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Abstract: The cosmological power of Type la Supernovae depends on their ability to determine distances. The astrophysical limitations, like
reddening, local velocity inhomogeneities and intrinsic variations, are a severe impediment for the cosmological applications of these cosmic
explosions. Overcoming these systematic restrictions must be the goal of any future supernova projects.
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The SN Ia Hubble Diagram
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Current surveys

SNLS
» Astier et al. 2006 — 71 distant SNe Ia
* various papers describing spectroscopy (Lidman et al
2006, Hook et al. 2006, Bronder et al. 2008), rise time
(Conley et al. 2006) and individual SNe (Howell et al.
2006)

ESSENCE
* Wood-Vasey et al. 2007 — 60 distant SNe Ia
* Miknaitis et al. 2007 — description of the survey
* Davis et al. 2007 — comparison to exotic dark energy
proposals
* spectroscopy (Matheson et al. 2005, Blondin et al. 2006)
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Cosmology results

SNLS 1% year (Astier et al. 2006)

« 71 distant SNe la
— flat geometrv and combined with BAO results

Q. = 0.271 £ 0.021 (star) £ 0.007 (sys)
w=-1.02 £ 0.09 (star) £ 0.054 (sys)

ESSENCE 3 years (Wood-Vasey et al. 2007)

* 60 distant SNe la
— plus 45 nearby SNe Ia, plus 57 SNe Ia from SNLS 1st
vear
— flat geometry and combined with BAO
w=-1L07 £0.09 (star) £ 0.13 (sys)
Q.= 0.27 £ 0.03
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Vood-Vasey et al. 2007

Systematics table

Table 5. Potential Sources of Systematic Error on the Measurement of w

Source duw/dr Ax _\u- Notes
Phot. errors from astrometric nncertainties of faint objects  1/mag 0.005 mag 0.1005
Bias in differential image photometry 0.5 / mag 0.002 mag 0.001
CCD linearity 1 / mag 0.005 mag 0.005
Photometnic zeropomnt differences m R. [ 2 / mag 0.02 mag 0,04
Zeropoint offset berween low and high = | / mag 0.02 mag 0.02
k-corrections 0.5 / mag (.01 mag 0,005
Filter passband structure 0 / mag 0.001 mag 0
Galactic extinction 1 / mag (.01 mag 0.01
Host-galaxy Ry 0.02 / Ry 0.5 0.01 “rlosz”
Host-galaxy extinetion treatment 0.0 prior choice (.08 different priors
Intrinsic color of SNe [a 3/ mag 0.02 mag 0.06 interacts strongly with prior
Malmquist bias, selection effects 0.7 / mag 0.03 mag 0.02 “olosz”
SN Ia evolution l / mag 0.02 mag 0.02
Hubble bubble 3/ Hogocrive 0.02 .06
Gravitational lensing 1/VN / mag 0.01 mag < 0.001 Holz & Linder (2005)
Grev dust 1 / mag 0.01 mag 0.01
Subtotal w/o extinction+color 0. 0s2
Toral 0.13
Joint ESSENCE+SNLS comparison 0,02 photometric svstem

JolPES¥E N CE + SNLS total

0.13
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Vood-Vasey et al. 2007

Systematics table

Table 5. Potential Sources of Systematic Error on the Measurement of w

Source dw/dr Ar i, Y Notes
Phot. errors from astrometric nncertainties of faint objects  1/mag 0.005 mag 0. 05
Bias m differential image photometryv 0.5 / mag 0.002 mag 0.001
CCD linearicy 1 / mag 0.005 mae 0.005
Photometnic zeropomt differences m R. [ 2 / mag 0.02 mag 0. 04
Zeropoint offset berween low and high |l / mag 0.02 mag 0.02
k-corrections 0.5 / mag 0.01 mag 0,005
Filter passband structure 0 / mag 0.001 mag 0]
Galactic extinerion 1 / mag 0.01 mag 0.01
Host-galaxv Ry 0.02 / By 0.5 0. “rlosz”

Host-galaxy extinetion treatment

Jt‘ii W u'l‘u Hee

different priors

Intrinsic color of SNe [a 3 / mag 0.02 mag 0.06 interacts strongly with prior
Malmquist bias, selection effects 0.7 / mag 0.03 mag 0.02 “glosz”

SN Ia evolution | / mag 0.02 mag 0.02

Hubhble bubble 3/ 0 Hoffocrive 0.02 0.06

Gravitational lensing 1 x_"l._' ‘mag (.01 mag < (0.001 Holz & Linder (2005)

Grev dust 1 / mag 0.01 mag 0.01

Subtotal w/o extinction+color 0,082

Toral 0.13

Joint ESSENCE+SNLS comparison 0,02 photometric svstem
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Pirsa:

The currently most complete
SN la sample

(Riess et al. 2007)

Collected all available distant SNe Ia
* Riess et al. (2004)
« Astier et al. (2006)
* Wood-Vasey et al. (2007)

— 23 SNe Ia with z>1

— total of 182 SNe 1a with z>0.0233
(v=7000 km/s)

lower redshift limit to avoid any local effects

000000



SN Ia Hubble Dlagram
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Analysis

Check for acceleration, 1.e. H(z)
(model independent!)
00— i ) . i f
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Analysis

Reconstruct w(z) from the data following
Huterer & Cooray (2005):

Construct ‘independent’ redshift bins at (.25,
0.70 and 1.35 and compare w(3)

5;. : ! . ' ! L ¥ it N 1_

4 £ strongest prior -
2

E =
_2:—_

i

likelihood

O 0.5 | 1.5 2
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Comparison to other models

Distance modulus

Davis et al. 2007
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Comparison to other models

Davis et al. 2007




Comparison to other models

Davis et al. 2007
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Comparison to other models

Davis et al. 2007

[ flat ACDM
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Comparison to other models

Davis et al. 2007
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Comparison to other models

Davis et al. 2007
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Comparison to other models

Davis et al. 2007
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Astrophysics

To measure cosmological parameters
(distances) you need to

* understand yvour source

* understand what can affect the light on its
path to the observer (‘foregrounds’)

* know vour local environment

irsa: 07090047 Page 20/147
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Systematics

Contamination
Photometry
K-corrections
Malmquist bias
Normalisation
Evolution
Absorption

Local expansion field
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Systematics

Contamination

Photometry measurement
K-corrections

Malmquist bias

Normahlisation source
Evolution
Absorption path

Local expansion field local environment
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Systematics of SNe la

‘%’ £-©eSa ESA-ESQO Working Groups

Feport Mo.3  Fundementsi Cosmoinge Sapmray HHEE

| T|he length of the list
indicates the maturity of the
field. and 1s the result of
more than a decade of

carcful study.
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Systematics

Contamination

Photometry measurement
K-corrections

Malmquist bias

Normalisation source
Evolution
Absorption path

Local expansion field local environment
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Systematics of SNe la

B 5-©8Sa ESA-ESQO Working Groups

Feport Mo.3  Funsements Cosmoinge Sy HHEE

| T]he length of the list
indicates the maturity of the
field. and 1s the result of
more than a decade of

careful study.
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Know your source

Type Ia Supernovae

* complicated source

* interesting physics

* progenitor systems

— determine the global parameters of the

explosions

— fuel - nickel mass = distribution 1n the ejecta
— total mass
— explosion energy
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Supernova classification Thermonuclear

based on maximum light spectroscopy

Pirsa: 07090047
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Supernova classification Thermonuclear
based on maximum light spectroscopy

Absalule Magnitude
=

||||||

Smith et al. 2007
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Supernova classification Thermonuclear
based on maximum light spectroscopy  supernovae
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Distance indicator!
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The “standard model”

He (+H) Explosion energy:
from bmary
companion

Fusion of
c+C, (0, 0+0
:> 4 fF e 1

Density ~ 107 - 10'° g/cm
There is a lot more to this — vou
need to contact vour explosive

Temperature: a few 10° K
theory friends

o afew 1000 km page 341147
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The “standard model”

He (+H) Explosion energy:
from binarv
companion

Fusion of
c+C, (0, 0+0
: ffFe 6

Density ~ 107 - 10!° g/cm
There is a lot more to this — vou

Temperature: afew 10° K need to contact vour explosive
theory friends

v afew 1000 km page 361147



The “standard model”

He (+H) Explosion energy:
from binarv |
companion
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Density ~ 107 - 10'° g/cm
There is a lot more to this — vou

Temperature: a few 10° K need to contact vour explosive
theory friends
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Distance indicator!
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The “standard model”

R i Explosion energy:
from binarv
companion 4

Fusion of
i 30 OO
:> 4 fF e 11

Density ~ 107 - 10'° g/cm
There is a lot more to this — vou

Temperature: a few 10° K need to contact vour explosive
theory friends

Radhr: atfew 1000 km page 391147



The “standard model”

He (+H) Explosion energy:
from binarv .
companion

Fusion of
c+C, (+0, 0+0
: ffFeii

Density ~ 107 - 10!° g/cm
There is a lot more to this — vou

Temperature: a few 10° K need to contact vour explosive
theory friends

R atfew 1000 km page 401147
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Supernova
explosions

Courtesy F. Ropke
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Supernova
explosions

Courtesy F. Ropke
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Courtesy F. Ropke
t=3.0s
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Courtesy F. Ropke
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Thermonuclear Supernova
Explosion Model

composition 10 s
after ignition

(c) Friedrich Ropke, MPA, 2005




Thermonuclear Supernova
Explosion Model

composition 10 s
after ignition
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Thermonuclear Supernova
Explosion Model

composition 10 s
after ignition

(c) Friedrich Ropke, MPA, 2005




There 1s more after 10 seconds ...

Radiation hydrodynamics

* how do the photons escape the supernova
* the observational fun starts here

* (and the explosion calculations stop)

Pirsa: 07090047
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B SN 1998bu
Galaxy MS6

Brightness

May June July Aug
1998
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Absolule Moagnitude (plus offset)
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SN light curve calculations
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Spectral evolution

Monochromatic Luminosity (ergs/s/A)

q

2000 3000 4000 5000 6000 7000 8000 90(
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Are SNe Ia standard candles?

No!

* large variations in
— light curve shapes
— colours
— spectral evolution
— polarimetrv

* some clear outliers
— what 1s a tvpe la supernova?

» differences in physical parameters
— N1 mass

Page 60/147
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Are SNe Ia standard candles?

No!

* large variations in
— light curve shapes
— colours
— spectral evolution
— polarimetrv

* some clear outliers
— what 1s a tvpe la supernova?

» differences in physical parameters
— N1 mass
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The diversity of SNe la

Recent examples have destroyed the
standard candle picture

* SN 2000¢x, SN 2002¢x

Pirsa: 07090047



The diversity of SNe Ia
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The diversity of SNe Ia
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Polarimetry
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Polarimetry
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Polarimetry results

Very small continuum polarisation
—overall shape appears fairly round
Partially strong line polarisation

— distribution of individual elements could be
clumped

—inhomogeneous explosion mechanism?
— dependence on viewing angle?
Possible correlation with light curve shape
parameter (Wang et al. 2007)
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What is a SN Ia"
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Global explosion parameters

Determine the nickel mass in the explosion
from the peak luminosity

* large variations (up to a factor of 10)
Possibly determine
* total mass of the explosion or

* differences distribution of the nickel, 1.e. the
ashes of the explosion or

* differences in the explosion energies

Pirsa: 07090047
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_ I——— Radioactivity

== 1 [sotopes of N1 and

other elements

* conversion of y-
rays and
positrons into
heat and optical
photons
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Bolometric light curves
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N1 masses from light curves
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N1 masses from light curves
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Determining H, from models

Hubble’s law
V [ $574
) i
H(} H{]
Luminosity distance
D, = L
Ni-Co decay Ht

Anitico

: r YN i 3 —EMF _f?*.::br AN
Ey == . Q\{ m IJ Qca € +QC.{}€ e\ Ni.0




H, from the nickel mass

cz A [AmF A7

o —  —go CcZ cz

485 L ak,. ae(t)M .

a: conversion of nickel energy into radiation (L=a¢E,)
£(1): energy deposited in the supernova ejecta

Stritzinger & Leibundgut (2005)
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H, from the nickel mass

cz A7 4mF A7

H

= —=cCZ —€Z cz

0 _
\D L ok, oe(t)M .,
Hubble law

a: conversion of nickel energy into radiation (L=aE,)
£(1): energy deposited in the supernova ejecta

Stritzinger & Leibundgut (2005)
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H, from the nickel mass

cz A [4mF A7

S — —g CZ cz

il \ L ak,. ae(t)M .

Luminosity distance

a: conversion of nickel energy into radiation (L=a¢E,)
£(1): energy deposited in the supernova ejecta

Stritzinger & Leibundgut (2005)
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H, from the nickel mass

cz A7 4mF A7k

0 —  — —~ €z cZ

: D L \ O!E:\,.TI' e ([ )‘Mf\-’?
Arnett’s rule

a: conversion of nickel energy into radiation (L=aE,)
£(1): energy deposited in the supernova ejecta

Stritzinger & Leibundgut (2005)
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H, from the nickel mass

cz 47 47 4t

S — = = —

ol L ak,. \ ae(t)M .

Ni-Co decay

and rise time
a: conversion of nickel energy into radiation (L=a¢E,)
£(1): energy deposited in the supernova ejecta

Stritzinger & Leibundgut (2005)
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H, from the nickel mass

cz A7 AmF A7

o — —p — cZ

I L ok, ae(t)M .

a: conversion of nickel energy into radiation (L=aE,)
£(1): energy deposited in the supernova ejecta

Stritzinger & Leibundgut (2005)
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H, from the nickel mass

cz AnF Ank | 478
HOZ—:C"_' — =CZ _ :Cl
D L ol \ae()M,,

a: conversion of nickel energy into radiation (L=a¢E,)
£(1): energy deposited in the supernova ejecta

Need bolometric flux at maximum F and
the redshift z as observables
Stritzinger & Leibundgut (2005)
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Individual SNe
follow the M-
dependency.
Problem:

Since they have
individual Ni
masses it is not

clear which one to
apply!

irsa: 07090047

H, and the Ni mass
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Determine a lower limit for H,

SN1999aaq |
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Solar Mass of >°Ni




Determine a lower limit for H,

* SN1999aa -
120 / F.dl 1M :

40 R
20 E
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Solar Mass of >°Ni



Determine a lower limit for H,

SN1999aaq -
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Ejecta masses from light curves

v-ray escape depends on the total mass of
the ejecta

v: expansion
velocity

K: Y-Tay
opacity

q: distribution
of nickel

irsa: 07090047 8/14
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Determine a lower limit for H,

* SN1999aaq |
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Ejecta masses from light curves

v-ray escape depends on the total mass of

the ejecta

¥: expansion
velocity

K y-ray
opacity

q: distribution
of nickel

irsa: 07090047
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Determine a lower limit for H,

SN1999aaq |

ol L Lwr L ?
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Ejecta masses from light curves

v-ray escape depends on the total mass of
the ejecta

v: expansion
velocity

K y-ray
opacity

q: distribution
of nickel
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Determine a lower limit for H,

: SN1999aa
B NN A —:

0.2 0.4 0.6 0.8 1.0 1.2 1.4 e s0aner
Solar Mass of >°Ni




Ejecta masses from light curves

v-ray escape depends on the total mass of
the ejecta

-

& > » WV
M,=—T1tv «—
Kq Kq
¥: expansion
velocity

K y-ray | g e T
opacity

q: distribution
of nickel

irsa: 07090047 Page 1
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Ejecta masses

Large range in nickel and ejecta masses
*no ejecta mass at 1.4Mg
 factor of 2 In ejecta masses

* some rather small
differences between
nickel and ejecta
mass

Page 105/147 -
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Type la Supernovae

Individual explosions

irsa: 07090047

* differences in explosion mechanism

— deflagration vs. delaved detonations

J-dimensional structures
— distribution of elements 1n the ejecta
— high velocity material in the ejecta
explosion energies
— different expansion velocities

fuel

— amounts of nickel mass svnthesised
progemto rs
— ¢jecta masses?

Page 106/147



Standard SNe 1a?

What is the definition of a normal SN [a?
* light curves
— alreadv used to normalise the peak luminosity
— second parameter
— SALT2 - Guy et al.
— CMAGIC - Wang et al.
* expansion velocities
— observational coverage (spectroscopv!)
* spectral twins
— observational coverage (spectroscopv!)
Reddening? K-corrections? Local velocity

field? Evolution?

irsa: 07090047 Page 107/147



Know where you are
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All SNe la from
Tonry et al. 2003

Three highest-z
objects removed

Only objects with
0.2<z<0.8
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All SNe Ia from
Tonry et al. 2003

Three highest-z
objects removed

Only objects with
0.2<z<0.8

irsa: 0_7090047 3 ! Page 111/147

Plandis YHii=



The importance of the local sample

Systematics of the local sample could be a
problem (local impurities in the

expansion field, e.g ‘Hubble bubble )

_0-4 T T T T T TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
- Nearby MLCS2k2 SN la +
_06- Simulated ESSENCE sample =
R Hodsy > 8000 km s™' o
= —-1.0 -
L Hubble Flow full sample
-1.2 -1
]
. Hodgy < 7000 km s™'
—-1.4 o
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All SNe Ia from
Tonry et al. 2003

Three highest-z
objects removed

Only objects with
0.2<z<0.8
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w
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Where does the Hubble flow begin?

daugbelle et al. 2007

Peculiar velocities at z=0.01 Peculiar velocities at z=0.02

1087 — 973 km E!-' — 895 — 1126 km E!-:

Peculiar velocities at z=0.03 Peculiar velocities at z=0.04

Pirsa: 0709004




Is the Hubble Bubble real?

Jha et al. (2007) confirm earher results
* Riess et al. (1996), Zehavi et al. (1998)
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Where does the Hubble flow begin?

daugbelle et al. 2007

Peculiar velocities at z=0.01 Peculiar velocities at z=0.02

— 1087 — 973 km E!-' — 895 — 1125 km E!-:

Peculiar velocities at z=0.03 Peculiar velocities at z=0.04

Pirsa: 0709004




The importance of the local sample

Systematics of the local sample could be a
problem (local impurities in the

expansion ﬁeld e.g. ‘Hubble bubble )
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Is the Hubble Bubble real?

Jha et al. (2007) confirm earher results
* Riess et al. (1996), Zehavi et al. (1998)
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SALT color ¢ (mag)

Is the Hubble Bubble real?

Jha et al. (2007) confirm earhier results
* Riess et al. (1996), Zehavi et al. (1998)
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The importance of the local sample

Systematics of the local sample could be a
problem (local impurities in the

expansion field, e.g ‘Hubble bubble )
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SALT color c (mag)

Is the Hubble Bubble real?

Jha et al. (2007) confirm earhier results
* Riess et al. (1996), Zehavi et al. (1998)
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Know what happens on the way

Standard reddening?
* indications from many SNe la that R<3.1
—e.g. Krisciunas et al., Elias-Rosa et al.

* free fit to distant SNe la gives R =2

— Guyv et al., Astier et al.

* Hubble bubble disappears with R, =2
— Conley et al., Wang

Need good physical understanding for this!
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SALT color ¢ (mag)

Is the Hubble Bubble real?

Jha et al. (2007) confirm earhlier results
* Riess et al. (1996), Zehavi et al. (1998)
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Know what happens on the way

Standard reddening?
* indications from many SNe la that R<3.1
—e.g. Krisciunas et al., Ehas-Rosa et al.

* free fit to distant SNe la gives R =2

— Guy et al., Astier et al.

* Hubble bubble disappears with R,=2

— Conley et al., Wang

Need good physical understanding for this!
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SALT color ¢ (mag)

Is the Hubble Bubble real?

Jha et al. (2007) confirm earhier results
* Riess et al. (1996), Zehavi et al. (1998)

QBT T T I T P ST T S RSN E SEN T F O T e E
E . Conley et al. 2007 °

“E . i  Claimed to be a

u.aé _ colour effect
£ i Conley et al. (2007).

“E ..} 7 Wang (2008)

a8 , 3 E use of a non-standard
: g v I reddening law

n.u;l'— s AP = r ¢ I _ ‘removes’ the Hubble
: e ; 1 . I Bubble

RIGPRORIT, L . L . . e g seg e ey b aw voo AP Page 126/147




Know what happens on the way

Standard reddening?
* indications from many SNe la that R<3.1
—e.g. Knisciunas et al.. Elias-Rosa et al.

* free fit to distant SNe la gives R =2

— Guyv et al., Astier et al.

* Hubble bubble disappears with R =2

— Conley et al., Wang

Need good physical understanding for this!
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Know what happens on the way

Standard reddening?
* indications from many SNe la that R<3.1
—e.g. Krisciunas et al., Ellas-Rosa et al.

* free fit to distant SNe la gives R =2

— Guyv et al., Astier et al.

* Hubble bubble disappears with R, =2

— Conley et al., Wang

Need good physical understanding for this!
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Where are we ...
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Where are we ...
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The next steps

At the end of 2008

* about 1000 SNe Ia for cosmology

* constant ® determined to 5%

e accuracy dominated by systematic effects
—reddening. correlations. local field. evolution

Test for variable @

* required accuracy ~2% in individual distances

* can SNe la provide this?
— can the systematics be reduced to this level?

— homogeneous photometrv?
— handle 10000 SNe Ia?
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Requirements

Limit uncertainties to below 2%
* solve the local field problem
* solve reddening problem

* understand evolution
— amongst SNe Ia (e.g. metallicity effects)
— within the sample (e.g. correlations)
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Requirements

Limit uncertainties to below 2%
* solve the local field problem
* solve reddening problem

* understand evolution
— amongst SNe Ia (e.g. metallicity effects)
— within the sample (e.g. correlations)
 understand SN Ia physics
— progenitors
— explosion mechanism(s)
— 3-dimensional
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Requirements

Limit uncertainties to below 2%
* solve the local field problem
* solve reddening problem

* understand evolution
— amongst SNe Ia (e.g. metallicity effects)
— within the sample (e.g. correlations)
 understand SN Ia physics
— progenitors
— explosion mechanism(s)
— 3-dimensional
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Current surveys

SNLS
» Astier et al. 2006 — 71 distant SNe Ia
* various papers describing spectroscopy (Lidman et al
2006, Hook et al. 2006, Bronder et al. 2008), rise time
(Conley et al. 2006) and individual SNe (Howell et al.
2006)

ESSENCE
* Wood-Vasey et al. 2007 — 60 distant SNe Ia
* Miknaitis et al. 2007 — description of the survey
* Davis et al. 2007 — comparison to exotic dark energy
proposals
» spectroscopy (Matheson et al. 2005, Blondin et al. 2006)

irsa: 07090047 Page 147/147



