constraints on w,-w,

dark energy equation-of-state

Prr = W(2) Pog

| | we) = wo twe [
S ool R i . ] w(z) =w Wy,
: o

DAF

u

<

o

Constraints for 5 tomographic bins
with galaxy-magnification
cross-correlations only
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Cosmological constraints on w,-w

w

a

dark energy equation-of-state

Prr = W(2) Pog

w(z)zwoJrfwa(1JZr )

DAF

<

Figure of Merit:

0t shear * : magnification 66
1.3 1.2 1.1 1.0 0.0 ~0.8 0.7 0.6 shear 250

o

Constraints for 5 tomographic bins
with galaxy-magnification * from LSST Science Book with 10
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Partial conclusions

Cosmic number magnification

o is less powerful than cosmic shear for constraining

cosmological parameters, passed the shot noise regime
(see also Duncan et al. 2013)

o can be used at high-redshifts where the ellipticity cannot be
measured

o is able to break the mass-sheet degeneracy
(see e.g. Umetsu et al. 2011 for galaxy cluster mass measurements)

o can help measure the dust

o provides a noisy estimator of the galaxy bias using
tomography

28 Alexandre Boucaud | Soutenance de these 27 Septembre 2013



LSST design and requirements

o LSST will observe every night for 10 years

o The dedicated auxiliary telescope will perform a
spectrophotometric follow-up of « standardized » field stars
to retrieve the atmospheric variations during the night

o The goal is to achieve a photometric calibration to 1%

LSST requirements (Science Requirement Document)

Photometric repeatability should achieve
a precision of 5 mmag

Zero-point stability across the sky < 10 mmag
Band-to-band calibration errors <5 mmag
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Photometric calibration




LSST photometric calibration

Photometric calibration is the process of establishing a set of
standard bandpasses and zero-points to ensure the uniformity
of magnitude measurements within a survey area

mit? = —2.5log,, {/ E,(\) ¢t (N) dA

l t i

standard magnitude stellar flux standard bandpass

o Need for a realistic long term simulation of the evolution of
atmospheric constituents at Cerro Pachon

reproduce non photometric conditions
quantify the impact of these constituents on the photometry

o Need impact of bandpass shape errors
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LSST optical bandpasses
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LSST optical bandpasses

bandpass = filter + CCD quantum efficiency + optics + standard atmosphere
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Main atmospheric absorbers

oc

o
o

Atmospheric transmission
=

S
o

Standard atmosphere

300 100 500 600 700 800 900 1000 1100
Wavelength [nm]

0

33 Alexandre Boucaud | Soutenance de these 27 Septembre 2013



Main atmospheric absorbers
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Main atmospheric absorbers
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Main atmospheric absorbers
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Main atmospheric absorbers
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Aerosols size distribution

Bi-modal lognormal distribution of aerosol particle sizes
following the rural model of Shettle and Fenn (1979)
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Aerosol data

AERONET network
measurement of aerosol
optical depth in 5 wavelength
using a sun photometer

_ Drawbacks:
e R - on average few data points per day
from CASLEO station, Argentina - only daily data (sun-photometers)
1.5 years of data - continuously changing airmass

= 200 km from LSST
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Aerosol extinction spectrum
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Auxiliary telescope follow up

O

O

O

Spectrophotometry on main sequence stars

Assumes a slow variation of the atmospheric properties

during the night

Uses template fitting to derive the atmospheric components

coefficients

Needs an observing strategy to maximize the efficiency
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Aerosols — bandpass shape errors

Magnitude deviation between a bandpass without aerosols and
the same bandpass with the measured aerosol quantity
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Aerosols — induced errors

Histograms of the bandpass shape error due to aerosols
over 500 days at CASLEO

_ LSST
for a red dwarf l requirements for a blue dwarf
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Conclusions on the aerosols

o Aerosol optical depth data gathered here is useful for
constraining realistic long-term LSST simulations

o The observed wavelength dependence of aerosol spectral
index is a concern for LSST current calibration strategy

o We need more data on the temporal variation and spatial
distribution of aerosol populations to secure the most
ambitiuous scientific targets and/or try to find new ways to
handle those issues.

- optimization of auxiliary telescope strategy
- external instruments (satellite, LIDAR)
- self-calibration (long delayed)
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Chart of the atmosphere simulator

Input
Pointing Atmosphere
sequence 8 Sequence
1D
date modtranSequence.py

coordinates
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Chart of the atmosphere simulator
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Chart of the atmosphere simulator
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Chart of the atmosphere simulator

Input .
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POIntlng ) Atmosphere atmospheric constituent
sequence Sequence SESIEISIE
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Chart of the atmosphere simulator

Delivered to the collaboration

Input

Pointing Atmosphere atmospheric constituent
sequence Sequence coefficients
1D
date | modtranSequence.py '
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Simulation of atmospheric components

1. Data selection — long time-series (~ 10 years)
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Simulation of atmospheric components

Nine years of ozone data (TOMS satellite)

350

350}

230F -

¥ . '

= 3201 ., E " £ o o Kb

E I . . """ . . e %7 i ! . - : ;“

o s ' o’ e CRL L~ ¥ ¥ 3 Ao -

7 o o 33 . cad S Sl

- T, N N °Q « WA " oes M * N Y e o ] Ta b . %
= -.)0 N ..-".. o .‘:.. '.}“;*" .(_ :f;. -I:( .‘..- . ('\L.‘-" S of .. i ’..“.-_, N . st L ‘!.."

_tE . b R 3. s 7. L b $ 'f’" e . e, )

a 3 N T ¥ S S s, A Ok L~ N o
St h . s, € . *RND it . «® e i ., sl o ' -t .

o 3 G Ve A .‘.‘\‘.‘,'*. AL S ‘j{. LAt PR T ‘-“"Z»?TL R

[~ . '\ a . A ¢ [y '. '\" 3 '_ N '} R O \‘ N T . ‘ ' ."{.‘f P -_‘ ”

7 EER T RREL AR T £ 70 R TP T X T P NER A N A

= 2600 M, T L R B ) 44 ~ v : _;( ’ \‘/. A e 4‘ . LN —

- RPN DA Ko -4 . o v . - F .1 " ¥ YR ol .

o k‘\ VA L TRt %3 2 ”y L ue 5.“ ‘5’:%‘ 0Kl *:.H .

el LA He £ A . ' . ol Y, ~
Sk IRE AT R R T E R
N Fog o™ . - S ., " R ‘e
- V. 1 ., " o -+
. .® A .

200

1997 19098 1999 2000 2001 2002 2003 3001 2005 3006
date [vears]

) Alexandre Boucaud | Soutenance de these 27 Septembre 2013



Simulation of atmospheric components

42
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Simulation of atmospheric components

Eleven years of aerosol data (AERONET Hawaii)
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Simulation of atmospheric components

1. Data selection — long time-series (~ 10 years)

o Extraction of the seasonal variations
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Simulation of atmospheric components

log(pwv) [mm]
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Simulation of atmospheric components

44

Data selection — long time-series (~ 10 years)
Extraction of the seasonal variations

Fourier analysis of the residual excursions and
random simulated data reconstruction
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Simulation of atmospheric components

Comparison between original and simulated aerosol time-series
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Simulation of atmospheric components

1. Data selection — long time-series (~ 10 years)
2. Extraction of the seasonal variations

3. Fourier analysis of the residual excursions and
random simulated data reconstruction

4. Checks
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Simulation of atmospheric components

Histograms of 9 simulated aerosols 675 nm time-series vs. original
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Partial conclusions

o We have a working algorithm that realistically reproduces the
long-term behavior of the main atmospheric constituents
above Cerro Pachon

o We have determined the impact of these constituents on LSST
photometry and shown that they can threaten its ambitious
requirements if not properly monitored

o We proposed solutions to deal with ozone and water vapor
- daily satellite monitoring
- aradiometer co-pointed with the LSST

o We look forward to the auxiliary telescope simulation results
for the reconstruction of aerosols during the night using
realistic variations produced by our algorithm
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General conclusions and perspectives

o |In this thesis work | have:

studied the cosmic magnification probe and forecast its ability to
constrain dark energy properties in the context of a deep wide-
field imaging survey

developed an algorithm that simulates the long term variations of
the main atmospheric constituents above Cerro Pachén, Chile

determined the respective impact of these constituents on the
photometry as well as the photometric calibration residuals
o ...and | would like to

determine the photometric calibration residuals after the auxiliary
telescope correction and propagate them into the calibration
pipeline

derive the impact of these magnitude residuals on the cosmic
magnification signal
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Sackup slides




Mass-sheet degeneracy

The shear is a non isotropic distortion

Measurements of averaged shear inform on the
iIso-contours of the mass distribution

Deconvolution methods to recover the convergence from
the shear thus end up with

kx(0) = (1 —X) + Ak(0)

However, magnification measures the absolute value of the
magnification factor, which determines the constant

_ (0)
:LD\(H) T )\2




Signal-to-noise ratio

Most of the signal comes from the non-linear scales
NEED N-BODY SIMULATIONS

A [Mpe] | A [Mpe]
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linear matter ps non-linear matter ps
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Baseline atmospheric model

SE™ (alt, az,t, \) = Tyray exp (—2z(alt) Taer(alt, az,t, \))
X (1.0 — Crol (BP(t)/BPg) Amois(z(alt), )
X (1.0 — v/ Cimot BP(t)/BPg Amola(z(alt), \))
X (1.0 — Co, Ao, (2(alt), N))
X (1.0 — Cy,o(alt,az,t) An,o0(z(alt), N)) .
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Baseline atmospheric model

SE™ (alt, az,t, \) = Tyray exp (—2z(alt) Taer(alt, az,t, \))
X (1.0 — Crol (BP(t)/BPg) Amois(z(alt), )
A

X (1.0 — v/Chmol BP(t) /BPg Aot (2(alt), \))
(1 0 003 AO3( (alt), )\))
x (1.0

alt, az,t) An,o(2(alt), \)) .

water vapor
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Baseline atmospheric model

SE™ (alt, az,t, \) = Tyray exp (—2z(alt) Taer(alt, az,t, \))
X (1.0 — Crol (BP(t)/BPg) Amois(z(alt), )
1.0 — \/Ciot BP(t)/BPg Amoia(2(alt), \))

X (
x (1.0 ~(Co Ao, (2(alt), ))
x (1.0 @ alt,az,t) An,o(z(alt),\)) .

water vapor

ozone
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Baseline atmospheric model

SE™(alt, az,t, \) = Tyray exp (—z(alt) Taer(alt, az,t, \))

water vapor
ozone

molecules
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Baseline atmospheric model

SE™(alt, az,t,\) = Tyray exp (—z(alt '@.o az,t,\))

water vapor
ozone

molecules

aerosols optical depth
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Baseline atmospheric model

SE™(alt, az,t, \) =Tyray exp (—z(alt '@.o az,t,\))

water vapor
ozone

molecules

aerosols optical depth
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Baseline atmospheric model

SE™ (alt, az,t,\) =(Tyray)exp (—z(alt '@Qo az,t,\))

water vapor
ozone

molecules

aerosols optical depth

5 parameters to describe the
atmospheric extinction

—
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