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Observational cosmology
using supernove of type la
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@ Friedmann equation:

Q.. =2 Q=1+kc*Hz?=1-Q,

® Cosmological probes il A I
i '_____-:"’- B ek + WP

. ; B Fianck+WP+BAO
¢ Angular correlations: CMB, e

¢ Large scale structures (clusters, lensing)

¢ Expansion history:
® Concordance:

* Q. .~ 1.00+0.02
» Euclidian Universe (k=0)
¢ Q,~0.70 £ 0.03 (w =-1.03 £ 0.06)
» Dark energy dominated ] _ | _
Q. ~0.30 +0.03 > Qbaryon ~ 0.04 T EEm LA — — WMAPS :
— 1.8 ¢ s =t L O — .l"'l'.-'r.u|".~'.+'.“J|'-"+L|Ln‘5|_‘
» Cold Dark Matter Lo _ Planck+WP —- Planck+WP+BAD
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Supernove la a st%d rd candles

® Thermonuclear SN
¢ Explosion of a C+O WD

2

Dispersion around
peak luminosity: 0.41

Absolute B Mag

® Cosmological standard candles

* Mgmax =-19.3+ 04
» Up to z~1.5 (-9 Gyr, 11 Gpc)

10 20
Rest Frame Phase

Dispersion around
peak luminosity: 0.15

» Intrinsic vs. extrinsic variability

¢ Empirical photometric
standardization (SALT/MLCS)
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SN la Hu%lediagra il

580 SNe la from Union 2.1 (Suzuki et al. 2011)

27, 9, =0.73 (ACDM)
0, Q,=0.00 (EdS)

: L,H,* degeneracy

: cosmological
parameters

1 [mag]

e Q,, Q. w, etc.

¢ L,H,* “nuisance parameter”
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Wi - ¢ Different search strategies

®mportance of a low-z sample

¢ Anchor the Hubble diagram: lever arm low vs. high z, best at z ~ 0.05

¢ SN la standardization: sub-classification, intrinsic colors, spectral
properties, environment impact, explosion physics, etc.

. : flux calibration, spectral templates, K- and S-

corrections, redshift evolution, etc.
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The Nearbyﬁ ernoy

@ Key dates

¢ 1998/99: discovery w/ SNe la of
the accelerated expansion of the
Universe

¢ 2000: project kick-off
¢ 2001: France-LBL MoU =
¢ 2004: SNIFS on the sky
¢ 2004-2009+: SNf-I
¢ 2010-2015: SNf-II

4y 3 v Astrophysik
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The Nearby Supernova Factory

SN la search programL Spectroscopic follow-up 1
¢ Untargeted wide-field ¢ From -15 to +45 days
survey every 2-3 d.
¢ Within the Hubble flow » Dedicated & integrated

003 0.08 instrument for
» VU5 <z <V, homogeneous observations

R : , . :
Various search programs + Mid-resolution optical

» 05-08: Palomar-QUEST spectra

» 10—: Palomar Transient ¢ Photometric accuracy
Factory

> 12-: La Silla-QUEST > Integral field

» Public sources SpeCtrOgraphy
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SuperNova IntegAchMkd S}He ri\MMaph

® Micro-lens array IFS ® Photometric channel
¢ Tiger-like (Oasis, Sauron) ¢ Target acquisition
» Designed and built in Lyon + Guiding

» Spectro-phot tri | . : .
pectro=pnotometric goals ¢ Atmospheric extinction

¢ Spatial stage

» 15x15 spx of 043
» 6"'4x6"4 field of view

¢ BVugriz imagery

¢ Spectral stage

» 2 spectroscopic channels NG )

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

¢ Calibration unit

R
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SNIFS on UHEQ% tele c:%ﬁ“e

® Permanently mounted on UH88 since '04 (900+ nights!)

® Remote semi-automatic operations

¢ Queue scheduling, virtual control room, Al support

Yannick Copin



Part Il

Integral field spectrophotometry
with the
SuperNova Integral Field Spectrograph
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3D spectro-photometry

®The goal is to reach high spectro-photometric
accuracy on the whole SN time-series

¢ ...notwithstanding a complex instrument and data-
reduction flow

¢ ...despite the moon, clouds, atmosphere, etc. ‘
® Common in photometry, but e R

new In transient spectroscopy

¢ Cube reconstruction & calibration
¢ Point source extraction: 3D PSF photometry

= : atmospheric extinction modeling,
autocalibration

Berlin, 2015/03/09 Yannick Copin |
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Optical deb 1J!pf SNIFS

Focal plan

Spectrograph
(0"43/spx) entry

CCD Cube
(225 spectra) (X,Y,A)
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Micro-lens array
(15x15)

(Fig. C. Buton)
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Point source
extraction

Flux calibration

Spectrograph
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3D PSF

®FoV for
accurate aperture
photometry and sky
subtraction

C. Buton (PhD 2009)
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® Standard Kolmogorov
profile is not adapted — R S,

¢

Berlin, 2015/03/09 Yannick Copin 14



@)
~t
—

3D PSF ﬂ> otom

O constrained

¢ Radialxazimuthal
factorization

¢ Trained on high-S/N
standard stars

o
b
]
+ 10
e
2
i

¢ 2 shape parameters:
“Seeing” & “focus/guiding”

¢ Chromatic modeling: ADR,
seeing(A)

¢ Bayesian priors

Berlin, 2015/03/09 Yannick Copin 15



, Htim

Galaxy bac kgML"L

t, + 255d
PSF photometry applies to i o -
point sources o -
structured background: SNigalaxy 3 Galaxy |
standard stars or SNe without | 4
significant host galaxy | : =
EESN. " Residuals

For SNe with galaxy: diffuse background subtraction

¢ Construction of a galaxy model from 3D deconvolution

» Use of reference exposures (once the SN has vanished)

» Registration and PSF matching (seeing)
> Bongard+11
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Flux ca“bh' tion| I !

Observed spectrum at
airmass X [ADU]

e

Buton+13

Intrinsit flux Flux solution Atmospheric extinction
[erg/s/cm?/A] [erg/s/cm? A / ADU] [mag/airmass]

®Photometric night

¢ Atmospheric transmission is stable during night:

¢ “Classical” flux calibration scheme applies

» Derive K(A) and C(A) from standard star observations

» Optimal use of all standard stars of the night (y?) + bayesian
priors

Berlin, 2015/03/09 Yannick Copin 17



ingttion modeling

Buton+13

Atmospheric ext

Extinction is split into physical
K (1)=P Keayiign(1) +10, Ko, (A)+ T (/1 um) *+K s (1., 2)

median £ nMAD
median Rayleigh
median ozone
median aerosols
Boulade 1987
Béland 1988
Krisciunas 1987
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Atmospheric modeling;:
pyExtinction (ascl:1403.002)

6000 7000 8000
wavelength [A]

Berlin, 2015/03/09 Yannick Copin 18



Non-photometri

In night,
atmospheric extinction is
because of clouds:

using repeated
observations of stars in P-channel
Clouds are : OT(A) = 8T
Effective atmospheric transmission

Requires at least one photometric
observation as reference

Berlin, 2015/03/09 Yannick Copin
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The flux calibration proce

Photometric night P'
(reference for stars(N))

Non-photometric night N

Stars(P') Stars(N) Source(N)
(038, xxx) (038, xxx) (038, xxx)
L\ w

Nightly telluric correction
[comp_telluric]

plan multi std

‘

Nightly extinction
[comp_extinction]

plan_multi std
Nightly flux solution

[comp_calibration]

Muilti-Filter Ratios

Effective extinction
[adjust_extinction]

plan_£flux sclution

Effective flux solution
[rescale_flux]

Flux calibration
[apply:_flux]

plan_£flux_calibration

Telluric comection
fapply_telluric]

— —

extinction(P")
{625,600))
\"“a___

\

”/\

- i . -~
! extinction{N) \
\ (625,610) " /

r~— -

< LY
; unscaled
| fiuxSol(N) |
(630,610)

“MFRINPY) >

fluxSol(N)
(630,700)

Source(N)
(640,xxx)

extinction{source(N))
(825,700)

telluric(N)
(620,600)

Source(N)
(666, xxx)

SNIFS multi-standard flux calibration flow

extmctl on{P)

\\(625 600)

Photometric night P
(reference for source(N))

Source(P) Stars(P) //;/t;ndard star
(038, xxx) (038, xxx) reference tables
T =y \
/ telluric(P) \
(620, 600/
——Fc‘ ~
=g Y

\ \ /
by !
% i | &

| fSource(P)

I (640, xxx)
————— I}
Ny

Source(P)
| (666, xxx)




Photometric acc Aac : stanﬂandi‘stars

® From comparison to reference
flux tables
+ UBVRI: (RMS)

» P: 21 mmag, NP: 28 mmag
» nMAD: 18 mmag

¢ B-V: 10 mmag (RMS)
® A lower bound

EG131 spectra [370/370]

Flux [erg/s/cm2/A]

6000 7000 8000 9000

’ ngh flux reglme (V<14) ’ — o — 6000 ?'O'DIO 8000 900.0
¢ No galaxy subtraction

L 2 Standard star netWOI"k 3 4000 ‘ 6000 7000 8000 9000

¢ SNIFS Calibration Apparatus

Berlin, 2015/03/09 Yannick Copin 21



Photometric M:Cl“acy: SN la

® From multi-color light
curve fit (SALT2)

¢ Synthetic photometry
¢ BVR: 60 mmag (xRMS)
¢ B-V: 43 mmag

Magnitudes vs. Salt residuals (SNF-0200-BEDELL) - 2003 observations from 159 SNe
- 140

¢

» Low flux measurements
(V>16), galaxy subtraction

» But highly sensitive to

Berlin, 2015/03/09 Yannick Copin 22



Data acquisition & production

AGN, Var*, Roid
(140) SN 1I/lln
10% (277)
SN Ib/c 19%
(74)

5% 5000 on followed SNe
8800 on std stars

, Followed
» (351)
25%

2370 h on followed SNe (others: 600 h)
i 585 h on std stars

(347)
SN untyped 24%

70 750000+ raw files, >10 Tio

5%

Target flow

Total for all productions: >60 Tio

Runs: SNfactory spectred Exposures: SNfactory spectred science
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Cumulated nb of run

2006 2007 2009 2010 2012
Date

2006 2007 2008 2010 2011 2013 18
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Science from the
Nearby Supernova Factory

Yannick Copin
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Time series & synth hc phc ry

Pereira+13

®SN2011fe

¢ The closest SN in the last
25 years (M101, 6.4 Mpc)

¢ An archetypal SN la

Phase Relative to B Maximum (days)
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/74.1
77.1
79.1
82.1
87.1
89.1
97.1

4000 5000 6000 7000 8000 9000 10000
Wavelength (A)

RMS (mag)
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Modified Julian Date (+55800)
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le—12 SN 2011fe
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SNfactory S laligﬁt C

0.10

0.09

BSNf

0.08

0.07

0.06

VSNf
Redshift

o
(=
0y

0.04

0.03

RSNf

0.02

0.01

Minimal galaxy subtraction requirements

Berlin, 2015/03/09 Yannick Copin




SNfactory ma n s&ience S le

217 SNe with more than 5 epochs, 3051 spectra

156 ° ” SNe (2395 spectra)
61" ” SNe (656), actually not well described by SALT2

metaAHERN: 217 SNe, 3051 spectra SN Bad siibset (6

B Good subset (156)

Median: 0.056 50 Median: -3.38 d A Median: 13 spectra

40

800 0.02 0.04 0.06 0.08 0.10 0.12 -5 0 5 10 15 20 5 B a5 20
Redshift SALT2 phase at 1st spec. [d] # of spectra
20

L
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W -. :‘* = -y

O\ 2011fe

SALT2 phase at 1st spec. [d]

006 :
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The largest homogeneous
nearby sample

The only spectro-
photometric time-series
sample
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“Traditional” Hubble diam

SNfactory nearby Hubble diagram (2015/01/20)
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Raw peak B magnitudes
® Corrected mags (155 SNe, RMS 0.150)
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RMS 0.150 +- 0.009

Residuals [mag]
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Redshift
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Spectral a élytsis at ! «

Absorption ratio

=
Y

Ca Il H&K

Sill A4131

154
N

Flux [erg/s/cm? /A]

[
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Fe A4800

\/

Flux ratio

. Feature velocity
o
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Rest-frame wavelength [A]

N. Chotard (PhD 2011)
Chotarc§1+15
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Spectral inmcaﬂgrs

®SN la variabilities

¢ Intrinsic: progenitor &
explosion physics

'S : host extinction

® Some indicators are
Insensitive to extinction

Mean SN la spectrum and intrinsic variability

4000 4500 5000 5500 6000
Rest frame wavelength [A]

Berlin, 2015/03/09
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& Co.

® Chotard+11: extinction law
and intrinsic color

®Spectral standardization:
Mg = M0 - axx, + Bxc + yxX + ...
¢ Bailey+09: R(A642/A443)

¢ Chotard+15: “classical”
indicators

® Sub-classification

® Other spectral studies

¢ Gaussian Processes (Kim+13),
derivative space (Sasdelli+15),
twin studies, NUV studies, etc.

Yannick Copin 32



SN la h&t lstu ies

Childress+2013b

UV+Opt+IR o

: (s

integrated o

photometry 5

Long-slit spectro. on LS

host core . "
SNf

For SNf: —

Childress+2013a,b o svss

|—— SNf

The “mass step” log(M, /M)
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]

+39.39°

Y(Ha)lerg.s™ kpe ]

+39.38°

S(Ha)[erg.s™ kpe

e Sazaee  TEEase o ' o ~1.0-0.50.0 0.5 1.0 15
RA (deg) kpc

238

Data — stellar pop.
Gas Lines

Use SNIFS FoV to probe
| 3 | of SN (~1 kpc)

[tfau]' Wamengt?e@n D=4000 1e_fymse‘1:{a NI & [SII] SN su btraction
Full time series cube merging

ULySS spectrum modeling

13680 3710 3740 3770 3750 3900 4050 6600 6750 & components
Wavelength [A]
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SN properties vs kocaJI environment

@Y, = current star formation

Locally passive Locally star—forming R i gau I t + 2 O 1 3

within 1 kpc
¢ A proxy for progenitor age
¢ SNe lae = locally passive

¢ SNe laa =

®Fast SNe are las

¢ But the opposite is not true

® Mild color dependency
¢ As expected, but not prev. seen

® Over-luminous mode in lag

37.0 37.5 38.0 38.5 39.0 395 40.0 10 5 0 5 10
) Number of SNe L 4 AMBC = 0.094 i 0.031

log(Xy, lergs ! kpe T 1)
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| °
The “mass step” from : local perspective
Rigault+2013
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Local studies: Sl\xé I%xe vs. lact

SNe lag from passive

- 4
[J
—

from star forming

environments environments

=
population
¢ Poorly standardized

» Requires intrinsic dispersion

» No simple correction!
¢ Redshift evolution

> : Aw~0.06

Berlin, 2015/03/09 Yannick Cd

o population
» No intrinsic dispersion

¢ Reduced Hubble residuals

> GSALTZ = 0.15 — 0.11

» A better standard candle

A  SNf step (This Work)
@ Binned z
— Toy model

1.0
Redshift (z)



p(Iae)

100% 66%  33% 0%

4 FUV detection <2¢

®FUV flux (GALEX) for local SF
[> FUV detection >2a

‘ O n C O n St itu t i O n Bold edge : passive host
sample (Hicken+09)

¢ AMgc = 0.094 + 0.025 (combined)
O w/ MLCS2k2
o AMyc = 0.155 £ 0.041

¢ Cepheid-calibrated SNe are in SF-
galaxies

¢ Hubble-flow SNe are in mixed
environments
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e

+ No more tension between Planck
and SHOES (Riess+11)

Berlin, 2015/03/09 Yannicl ' | 70 75
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SNfactory scie#\cwpublic Hu\é

® Case studies @ Sample analyzes
¢ SN2005gj and CSM-SNe ¢ Spectral standardization
(Aldering+06) (Bailey+09)

¢ SN2006D and C-signatures ¢ Color law (Chotard+11)

(Thomas+07, 11) ¢ Gaussian Processes (Kim+13,14)

¢ SN2007if and super- ¢ Hosts studies (Childress+13a, b)
Chandrasekhar SNe . . .
(Scalzo+10, 12, 14 ¢ Anisotropies (Feindt+13)
Childress+11) ¢ K-correction bias and dispersion
¢ Super-normal SN2011fe (Saunders+14)
(Ropke+12, Pereira+13) ¢ More to come

Next major publications: 1. photometry release,
2. cosmology analysis, 3. time series publication
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ConuluxsliH)hs it

®Integrated, robust, science- ® Case for 3D PSF/photometry
focused instruments rock

¢ Point-source spectro-
@ Nearby SN search is difficult photometry, crowded-field IFS,
data mining in large IFSs to

SNIFS tly SN-starved
* was mostly ST-starve come (Muse/VLT, eELT, JWST)

¢ A 1000+ SN time series sample will . .
be hard to get ®Flux calibration and

3D spectro-photometry, it atmospheric extinction

works! ¢ The principal (acknowledged)

systematic error in current
(SNLS, SDSS) photometric

, , surveys, and future ones (DES,
¢ Seems like less precise than

LSST
standard photometry at 1st... )
. ¢ Auto-calibration, real-time

measurement, physical
calibration

¢ Requires lots of efforts at every
reduction steps (there's many)

¢ But photometry is *
systematic errors are
underestimated

Berlin, 2015/03/09 Yannick Copin 40



3D spectro-phot

Berlin, 2015/03/09
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