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Type Ia SN Cosmology after
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The Nobel Prize in Physics 2011

Saul Perlimutter, The Supernova Cosmology Project
Brian P. Schmidt and Adam G. Riess, The High-z Supernova Search Team
"for the discovery of the accelerating expansion of the Universe

through observations of distant supernovae”
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Redshift range

1o bands at each redshift for Am=0.02 mag
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wide lever arm in redshift is key! k
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14 4 «— Gyrs since

Bl o8 ’w . -8 Big Bang
oo A
) . Rodney et al 2012
=2 =0F 00 01 02 0

i

I'1:. 4.— Plot of Hubble residuals (best-fit fat ACDM Rubin et al
{i’t;;_z = 1) SALT2-2 Gaussian approximation to the likelit
each parameter. The points are comparison superngwde t; 2013 (SCP)
0.05 in ¢ are shown. The black points represent SNé& that

Suzuki et al
2012 (SCP)

Union2.1 data-set + 2 = 582 SNe
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Mainly from
space.

Field of view of
Hubble Space
Telescope

~100x smaller
than available
for optical
ground based
surveys.




Is it really Einstein’s A? =
Dark Energy EoS, w=p/p e

QO 588 (147) ™

*A-hypothesis (w=-1)
unchallenged by
observations

*Theoretical understanding

L 9 still lacking

s m—n——— *Expected vacuum energy
A F density, p,,.. has w=-1,but

>10% times off!
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Amanullah et al 2010



SNLS+WMAP7+BAO/DR7+H, Flat:

w=-1.061%0.069
Q, =0269+0015

WMAPT + ...

0.90,-
=0 25! SD5S DRT LAGs v
' 0.8 S05% DR T LRGY

0.04 SDS55 DAY LRGS
— 0.5

~_Non-Flat:
 w=-1.069%0.091
TR0 r=00TS
Q, =-0.002%0.006

0.02

T

—-'-'-'-.

\ .04l - SNLS3
=2 0.50" "y MJ—HHS ShNe—
x y 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 05" .
a, a, a, Q 11——1412i[] %’H
=07259F0.030

Consistent with cosmological constant

Error in w: <5% (stat) w/ flatness, ~7% w/ systematics
Error is <9% (total) when =0 relaxed

ilk =—0.009 £0.008

SNe remain very important for accuracy on w

Now: BAO+Planck w =—1.13") [_sulivan et al. 2011 |




Current & Proposed SNIa Surveys

Amanullah et al
2010 »

N

Near-IR i

Redshift

L.

LSST (2020?): 8-m/? sq.deg

he redsgasbtyrange and numb.
final survey strategy adopted
over existing SN surveys in te
1 g DES (2012-2016):4-m/3 sq.deg
Eeneral, to make a significa
measured distances, which in
(usually more ir
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wavelength ran; EUCLID (2020?):1.2 m/0.5 sq.deg

photometry would Be comple
general, SN surve{s for cosme

Fig. from Hook et al
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Dashed: £1,=0.73
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Harder!
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Stage IV forecast (SN+WL+BAO e
a time-dependent w (the grey bands repr s
Goobar & Leibundgut, 2011), and that fu ﬁﬁiﬁ&{ﬁﬂ
this quantity. (Bwnarulabeetalapted from
Union 2

W =wy + (1-a)w,

Fig. adapted by
Joel Johansson



Challenges for precision tests of
dark energy with SNe Ia:

systematics

This Talk:
e Dimming by dust along line of sight

e Brightness evolution over cosmic time




Reddening and dimming of SNe Ia }d
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a) Dust
Milky Way
Host galaxy interstellar medium
Intergalactic medium?
Circumstellar medium?

b) SN physics

Intrinsic color-brightness relation?

Evidence Iin e.g. Wang et al 2009,
Nordin et al 2011, Foley et al 2012,...

- Connection with host galaxy

properties: stellar mass, star formation Figure from Kevin Krisciunas

rate,metalicity,age,..., not in this talk!

PS: Attenuation by excitation and ionization of atoms negligible in optical and NIR.
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B™* —B.c4+a-x1— Mp =5logy,dr {21, lx,w; z)

—40 -20 I 20 40 80 80 100 120 Measurements on

& .
: Brightness (rest-frame B™**) and smgle Sne
an [ color (c~E(B-V)) at maximum
; Global fit parameters
a L
\ Peak brightness
15 | ' ——— can be color and
B light-curve shape
; corrected to form a
“standard candle.
05 |
9 - B~2.5 (Amanullah et al.
o F¢ ' ] 2010): very unusual

s PR ] (RPN RO (VLR R U L 1 . i
20 -10 0 10 20 30 20 50 20 reddening coefficient

Days since maximum (rest-frame)



eDust Extinction Laws, R,~p-1

Fig. 1. The Milky Way extinction laws by Cardelli (solid black lne) for
three different Ry (2. 3.1 and 4) where the highest values of Rr corme-
spond to the flattest curves. We also show the Fitzpatrick law (dotted
blue) with By = 3.1, the SMC extinction law by Prévot (dashed green)
with By = 3.1 and the starburst extinction law by Calzett (dashed dot-
ted red) with Ry = 4.05. 4, 15 the extinction at wavelength A and dp 15
the visual extinction

g Optical
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eWavelength dependence is ¥
often quite different for SNIa
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But for SN cosmology (so far)
assumed all SNe have same

reddening law...

25



* I

Could (part of) reddening be due to }#

dust in circumstellar medium? oy S IO

Connected to progentor system... e
Single degenerate Double degenerate

CSM more likely in SD
scenario



The case for CSM around SNIa

Spectroscopic evidence for shell of CSM

(~10'-10"¢cm) for 3 near-by SNIa.

Claim: changing sodium absorption due to changing

iomzation of CSM, modulated by SN radiation

| Ca-atoms locked-up in dust grains |

2006X (Patat et al.); E(B-V)=1.42+0.04, R =1 .4840.06 (Wang et al);

1999¢] (Blondin et al.), E(B-V)~1.1, R ~1.§;

20071e (S1mon et al.), E(B-V)=0.27, R, =2.56+(.22

+ see also statistical study in Sternberg et al 2011

Marmoalized Flux
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PTF 11kx: A Type la Supernova with v,

S A
a Symbiotic Nova Progenitor s
B. Dilday,™** D. A. Howell,* S. B. Cenko,? ). M. Silverman,”? P. E. Nugent,™* M. Sullivan,® ﬁﬁ%ﬁ:‘g{ﬁs

5. Ben-Ami,* L. Bildsten,™" M. Bolte,” M. Endl,® A. V. Filippenko,® 0. Gnat,’® A. Horesh,™

E. Hsiao,*** M. M. Kasliwal,'*** D. Kirkman,* K. Maguire,” G. W. Marcy,” K. Moore,” Y. Pan,*
). T. Parrent,** P, Podsiadlowski,® R. M. Quimby,*® A. Sternberg,’” N. Suzuki,® D. R. Tytler,™*
D. Xu,® ]. 5. Bloom,” A. Gal-Yam,® I. M. Hook,® 5. R. Kulkarni,*? N. M. Law,*® E. 0. Ofek,*®
D. Polishook,”™ D. Poznanski®!

There & a consensus that type la supernovae (SNe la) arise from the thermonuclear explosion of white

dwarf stars that accrete matter from a binary companion. However, direct observation of SN |a progenitors
is lacking, and the precise nature of the binary companion remains uncertain. A temporal series of

high-resolution optical spectra of the SN la PTF 11kx reveals a complex circumstellar emdronment that
provides an unprecedentedly detailed view of the progenitor system. Mﬂphﬂtlhdumﬂﬂatm’d
are detected, and the SN ejecta are seen to interact with drcumstellar material starting S8
the explosion. These features are best described by a symbiotic nova progenitor, simi

A. Evans,' C. : oN, K. K. Barry,” M. F Bopg,* R. J. Davis,’ J. J. Draxe,*

S. P S. Eyres,’ Tlﬁum'kn Gl-_Hu. Tlcm J. KravurTer,” D. K. Lynci," J.-U. Ness,” T. ]. O'Bren,*

J. P. Ossorne,” K. L. Pace,” R. J. Rupy," R. W. RusseLL,” G. SCHWARZ," S. STARRFIELD,” AND V. H. Tyne'
Received 2007 September 17; accepied 2007 October 26; published 2007 November 14

ABSTRACT

We present further Spirzer Space Telescope observations of the recurrent nova RS Ophiuchi, obtained over
the period 208430 days after the 2006 eruption. The later Spitzer IRS data show that the line emission and
free-free continuum emission reported earlier is declining, revealing incontrovertible evidence for the presence
of silicate emission features at 9.7 and 18 pum. We conclude that the silicate dust survives the hard radiation
impulse and shock blast wave from the eruption. The existence of the extant dust may have significant implications
for understanding the propagation of shocks through the red giant wind and likely wind geometry.
Subject headings: binaries: close — binaries: symbiotic — infrared: stars — novae, cataclysmic variables —

stars: individual (RS Oph)
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Multiple scattering on dust around SNe? -F‘

Stﬁékhalms
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Observed colors after the semi-diffusive shell will be function of:

» Wavelength dependent cross-sections, albedo and scattering angles
» Dust density and CS shell size

=~

>

P AG 2008 and RA+AG 2011:
/ Monte-Carlo simulation
* Use dust parameters for MW and LMC by:
Draine ApJ 2003, Weingartner & Draine ApJ 2001
A.Goobar (2008) (also SMC dust, but mostly absorption, not
R.Amanullah & A. Goobar (2011) scattering, at optical wavelengths)

29



Reddening law from circumstellar e
dust provides a good fit for highly Stockholms

universitet
reddened SNe Ia

Folatelli et al. (2010) -
Carnegie Supernova Project
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What about further into the UV? o
C19 program - 6 reddened observed iicsie

SN2012¢cu - *

SN2012bm

SN2012cg

ooy NAID FIES@NOT
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Looking for the smoking gun -
heated dust around the SN??

Herschel observations

..but nothing seen so far, but
inconclusive! Work in progress!

Figure 1. Herschel PACS Tiham observatio
(Lop panel], 20010 (rmicdle panel) and 30023
Tl solid cireles iadicate the position of the
FWHM of the PSF (6", The das=hed eircles ¢

used for background estimation.

) H012 RAS, MMNEAS 00O, 1-5

Johansson, Amanullah & Goobar (2013)

L1 | 1.4
Wavelengin, A {um]

Figure 3. Example of expected |H SEDs of circumstellar
.-|:-C:-'.:|:|||ih;_'; adistance of 6.4 ."l.|.|‘a-l:. Mg = T=10 M and 1
b with graphitic (solid black line) or silicate (dashed black
dust graing of size ¢ = (.1 gm. The dotted black line sh
blackbody spectrum at 107 K, scaled to match the NIR
ol 5N 2001 1fe 33 dayvs after maximum brightness | Matheson
2012}, For comparison, the 57 detection limits of 3 hr obserw
with the Spilzer Space Telescope (blue dashed line) and the .
Weblh Space Telescope (green dashed line) are included. T
symbols indicate the 3o upper limits on the Hox of 5N 201
the PACS T pm and 160 gm bands [described in § 2.3),

© 2012 RAS, MNRAS 000, 1-5



Exploring the highestredshifts - ?

putting the “"standard candle” 3
Stockholms

to the test universitet

Large z-lever arm:
key in studies for evolutionary effects:

At z~1.5, only t~4 Gyrs since Bi? Ban%, i.e., short lived
progenitors. WDs at very high-z likely to originate from more
massive stars

*CO mass and the C/O ratio are expected to depend on progenitor mass
*Because of the lower C/O ratio in more massive progenitors, smaller amounts of
%6Ni are synthesized.

+~3% change in peak luminosity per 1 M, change in progenitor star.

(Dominguez, Hoflich & Straniero, 2001)

Brightness evolution accompanied by changes in SN features?
This would be interesting to probe!
But, does adequate data exist?
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+2 orbits of
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spectrum!
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HST UV spectra
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each parameter
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the best-At SN redshift. The enok=sion fea
made up of a blend of the [Om]da 49509,
Blet, Mo other emission lioes ave pecuived t
the wavelength range of either grism spectrm
b o eredible template match. We also see |
gorpiion feeim Hey and HTF (43204, and 4446
wavelengths, respectively], but at lower ata
nificance, As we are not sure which core (oo

Flod of Hubbkle ressduals {best-fis Bat SCDN
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_..and here is the - i

other one!

Signal-
to-noise
ratio
very
poor!

it e Host Galaxy Spectrum

His

1.0 [CLH]
H £
0.5 smonthesd, scaled by 0.4
LR
5N
huosl
120000 13000 14000 15000 VG000
observed wavelangth (A)
Fiei. i The HET G141 gresm Spsctram ol SN Primo

) 1)

12000 130000 14000 15000 16000
ohsarved wavelength (A)

The left side deplcts the EIEE tral data redaction Praci=Es il botifmm

shows the 20 grism Epeclrim, the ceiter pakel shows the heet-galasw ST, STl liad] el shafasd ae deseribed in dhe text, et
pare] shows the bost-pubbracted SN spectrum,. Grey lines shew the anbinmed spectrum in rest wavelength for $he known .Ih.'llil'l 5 =

Solsd [N B2 aleow the mean valiues B 20 & bins
thres trmplate gpoct
tomee af the grimm ob
wins contuminated by |I|I;.1||l. einlsslon lines from the kst jq_.llul.:-c'-

Thiz amoothing aveids the ntredection of additional
noise when this core spectrum s subtracted from the
SN, The final host galaxy spectinm — acaled, shifted and
seoctlusl — 18 2hoswn i the center-left panel of Figure 6G).
Subtracting this frem the spectium taken at the lecation
of the SN yields the final host-subtracted 5N apectrom
ahewn o the upger left panel.

Az shown o the upper left pawel of Figuee G, the host-
subtracted SN spectrum iz nodsy and spans only ~2000 A
i vest wavelength, The noeise in the SN specteam 18 cliae-
actorizged by adjascent positive amd wegative spikes with
a width of 50-100 A {or 20-400 & in the pest fame). The
digpersaon of tle G141 grism is 6.5 A pix ' which we
suib-sample to 215 A pix~ . Our aalysis Tere is divected
at identifving spectral features of 5N sub-classe that are
mich bromder than thi=s in the st fraome. Binning the
pest-franme spectrum into wavelength bins of width 80 A
(black points o Figore 6] remnoves this high freguency
fsise withonet ll|::-cu:'l.||u|.g by foatiires,

O the right side, the samse binned polnts abe shown ik each of the thea: pafels
i as solid lines for SNe of Type T, The, and 11, Al templates are depicted for the known age of the §N
B resb-frame daye pasf peak brghiness I
H s {.l ] cnx ihe blae side, ad Ha an tle oed side.

The vertical groy bands mdicags regions where the SN jpe

6.2 Spectral Confirmetion

The relatively weak signal in this spectrem H in
clent for a puee spectral clessaficetion, but we aggu
leww that it = enough to provide a spectral conf
of this object a8 a normal Type Ia SN A troe
classification would regquire that the object be
ter i S {subjelass without any other information
haps with onlv weak prices on age and redshifi
case of SN Primoe, we have already buwilt wp a
strong clagsification mdicators from the pedshift
tude, color, and light curve shape, Taken toget
evicenee provides a prediction that the grism dat
show apectral features consistent with o 5N La at

preciction bw testing for the presence of sue
tlie grisim data,

The strongest test of spectroscople confienation 1
not pely onany information derived feom the broad-
tndicators of Sections 3-5 For exampls. the grism

—1— | ‘. — 0.87%
- . e
+ SN BOE (IIL,+9) £
Bl o ||'> =51 B n'ﬁ‘\.'r‘I
L] p = 0L0002 ~kholms
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Try something else: e
Nature's own gravitational telescopes! }‘*"

GRAVITATIONAL
LERSING:

1 A Distant Source
Ligghit fresivy & dlisgant
UiV 4
i3 emitted
i all dirscriong A Lans

Of ‘Dark Matter
el Tl o B 1L

[RhSarE TN B U O
cluglar of Galacwd AN G
T H.I|:1J._| RN FTUETIDT, Sl o T
line o Bighi Detwaan Earih and e
cliEani palaxy The cork maned's Qs
T Dl e ™ S R ] TR "

Gunnarsson & Goobar (2003) 3 Focsl Pulat
Goobar, Paech et al (2009) o bich b B
Stanishev, Goobar, Paech et al (2009) .,
Amanullah, Goobar et al (2011)

Riehm, Mortsell, Goobar et al (2011) 37



A1689: magnification map for source. «
at z=2
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Galaxies with
cpectro-z

~40 strongly
lensed

galaxies,
more than

115 images!

Limousin et
al (2007)

Ultimately,
we would like
to find
multiple
images of
SNe 38
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Examples of transients found with |
6+17 hs obs at VLT in NIR (Isaac Ao
+HAWKI) + optical NOT Stockholms

universitet
# Diahlen+ 10

* Dildav+ 10 3
aLi+ 10—

EOVEDR MINOs) 08 INE Falaky CHiscsE [P rosoOanis) 1o e 1
the M phevlie: assmming o llE temyplile motching SN0 ey
presduct of the twa, :...'In]'.||-=' 7= 050 % 005

7. Implications for future near-IR surveys 10™

The plod survey was compleied with the BAAL nsh ; ] 11|
al VLI, which has a FOY of 253225 and a thresh d
-2 mag (Veea) for &£ and J-bands and relatvely few ol
e, W brietly discuss the Teasability of buikling up hehe
i bemosd 3Me behoad clusters of palasies Tor survevs §
meber class ground-based welescopes and large FUY near
struments, such as HAWE-L at VLT or MUOLRCS a1 Suba
comsuber a Dve-yvear “rollmg ™ search survey, wath imaging L.:.'.J_

al intrevals of 3 days. .
SNIIP “’“"‘“‘A”“"

ISAAC z=0.59 0.32 n._;.._!. 1.3 1.4 |j? 1.8

Observed Wavelength [pm]
lg = T T

H

(=]

MNormalized Flux

i
¥
I
[

|

Xshooter: 21
host g 2

~ galaxy B
h 24

H=4.3%10.3 26
Time| z=1.703
But not la!
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Possible to obtain excellent LCs and o,

spectra of high-z lensed SN

khol
- even from ground! Univeraitet

: il ] 0] ' - -
o ; : . mﬁ ! - S . .
: * 3 the cosmic concordance A-CDA model. As indicated by the blue dots, 5
. after an mmvestment of more a thousand HET orbits. The expectations |
L i to the lensing amplhification the redshift range = increased and the 5/N
s accompanving proposal to obtain I-band and spectroscopic To() follow-u
i ? :
=3 =
e A, [um]
L E.E 0.4 ﬁ:'ﬁ- l:l:ﬂ
1 SNla z=1.5 (3 hours, XSHOOTER) Am=3 mag ngrﬂm at VLT +
Gm=g2 mi H
1.0 e proposals submitted to
0.8 HST, Subaru
0.6 .
Fingers crossed!!
0.4
0.2

Folp (107 - ergs o s R




Summary

Spectacular developments in cosmology using SNe Ia as
distance estimators: ~0.10 mag scatter in the Hubble
diagram - plenty of room for improvement!

~B600 objects reaching z=1.7 have been used to establish
that the expansion of the Universe is currently accelerating.
Is it Einstein’s CC or something else?

Data doesn’t quite tell yet, theorists neither!

Major activity in Stockholm (and elsewhere!) to understand
reddening and environmental impact of SNIa properties, now
also using iPTF survey at Palomar!

Gravitational telescopes may soon allow us to obtain perform
detailed spectroscopic studies of SNela
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PREDICTIONS FOR D-YEAR MONITORING OF

'_-...-':._;
A1689 Txfes
o A handful of good z>1.5 spectra would be very Tfi:h 1
exciting! Stockholms
HAWR-I - 5 years — A1689 HAWK-] - § vears - A1689 — 2> 1.5
T T T 20 1 ' r
100 ML EIP Clin E(B-V)=0.15 - g (ML B Ois
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7 %10 |
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60 - r . 30 T T -
™ SasE = i
50 EB-V)=0.15 | 25 | EB-V) =015 |
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And with some
luck...

multiple images
and independent
way to measure
cosmological
distances,
including H,

= ]
Jwlee:
= _:-J-. J!'r. L, . . S |::. DR ... :]' ll'\. b H I:-""-H'."\._ 2 ; - N - [:-Il‘-\-._ : 5 LIJ |
. 2z .ll 245 | i F=2 HAE =11} 1 &0 : =2 WM
g 231 f o T R f lllh, I\ ? |
2 | | /. \
L L = - Ilrl""'\-\_\__L :Ilk"-\-\. : I=|I ; | i _H"l- r.':l'.‘_‘ :
x i | =1 ! i F=1[ M0z I"'II =11} n: 303 " =] @ 15138
PN TR A )
= 5 II _. || _.aq..._,___:_____ .II. '.II I}r\‘\ . |.- T = B -\"“-u_h. lﬂl\. ; 'l'II'H'. )
z 2l z=31( Wiwi i} a0 00 g=10 5324 o L0
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E 25t /‘\\ [ I
z 2 =3[ 6231 0 800 1600
_? 3 "IJ'I Tirme (d)
E 15 ;..--,~--:—~‘ =
0 200 A — SNI
Tirme (d) A |

rube out realizations producing deviant magnifications. The pre-
cleion of the magnification measurensents are wltirnately limited
by the intrinsic scatter in the brightness of SMe Lo after comec-
tions for lightcurve shape and color, sbout 0.1 mag in the rest-
frame optical wavelength region (Conley et al. 200 15 We do mot
anticipate any additional sources of ermor due o te cluster in
the live of sight. E.g. observing at near-1R wavelengths ensures
that corfections froa disst in the o=z 4 cluster are simall, 2R -
crally since galaxy clusters are relatively dust-free eovirenments,
ag Dawson et al. (2009 and references therein. Thus, a SN [a
caploding in any of the background galaxies behind the clus-
ter could be wsed 1o put construinis on the lensing potential, As
discussed i Paper 1, we expect o detect -~ 20-30 SMe Ia {de-
|‘:q.'|'||J|.|!|'__' ol L |J||-Jq.'|J!| i||_|.' fates estimates) o be '.!-.'I:L'I.'I.||1|-\.'.1.'.1.'..
in a5 year monthly survey at VLT, In oeder to assess the power

of this method. we investigae the strength of the
paveen tee optimized model parameters and the m
different |'l|.l:1.i11l.l|'|.~\. behind the cluster.

Figure 3 shows the absolute value of the co
cients for the predicted magnification and the fi

eters a8 a function of position for an image

at

The paramelers alvovwin are those lJl:su\.'uhi.l!ng L
ter clumps (Clump 1 and Clump 2 and the clus
g relations (L' r amd L) in the model of &
close to | implies & very strong correlation whi
coeflicient close to 0 unplies no comelation, As
J'-i_l.'. 3. the free paramslers ditfer in the hl.ll.']ll."ll:'l
tion with the predicted magniication bath with
the position behind the cluster. The dependence
tion stpength on redshift 35 very weak. In gener

Riehm et al 2011






Dust in the CS Medium?

Circumstellar
Dust

Evaporation radius ~10!® cm, 4 light-days
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E(B-V)=0.00 ~SALTc

T — E—
1.,"' '-'J"..r
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Stockholms
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Assuming
extinction
curve as for
Milky Way
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Milky Way




Sizeable corrections!

| + 1 x
] L i i
a.r 0.8 ag 1D 11

Light-curve stretch [+ broader)

Fignre
() Peak color—versus—peik hinuncsary and (8] lghr-nrve heape—versas-liminaginy (afi
correlanions of Type [a supernoves (58 [o). Shown are light-curve fits o the rese-frame £
abservaricns of G835 She la (69 cove Tng a redshait range of { 0125 =z = 14 The clear oo
to gorrect the disramces and o provide o agnificant redwcton in the searrer. The calor has
correcrad for Midky Way reddening.

hy Shckbedm Usaversity - Libe

Annu, Bev, Mis:|, Bart, Sei, 3001 &1:350-

eften computed &5 the relative magnitude attenuation between the rest-fras
band. Figure & shows the empanical color brightnes- and hght-curve shape
L= i .
usied o standardize $MNe ln
Because these measurements are done with fixed-filter pass bands, regardle
redlshift, the measured Auses correspond to different pares of the rest-frame spect
estimates rely an flux ratios of the same rest-frame filkers; therefore, 3 K corre
transher the olserved flux into the rest frame for comparison with local objecs. [
cant spectral evelution, high sgnal-m-nese spectroscopic ohsernations would be:
Aux poant—a dauntmg msk! However, given the unsformaty of $MNe [a, spectral t=
: L
tor compute K corrections. These templates are made of well-sampled, low-nps supernovae ngMRlly disphiy 4 clig
oy ] -
of 8Me la, mostly at low redshift. Any potential reddening s determimed throug

srzameanirrerayg © SN Ui

ly slower evalunon.

5 KA
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Implications on lightcurve shape - ?

b

LC width becomes a func of shell
Stockholms

radius and width universitet

AB,(C8)— AB,;(HOT)

E(B-V) =0.01

_osk| — E(B-V)=0.03
— E(B-V)=0.05
—ogl| — EB-V)=0.12
— E(B-V)=0.25
— E(B-13=0.38
-0.7} Ll
10%° 1-5“‘ 1r.‘-I]'J ml“’ 1619

r [cm]

Amanullah & AG



Time-dependent color excess: blue s>
photons arrive later, SN gets bluer ¥

- Stockholms
at late times universitet
Folatelli et al. (2010)
0.4_IIII|IIIIIIIIlIIIIlIIIIIIIilI_I
” 5 Is this effect still 4  Prediction:
= # seen 77 1
—_ 0.2 K2t some perturbation of SN
;‘f . = ~ features, since we get to
aa) & i a mixture of epochs
(0 . -
v 0.0 =
s B E
} — =
& 0.2 —
= :

_0 llllllllllllll IIlIIlIIIIIlII

-02 -0.1 0 0.1 02 03
E(B-V)
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= a2 e ] universitet
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apan. See text for discussion of line identifications

Gerardy et al (2007)
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State of the art at highest-z from '~
Stockholms
HST universitet

et al. 2001). This object was found in a passive
host with an old stellar population, strongly suz-
sesting it 15 a SN Ia. However, there 15 no reliable
spectroscople measurement of the SN, it has only a
sparsely observed light curve, and the host redshift
relies on a photo-z and a questionable single-line
detection. More and better ohservations are clearly
needed before any inferences about the high-z SN Ia
population can be drawn.

Collectively, the 8N In samples out to z 2= 1.5 are con-
sistent with a description of dark eneregy as the cosmaolos-
ical constant, wiz) = =1 (KRiess et al. 2007; Hicken et al.
H0%; Sullivan et al. 2011; Suzaki et al. 2001). Figure 1
shows & recent collection of ~ 500 SNela from Conley
et al. (20011), with distances plotted relative to the best-
fit ACDM cosmology. Histograms on the lower edpge show
the redshift range of each contributing survey. With the
addition of the Wide Field Camera 3 infrared detector
(WFCE-IR) on HST, a new window has been opened,
allowing the detection of SNela at = > 1.5, This very
high redshift regsime provides an excellent laboratory n
which to test for possihle evolution of the SN La popula-
tion [Riess & Livio 2006).

with these constraints would affect the obe:
magnitides at z > 1.5 by less than (0.1 mag. '
that a larger deviation in the peak magnituds
ENe would provide evidence for evolution o
population.

Riess & Livio [2006) considered 5N Ta prog:
els that predict & decrease in the observed |
nosity for objects with a higher imitial proge
due to changes in the internal C/0 ratio at
explosion {Dominguez et al. 2001; Hoeflich e
If such an effect exists, then we might expec
signature becoming apparent in the 3N la po
z = 1.5 the universe is =4 Gyr old at thes
so low-mass stars are still oo the muan seq
thus the SN [a progenttor stars must necessar
MASEIVE,

The high-z 5N La sample slso provides an
constraint on progenttor models through th
ment of SN Ia rates. Binary stellar populat
sis combined with models of SN [a explosion
can provide a prediction for the delay-time «
(DTD) that should be ohserved for the SN 1a
population at any redshift. Convolving tha
DTD with measurements of the cosmic sta

e e L T PR TP



ESO "pilot”: ISAAC (6 hs, Y) and

L
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Stcu:_khnlms

HAWK-I (17 hs, J) on A1689 universitet

+ Archival data from FORS2, HST
+ Optical Monitoring in NOT 2.5m

+ Unrelated ESO program in
parallel with our HAWKI obs:

Ks + NB1060 (1.06 um)

Gravity gives, gravity takes:
focusing means also smaller
survey area.

et pedshift SMe can mow be moved to longer wavelengths, th
avpiding the difficulies ivvalved with restframe U obsery
tions, and extending the potential for supemova discoveries, ¢
pecially Type la supemovae, beyond 2 = 2. A feasibility so
of the potential to build up lighicurves of lensed SMe with lars
and deeper surveys shows that this is a wery exciting path f
new discoveries. The equivalent of a five-year monthly sur
of a single very massive cluster with the HAWEK-I camera
VLT would yield 43 — 70 lensed SNe. most of them with go
IJ!_.:I'Il.i.'l.lt"-l\.' :"-il.ll:'lfl]i.l!l:_' . Thus, a dedicated |:||.|J|I:i.-'_-.|.'.|| MNIR rolli
search targeting several massive clusters swould lead te a ha,
rate of very high-z SN discoveries, thus making this approa
complementary 0 deep optical space-based SM survevs (Rie
et al. 20077 as well large field-of-view optical SN searches, e
{Poznanski et al., 2007).

.-".|I:|'|l.IIJ5_.:|:'| YUY Fare. |:||,||I:i_|:||._- i:'l'lu._i'-\.'sn of h[ll.lt'l_l'."l_'. lemsed 52
are within reach of sech a survey and could offer potentially <
citing tests of cosmological parameters as well as improvemer
o the cluster mass modeling.
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SNIa cosmology v2012.6 Stockholms

universitet

Acceleration of the Universe has been
established, but what is the nature of the Dark
Energy causes it?

Is it Einstein’s Cosmological Constant, A, in spite
of its unnaturalness?

If DE = A then it must be constant in space and
time (vacuum energy)
EoS w = p/p (=-1) for Einstein's A

SNIa cosmology among few techniques to find
out!
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Dust in intergalactic medium? Stockholms

universitet

imizing the residualz in the Hubble diagram. Accord
Eqguation 11, a component of cosmic dust with 54 = 4
biaz the distance moduluz estimate by

Fmbias(z = 0.5) ~ 0.01 mag. Issue for high-precision
high-z cosmology

Ciiven the simple scaling relations derived in §2.1. th
in turn biaz the inferred Dy value by 800 ~ 0101
translates into a ~ 3% bias for £y =~ 0.3, Below we qu N liqibl | :
this effect more accurately, using existing data, EQ |Q| e at low-Z:

1] ar
not related to "low” R,
2.3 Application to the Union supernova sarm) F}rﬂblem

We now investigate the impact of cosmic dust on a reo
pernova dataset: the “Union” sample {Kowalski et al.
These authors have combined variouz supernova sa
compiling a “clean” dataset of 307 SNe with 0.015 -
.55 which they used to infer cosmological paramete
straintz,

Using BEquation 6, we sample the parameter spac
sirained by this dataset for two cosmological models,

) 00 BAS, MNEAS 000, 000000

Menard,Kilbinger & Scranton (2009)



Systematic uncertainties! No big deal...




Low R, no matter how you look... s
Stockholms
universitet
u \ Best fit: Nobili & Goobar (2008)
: ai R{=1.75+0.27 ; Re-evaluated intrinsic
~00F b 9 - colors of 80 near-by
£ AN : SNe, e.g. dependence

on stretch, and found

s > that a consistent picture
emerged for R,~1.75
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supernovan wmcally display a shighsly shewer evalumon
Y g
AN Y g v S0 o T
=

Summary Stockholms

universitet

Spectacular breakthroughs in cosmology using SNe Ia as
distance estimators in spite of limited understanding of

progenitor system and line-of-sight effects: ~0.10 mag scatter
in the Hubble diagram today.

We are starting tf dust in line of sight vs SN intrinsic
properties.

Studies of lensed SNe are very promising to explore SN
properties at z~1.5 and beyond: it is feasible!

Addressing these systematic effects holds great promise for
significant improvements on precision of wy: DES,PanSTARRS,
LSST, and possibly EUCLID would provide huge statistics.

Caution: no clear theoretical guidance for what precision is
required for next breakthrough.



Redshift range

1o bands at each redshift for Am=0.02 mag
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wide lever arm in redshift is key! k
Stockholms
universitet
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