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Cosmology for dummies (or instrumentalists)

> 0.=11 kC-1 Q,

components | H 0

(M, A,y,v,...)

e Friedmann equations relate Universe expansion to energy
content

e Cosmological parameters

» Energy density (O and equation of state

()

total

. Atoms Dark
w=P/p of different components 4.6% Energy
o Hot/cold matter, cosmological Dark 72%
constant/vacuum energy, radiations, etc. Matter
» Univers curvature k 23%

o k=0:p=p_ =3HY/81G, euclidian universe

o k=%1:p 2 p_, closed/open universe

TODAY
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Observational cosmology

e Three major cosmological probes

» Angular correlations (CMB, BAO)
» Large structures (clusters, lensing)
» Standard candles (SNe la)
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SN |la Hubble diagram (u vs. z)

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)
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Redshift
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» Redshift z = (A — A,)/A,

o Spectroscopic measurement

Uy = m, — M, =5 log(d,/10pc)
o m; : photometric measurement
o d (z; cosmological parameters)

o M;(SN parameters)
High redshift SNe

o Adjust cosmological parameters

o Hypothesis : SNe are standard
candles

 Adjust M (SN parameters)

* Nuisance parameters
Low redshift SNe
o d (z~0) independent of cosmology

o Are SNe good standard candles ?
e Standardization process
« Derive M (SN parameters)



SNe la, standard candles

e Almost standard candles...

' Dispersio'n around |
peak luminosity: 0.41

» Raw dispersion at max ~40%

» Intrinsic variability

© Progenitor composition
o Ignition conditions

» Extrinsic variability
o Host galaxy extinction . . . . . .
—-10 0 10 20 30 40

o Circum-stellar envelop ? Beskiramehnss

e Empirical calibration

» Color (extinction+intrinsic)
o “Brighter — bluer”

» Stretch (Ni mass)
o “Brighter — slower”

» M (x,,c)=M"—ax +Bc

Absolute B Mag

' Dispersi{':un around
peak luminosity: 0.15

Absolute Corrected (c & x1) B Mag

I | | | I |
-10 0 10 20 30 40

» Dispersion reduced to ~15% Rest Frame Phase
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Cosmic concordance

Supernova Cosmology Project Supernova Cosmology Project
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Cosmic concordance

Supernova Cosmology Project

Amanullah, et al., Ap.J. (2010)
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Need for nearby SNe la

e Nearby SNe are still
required for cosmology
» Lever arm low z/high z

» Systematic errors are
sensitive to nearby sampl

e Importance of spectro-
photometry

» Production of spectral
templates

» Sub-classification
» Intrinsic colors

» Spectral indicators
» Physics of SNe

SNfactory

SNLS 3 yr (Conley et al. 2011)
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“We don't need more SNe,

we need better SNe”
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The Nearby Supernova Factory
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The Nearby Supernova Factory

e SNfactory key dates

» 2000: project kick off

» 2001: France-Berkeley
MoU

» 2004: SNIFS on the sky

» 2005-2008: SNf search
program

» 12/2009 : end of SNf
follow-up

» 2011 : start of SNf-II
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The Nearby Supernova Factory

e |ncrease the local SN la 1. SN search
sample in the Hubble flow » Palomar 1,2 m + Quest II
» 0.03<2z<0.08 » Unbiased
» Unbiased wide field survey 2. Spectro-photometric

e Acquire spectro- follow-up || B
photometric time-series » UH 2,2 m + SNIFS (3D)
» 3D spectrography » Typing and selection

» Highly automated observations » Time tracking
o From -15 to +45 d

3. Analysis
o Every 2-3 days . .
» Extended optical domain > Time-series
o 320 — 1000 nm » Broad-band photometry
o Resolution A/AA ~ 2000 > Spectral indicators
» Effective atmospheric » Host galaxies, etc.

extinction
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QUEST search program
e Palomar-QUEST survey (2004-08)

» Palomar Oschin 1.2 m telescope

» 112 CCD (161 Mpx), 9.4 deg?

» 350-850 deg?/night, 20.5 mag. depth
» 30 000 images, ~50 Gb/night

» 21T coverage

e +1000 candidates in 28 months

YarmEe

Dec [deq]

SN la (380)

SN Ibjc (36)

SN II/lin (177)
SN untyped (67)
SN prabable (40)

SNfactory search: 700 spectred SNe

350 300 250 200 150

100

50

120

105

[{e]
o

]
un

(=1}
(=]

I
n

w
(=]

[
w

(=]

Palomar-Quest coverage



SuperNova Integral Field Spectrograph

e Micro-lens array IFS e High efficiency
» Tiger-like (Oasis, Sauron) » Throughput from scope to CCD
o Designed and built in Lyon o B: 15% and R: 25%
© Spectro-photometric goals » Low operational overhead

e Spatial stage

» 15%15 spx of 0"43

» 6"5%6"5 field of view
e Spectral stage

» 2 spectroscopic channels

o B: 320-520 nm @2.4 A
o R: 510-1000 nm @2.9 A

» 2 2kx4k CCDs

SNfactory y.copin@ipnl.in2p3.fr 13



Optical design of a Tiger-like IFS

Focal plan Spectrograph CCD Cube
(0"43/spx) entry (225 spectra) (X,y,A\)
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SNIFS mechanical design

Spatial stage

Microlens
array

Collimator

Shutter e _.
. - Phutplpetric
E Integrating feagicing-06hs e
CCD ! ! sphere fi
i« Blue channel Red channel
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Guiding and photometric channel

o2 x 4'8x9'6
Photometric channel GUiding channel

o Target acquisition // Field of view field of view
e [UBVRIZ photometry]

e During the spectro
exposure:

» Right : guiding CCD

» Left : multi-filter for effective : | v
atmospheric extinction Filter

Spectro channels
/ field of view

L~
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SNIFS on UH 2.2 m telescope

e Permanently mounted on bent Cassegrain port
» First ~3x%2-nights/week, then complete nights since may 2006
e Remotely semi-automatically operated

» Queue scheduling, virtual control room, Al support
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SNfactory final sample

205 SNe la (median=0.06) s 205 SNe la (median=-2 d)

e 205 SNe with more‘;‘g

1 35
than 5 spectra 30 1 30
25 1 25
» 3310 spectra 20 1 sy
15 1 15
> 16 sp_ectra/SN o |
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Nearby SN samples

SNfactory

50

Nearby supernova samples

0.02

0.03

0.04

SNfalcturr: 176 5I':le
LOSS (Ganeshalingam et al. 10): 128 SNe
Constitution (Hicken et al. 09): 141 SMe
Union {Kowalski et al. 08): 51 SNe

CSP (Folatelli et al. 10): 24 SNe

FIRAL

0.05 0.06 0.07 0.08 0.09 0.10
Redshift
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SNfactory

Elements of spectro-photometry
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Spectro-photometric accuracy

e The goal is to reach percent-level accuracy on the whole
SN timeseries
» ...notwithstanding a complex instrument and data-reduction flow
» ...despite the moon, clouds, atmosphere, etc.

e Rather common in photometry, but still new in SN
spectroscopy
» Cube extraction

» Point source extraction
o Only IFS allows spectro-photometric accuracy
» Modeling of the effective atmospheric transmission

o Beyond 1st-order color corrections
o Including in non-photometric conditions

SNfactory y.copin@ipnl.in2p3.fr
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Cube extraction

e Ad-hoc ray-tracing optical model

» Spectrum positions

4000

» Cross-dispersion profiles

o Optimal extraction

J0Q0

o 1st-order cross-talk correction
o Wavelength pre-calibration

e
o

¥ [px]
S000

] Cross-dispersion profile modeling

Extracted
spectrum

Flux [a.u.]
[ = Pk P
itl.!- [ [=3 u|1

=
)]

0.0 e =

_— ;K-r:'ilsp. profile
—— X-disp. model

1000

a15 -10 -5 il
X-disp. position [px]

SNfactory
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10 15
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Point-source extraction

e PSF photometry

» The FoV (6"5%6"5) is too small
for accurate aperture
photometry and accurate sky
subtraction

PSF radial profile of GD71 (07_253)

= Data

- PSF

- Gaussian

= Moffat
Background

wings

w b core

slice at 4327 A

& ] 10
Elliptical radius [spaxels)

C. Buton (PhD 2009)

SNfactory
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e Semi-empirical model

» Pure Kolmogorov is not enough
» 2 shape parameters
o Seeing & focus/guiding
» Chromatic modeling
o ADR, seeing(\)
e Flux accuracy: 0,7/1,5%




Galaxy background subtraction

e PSF photometry applies to point source without structured
background: stars, SNe without significant host galaxy

e For SNe with galaxy: background subtraction is required

» Use of a reference exposure (= 1 yr after)

o Registration and PSF matching (seeing)
o Diffuse background subtraction

» Structured background-free SN extraction

SN+galaxy Galaxy

SN Residuals

S. Bongard et al. (in prep.)

t, t, + 255d
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Flux calibration — photometric case

e Photometric night : atmosphere is stable during night

» “Classical” flux calibration scheme applies

o Derive atmospheric extinction from standard star observations
o Joint use of all standard stars of the night (x?)

Observed spectrum at airmass z Atmospheric extinctions
[pseudo-ADU] [mag/airmass]
S (;\) é 5
log| ——=|=logC(A)—0.4XzXK(A)—0.4XK (A, Z)
S (A) \
Reference flux Flux solution
[erg/s/cm?/A] [erg/s/cm?/A | pseudo-ADU]

C. Buton (PhD 2009)
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Atmospheric extinction modeling

e Extinction is split in physical components
R<A>:KRayleigh<P’ A>+a03kOB<A>+AKAerosoIs(A’ y>+KTeIIuric<A’ Z>

Atmospheric extinction
= SNIFS extinction
& & CFHT extinction 5. Beland et al., 1988)
= gnedian Rayleigh
0.8} —  nedian 03
median aerosols
— telluric lines
= 0.6}
:
3
g
E 04f
§
k3]
8
§ 0.2¢
0.0} y .
-0. I L I L 1 L 1
6.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

wavelength [A] le4d
C. Buton (PhD 2009), Burke et al. (2010)
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Flux calibration — non-photometric case

e Non-photometric night . atmospheric extinction is not
constant during night (clouds)

» Classical flux calibration scheme does not apply anymore

Observed spectrum at airmass z | | Atmospheric extinction

[pseudo-ADU] [mag/airmass]
S(A) ¢
log| ——|=logC(A)—0.4xzXK(A,t)
S (A) \
Reference flux Flux solution
[erg/s/cmZ/A] [erg/s/cm?/A | pseudo-ADU]

C. Buton (PhD 2009)
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Non-photometric case

e Effective extinction follow-up during
spectroscopic exposure

» Secondary sources within MF

» Differential extinction / reference
photometric night

o Self-calibration
* Hypothesis : clouds are “gray”

» Achromatic variability of extinction
o K(At) = K(A) + AK(t)
» Confirmed at the percent-level
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Spectro-photometric accuracy
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Science results
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SN2008ec time-series

SN2008ec (z=0.016)

SNfactory

Flux + constant

Call SN2008ec

4000 5000 6000
Wavelength [A]
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Broad-band photometry

SN2005el

Flux + constant

05 269
05_291
05_294

05_296_
o5 297
“™o5_299_

o

"Mos_314

"l05_316_

05 316
05_324

4000 5000 6000 7000 8000 9000
Wavelength [A]

SNfactory y.copin@ipnl.it

e Synthetic photometry
» In any band !

o Inter-calibration with other
experiments

» Including rest frame bands
o No more need for K corrections
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Time



VSNf magnitude  BSNf magnitude

RSNf magnitude

SNfactory sample light-curves

189 SNfactory light-curves

Date

Slow start... SNfactory End of References
at full power search
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Light-curve fitting
o SALT2 fitter (B,V,R)

» Minimalist approach to mimic
“classical” photometry

e Parameters : MBmaX, stretch
(x7), color (c)
» Adjustment : ~10% RMS

o 7% core + outliers
o Accuracy ~5% on parameters

e Future developments

» Rest-frame magnitudes
© No more K-correction
» Time-series
o New spectral templates (SALT3)

SNfactory
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data - fit
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SNF20080514-002 time-series

SNf20080514-002 in UGC08472 (z=0.022)
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SNF20080514-002 in UGC8472 (z=0.022)

SNF20080514-002, z=0.022

~

16.5 L\.

17.0 - ug

17.5
o 18.0
1%
£ 18.5

19.0

— BSHf
19.5H — wsnf
EDD‘_ HS-Nf.
MISsINg run
20.5 — | |
==,

Elﬂ - UEEED.WHDH.D o H-D
I T — £
MUS - DDD.HE.UHH.I‘I.—.hﬁ i &
@ n 23.9 by bmd
- 0.0 Du i s e MR S T

= o & & o o 5

NN N N N A MRS RN
*r P P P P P P P

SNfactory y.copin@ipnl.in2p3.fr

37



A B PG5, e B

g i
i s
I  po
'] E: L H
ol 1T — = e T : ] T
a [T z:-—- :-i: b (1] r--:lt ¥ By x-ﬁ e
| ‘e s §u LR e b vy b
f? f‘f 'r_f "‘Q’r fl'f f"#"‘ *F’r FF Jf’f f‘"f 4"" ’? f"ﬂ‘"‘ lFffj f"‘ff "f f"t "5’ 'F".( "f f‘ff f';f"ff;""'{';f{‘r"!
" el pmorieoll 534 £ oG e Foos LaLL S p-d GFE i ol HEd | AR E 200, p o e i -0 p-8 o8l i I--“-.M_ =gait ol ped bm i
wrh . g i
o i v
Pa 3 ::: 1=
ma I a1

&

ns i A
el —— AT ] - - =l - g LA L 1
e e BT e — i S T e
o —t e — L S —— . » - Tt ab RIS
f"fﬁﬂf'*ff'ffff'*fff‘ﬁ f‘ff?“fffffff?f{ffifff f! *'# - f fl'l? f{‘ f“" f" f"’ ff ff f‘F f‘? f"’ fr '-_f fffff?fpfffff'*fFf" 'ﬂ‘" [ " “? ‘1’ & ‘f “! Ll # & f *!f‘ ?"1"“-’¥#‘ ?ff \'*vf "f‘ "’f F““"‘ ‘fﬂ F“ (f#
“‘“—m e =007 e i b P -GS p el il o A U TOT LY 00 pedt BT 41k ped Cotal wﬂ”lﬂmﬂ

e

BB et bt

.:.-:-_"’ﬂ. -

i & e

P P ....-a-:;:.-.

-’J’OJI"F' 4’ ’#f Ll !"0' LI L L "'*‘!"1?"‘{ l'?ﬁ'lfififl‘fd"i‘f #Fifﬂr‘fpifﬁg 4 ¢ dfifl!'ffififff
W, o i il e p -0 el mrﬂ-ﬂl et i T P L3804, g RPN - e i Anind P g P ol IR TIOEL 353, ped 0P
m ' s ' !
I:: I:: NFAY

nap s =
p el _"_it:u._. —] .|||.:._—=-'=..--—.l- gl B e
e Dol € T Mty . By .
e e o — e et
&5 & 53 &3 &5
ATFITIITE FIFIILIS FFFFITIR FEIFTETT  ATAFIIITE AFIRFIIT AIFFAFET
g TGRS0, snB M) g STHOMALILE, 7d e g, SAICELES0Y, 2e8 000 L] s SHGSLEANY st 0} AR L. 5o BT 583, s=dan)
] :: i -,
- wa
i’ "

e -’l,-:-‘_...u..,.... =]
I::II"}T-E::“---“-; —

[} L:' t:_#--ﬁ--_ L
L R meet o o
PRSI T T,“i

SCHE B 3 NE

[

"
) A e -
# 1 PRT D —— bH-E_i -
l :: I --'I-l-l'lh-h-?- p:-,-_. Tw""“-"' S
53 - batollEE: | 5 il 5
k) e e e e e g X e RO
P FDORFLA- 0. 1=l bl . ik ped R irg. T , b8l ALY, ped

g

“rl-u'.:.u-..-n.“-=

T 00} ) s el 0TS

-

- .

AT

r" o-’-" f:' r{ -!f tF r" 0‘}’

PIFFIITSST

Ll o o

L
b T
RAR R KRR,

T

- e

REFE R FEES




Hubble diagram

e “Traditional” light-curve adjustment
» « Brighter—bluer » & « Brighter—slower » (SALT2)
e Synthetic photometry reaches usual precision

» Sub-sample of 58 Sne (Bailey et al. 09)

o Spectra at max (+ 2.5 d)
o No or faint uniform host galaxy (no background subtraction)

39 . . 39 ;
¢ Normal o & Normal

b ® Peculiar yrd ® Peculiar
g 381 m Reddened ‘g 5 381 m  Reddened
[ &) O
+ +
E 3?_ 3 3?_
5 5
2 36 2 36r SALTZ2
@ w e .
U Y s = (mp—-M) + ax, - pc
£ 35 Uncorrected S 351 f ( i pe |
g _0.40 @ c =0.161 mag
5 a=ltimag : = 0.156 ma

341 34+ Grore = U. g
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Latest production: Nebraska

SNfactory nearby Hubble diagram (2010/11/05)
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"HZT (Riess 0B)

"SNLS (Astier 06)
Hamuy et al. (1996)

Essence (Mlknaltls 07) Riess etal. (1996) | |

Jha et al. (2006}
Kowalski et al, (2008)

T Hicken et al. (2009)

X SDSS (KeSS|er 09) Supernova Factory LA Set |7
Holtzman et al. (2009)

Riess et al. (1998) + HZT |

S N fa Cto ry Perimutter et al. (1993)
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e Work in progress a- -
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e Blinded cosmology (D. Rubin)

SNfactory y.copin@ipnl.in2p3.fr 41



SN la host galaxies @ Howeli= . 2009y f """""""""" 5

1.2
e Light-curve correction ey s 5 F
» Stretch, Am15 — Ni mass
» Color — Extinction + color osf _
» o(mag) ~ 0.4 — 0.15 08 *logsSER>_95 :
» Can't seem to go lower % Moo

7 8 9 10 11 12
Log (Host Mass)

e Remaining dispersion? |
» Spectral indicators, standalone SNe la properties correlate

or complementary with host galaxy mass
o e.g. Bailey et al. 09 » “Brighter — bigger”
» Disentangle intrinsic vs. » A 0.08 mag effect on Hubble

extrinsic colors
o e.g. Chotard et al. 11

residuals (Sullivan et al. 10)

» Host mass (presumably)

» Progenitor environment correlates to SFR & metallicity
o Host galaxy studies
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Host galaxy studies in SNfactory

e Corel/integrated properties e Properties af SN location

» M. Childress et al. » M. Rigault

» Photometry » Existence of gradients and/or
o Archives + SNf exposures local structures
o Host mass » Host spectrum from SNIFS

» Spectroscopy

o Archives + long-slits on core
o Host metallicity: gas and stars

SNF20070429-000 [08_129 044 003 17 R]
8 T T T T T T T
|
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Spectral analysis at max

Flux [Erg/em® /s/A]

SNfactory

ectral Features at max

le—15 Typical SN la Sp
T T T T T
Features Wavelengths
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Classical spectral indicators
e EWs competitive with LC e Chotard et al. 2011

quantities (x,, c) Intrinsic correction
+
® InsenSitive tO redder"ng Dispersion in Co|or
o lective: disentangl |
Objective: disentangle Cardelli-like extinction law
Intrinsic vs. extrinsic and
extinction - 25

=175
|||||||| T T T T T T T gy =0.03-0.001

0.6- — i i ]

g p= —0.04 p= (.34 o =000

il = w I SR + A o

::: -18.0} Extrinsic
'J ) I‘-| “T\- ! H

C ozt

0.1r
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0.0r
-18.5}

—oaf . e
.; —_—— _I *
1F 4+_+7¥|—
-19.0 + ’ =_ s
T or W*—
5 W #zq.:
—&r —19.5} 4+
_3— ——
0 5 10 15 20 25 30 35 40 60 80 100 120 140 160
T r ~20.0 : : : : '
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EIT Si EH Ca EWSill4000
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Spectral correlations (Bailey et al. 09)

¢ Phenomenology

» Blind search for correlations
between R(A,/A,) and Ay

» Sample of 58 SNe

o £ 2.5 days around max
o Training / validation split
o R(642/443): p = 0.95

400 500 600 700 800

Wavelength [nm] 0.0
39 | 39 |
o Normal o Normal
g7 ® Peculiar 7 ® Peculiar
538 m Reddened ] 5381 m Reddened ]
O o
- +
w0 37r N wn 37+ Flux T
3 |
% N | g 35 Ratios |
= =
LiH] o @
g 1B = (mp—M) + ox1 - fic G
s 35 7 e 35F .
5 c =0.161 mag 7
034— O-fo?'g=0156 mag - D34_ .
0.00 0.02 0.04 0.06 0.08 0,10 0.00 0,02 0,04 0.06 0,08 0,10
Redshift Redshift

SNfactory Nt ...



Super-Chandrasekhar SNe la

e Ex.: SN 2007if aka — C
SNF20070825-001 AT

» Scalzo et al. 2010 Pin P

» Super-Chandrasekhar SN (with M rawesy
MU +2 d (SN2003fg)

& b d (SN2{MKpez )

SNO03fg, SN06gz, SN09dc)
» Double degenerate merger

o 1% total mass measurement :
M=24%+02M ,M =16201M
» Very faint host galaxy

o Childress et al. 2011

o Metallicity ~below cutoff for SD SNe
(Kobayashi & Nomoto 09)

e Six other DD-WD merger
Candidates in SNf Sample FONHY 4[]1{11’] FE:{IJ {:f:lil'l TH:HI Hnlﬂﬁ 'Eli]'ltm [LLLL]

Rest Frame Wavelength (A)

+5d
+3 d (SN2MMGpz )

\ +74d
VT 410 d(SN2006gz)

Mormalized Flux ( F,)+ Const.

(i A
|I Y I
+110 dl
+ldd
+16d
+24, +25 +28 d
5. +38 d

» From Si |l velocity plateau

(—shell in ejecta)
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Flux + constant

SNF20080514-002 in UGC8472 (z=0.022)

SNf20080514-002 in UGC08472 (z=0.022)

6000
Wavelength [A]

7000

R. C. Thomas et al. 2011 (in prep.)

SNfactory
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SNF20080514-002 in UGC8472 (z=0.022)
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Conclusions & prospects

e SNfactory (2004-2009) e Prospects
» +200 spectro-potometric time- » SNfactory-ll
series, 3300 spectra o Extension over 3 years
o Unmatched sample » New collaboration (Germany, China)
o Last tweaks in data reduction and flux * New search(es) (PTF, La Silla)
calibration e Same follow-up (SNIFS@UH)
» A new era for the SN la o Enlarged sample, earlier phases
understanding © Now in progress
o Greater statistical power, better » Need for a spectro-photometric
control of systematics follow-up of photometric
» Spectro-photometry surveys
o 3D spectrography is essential o PanStarrs, DES, LSST, etc.
o Point source extraction, host galaxy o t Fireball (multi-IFU on VLT)

subtraction
o Atmosphere modeling, self-calibration
o Host properties at SN location
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3D spectro-photometry in few words
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