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Optical Spectra of galaxies by Edwin Hubble
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Wavelength : Longer as distance becomes larger.




Hubble’s law
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“Realm of the Nebulae”

(Velocity) = (Hubble constant) x (Distance)

Interpretation: Our universe is expanding!
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“Redshift” z

(observed wavelength) + (Iaborator¥ wavelength)
-1 4 (rest frame
—_— Z

V~Ccrz z<<1 —
(c: speed of light)

Wavelength, Distance between two galaxies :
X (1+z) larger
e.g.z=1— X2 z=3 — X4

(1+2) 1 oc scale of the universe

Expanding velocity may change!

Constant expansion
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How we can measure acceleration/deceleration

E T .a(l:celleréltio.n P2
2;7&:2%2 _ __ Photon trgvels
Universe i fro_m a distant
- object to us
e
L / present
time
Expanding speed : accelerate ( )
light travels longer ( ) than constant expansion
— Distance: large( )

(Distance) = (speed of light) x (time)

Apparent brightness (flux)

Energy / unit area / unit time

More distant — Fainter

object «——> |
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Photon density gets ¥4 as the distance becomes twice




Scale of the £ I I accelleration Y
Universe ]
i | time
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time
Expanding speed : accelerate ( )
light travels longer ( ) than constant expansion
— Distance: large( )

(Distance) = (speed of light) X (time)

— Object looks fainter (brighter)
If the expansion accelerates (decelerates)

Redshift and Distance
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spectroscopy
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(time) = (distance)/c —— Brighftness
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Apparent brightness of a standard candle (constant luminosity)

Faint ~10% fainter
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Einstein eq.
General Relativity
— Homogeneous, isotropic

=N 2
HZE(E) _8Gp _k | 13

a 3 a?
a oc (1+2)1: scale factor 0 : density

k: “curvature” of the universe =1or0

H: (scale expansion rate) .~ (scale) < Hubble’s law

/1 Einstein’s cosmological constant ( Dark Energy )

(“Kosmologische Betrachtungen zur allgemeinen Relativititstheorie” 1917)




Expressions in “look back” formula, using €2

normalization: p .=3H,%/8 t G= (critical density 1 x 10-%° g/cm?)

H2=H?{ 62 \(1+2)3+ Qo (1+2)+Q - K o(1+2)%}
where 1+z=aj/a (z: redshift)

K o=ke?la(ty)?Hp? (K =0 if Q= 1).
Q2 : matter (density) o< (scale)3
Q2 :radiation (density) o< (scale)

Q p:cosmolog. const.  (density)oc(scale)?
(all present density)

Luminosity Disntance D_

D =(4 T F)v2
(F: flux...W/m2/sec/Hz)

D, =c(1+2)/(Hyy Q) -
X (J—QKI;dZ’{Qk(1+z’)2+ Y (Q,(1+2’)30+wi) }12)
|

\

Dimension of H: 1/second

Q k:1' Q total i
X for Q=0 Radiation: w=-1/3
sin(x)  for €, <0 Cos. Const.: w;=-1




Acceleration/
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Q » Cosmologi¢al Constant

Q. Qg |Matter, Rad{ation

time Present

Deceleration Parameter

qo = — dilto)alto)/d(to) =¥a(Q2Q 1 +2Q¢)

Accerelating! Perlmutter et al.1999
) Riess et al. 1998, Schmidt et al. 1998
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1.2 A Method to measure the exﬁrﬁ‘sion

: with Type la SNe
. |

»
g 'i'
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SNR Tvcho

Planetary Nebula Supernova Remnant

( End of Low/Mid. Mass Stars ) (End of Massive Stars)

%

Ring Nebula (M57) Crab (M1)

White Dwarf
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Spectral Types of Supernovae
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4000 6000 8000 10000  Filippenko 1997

Rest Wavelength (A)

Type la Supernova

 Standard Candle
Luminosity ~ constant
r.m.s.~ 15-20% in (with corrections)
—White Dwarf (@binary system) reaches

Chandrasekar mass limit (1.4 solar mass)
< other SNe (Core Collapse)
Type 11, Ib, Ic: end of massive stars
T Prof.Umeda’s talk yesterday

 Large Luminosity (~whole galaxy)
— measurable at cosmological distance
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Observing Method for Cosmology
» Wide-Field imaging
imaging with ~1 months interval
— find candidates (significant increase in luminosity)
» Optical Spectroscopy
confirmation of SN spectrum (< AGN, variable stars)
SN type and redshift determination
 follow-up photometry
light curve — brightness

Wide-Field Imaging

- 33arcmin

’

SN2001cw
8 (2=0.93)
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Image Analysis

April
May images
Point Spread
Function i
matched May - Apri
with April
images
(Ref.Alard, C. and Lupton, R. H. 1998) SN2001cv (2=1.039)
lens lens
- detector
light ‘ -8
— B 5
‘ = /
L = Fu
Foca(l)?lane Prism, Grating spectrum

Telescope




FOCAS:

Low Resolution Spectrograph

33arcmin s A

L]

SN2001lcw
(z=0.93)

wavelenagth
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Spectroscopy
SN Type and redshift

1520-2 2x35mins subaru (smoothed) : 1520-2_s_2dcombe_ap2.asc
T T T T T

../ iue/sn1989b.m05.dat
FIPUPIPEN PO

500nm  wavelength  900nm

SN2001cw(z=0.93) taken with FOCAS/Subaru
superposed on SN1989b (nearby SNIa)

Lest x 2 fitting of Spectra for type, redshift & epoch

SN2789 . SN6406
13 x”
5 3
i . u-
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Least x 2 fitting of Spectra for type, redshift & epoch
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SN2002kp (z=0.928)
upper panels:original images lower pannels:image of Oct.1 subtracted
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Light curves (exmaple)
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2.1 Recent R‘esults from Type la Supernovae

2.9 Updatés for Ongoing Surveys

$isn

Distance Difference

from Empty Universe ( mag.)

2.1 Recent Results from Type la Supernovae

Fainter
08¢ SNLS (Astier et ol.'05)]
0.4 1 05
0.2 9
0.0 ] 0.0
-0.2 B
_0.4F Flat ACOM 1 osfF_. s
o T fey Umense . : s siﬁ%%é%lg?lo,ﬁ
0.0 v 1.0 1.5 20 00 0?5 1..0 1j5 2.
Brighter  spergel et al. 2006 * Riess et al. 2006
redshift redshift

Consistent with QA~O.7 QM~0.3
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History of expansion of Universe

t (Schematic!)
acceleration
scale

deceleration

~2/3 ................. . ............ E

Big Bang 14 Gyears Present

deceleration o< (€2,,-2 i? At2Q25)

constant

» Time

Iargef in the past

On going Large SNla surveys

redshift  Projects )

z~0-0.3  Supernova Factory

~1-25m  SPDSS Learn more about SNIa

z~0.3-0.8 SN Legacy

~4m Essence
z~0.8-1.5 SCP (HST/GOODS)
~8m, HST High-z

cosmological look back

constant
more effective

time
larger
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NearbySNFactory
goal:300SNe @z=0.03-0.08

SNIFS installed on the UH 2.2m on Mauna Kea

Findin i b =
g SNe with 1m class telescopes _ Ji ;%
NEAT (NEAR-EARTH ASTEROID TRACKING ) p o ) _
QUEST (Palomar Schmidt) .
i
Red channel 1 spectra per lens b .. i
luni =225 spoctra por chanmel L "
15x15 leases B =)
(1 lens = 0.4" x 0.47)
. _
! |
o els Sum the leases/specta with light o the SN — “"L.\"?“'T':ﬂ
Spectroscopy with
SNIFS
At UH88 telescope

Supemowae Discoverad / year / 0.02

Preliminary Results from Nearby SNFactory
(AAS poster, 2005)

Redshift distriibution for Various SMe Surveys

50 T 7 0.5
: Shfactory
45 Known Galaxy Searches —— 0.45
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40 i Observalion Cost —--- 04
a5 i 035 §
P / 03
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| R ] [l 0z &
ELow oL | ’ 015 =
I I e R
] ] = 0o a.as
ol N 1,
a 0.0s a1 015 nz2

Redshill

0ct 05§

Oct 13 [} [\
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ESSENCE+SNLS
Woos-Vaey 2008

S
2 B e
= A5gady -
]
x
F * nearby Z
— H < ESSENCE |
1.0 + SNLS b
-1.5¢ ; -
0.01 0.10 1.00
Redshift

Fig. 9.— Luminosity distance modulus vs. redshift for the ESSENCE, SNLS, and nearby

SNe la for SALT. For comparison the overplotted solid line and residuals are for a ACDM
(w, Dy, ) = (—1,0.27,0.73) Universe.

Nearby 45 ESSENCE 60 SNLS 73?

CFHT MEGACAM

3.6-m telescope since 1977
Large modification in 2003
to have wide field of view
CCD 4.5kx2kx40
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Results of SNLS 1st year

(71 SNla — goal: 700SNe? in 5 years)

Iy S v —
Qu

Fig. 6 Contours at 68.3%, 95.5% and 99.7% confidence lev-
els for the fit o a flat (€. w) cosmology, from the SNLS

Fig. 5 Contours at 68,3%, 95.5% and 99.7% confidence levels

for the fit 10 an (24, £2, ) cosmology from the SNLS Hubble di- Hubble diagram alone, from the SDSS baryon acoustic oscil-

agram (solid contours), the SDS5 barvon seoustie osclllations P . i P .
(Eiscnsicin et al, 2005, daned lines), and the joint confidence lations alone (Eisenstein et al. 2005), and the joint confidence

comtours (dashed lines), contours.

Astier etal. 2006

Measurements of Qs with SNe only
(Riess et al. 2004) (Knop et al. 2003)

2} ]
[ B
' w.ﬁ
| o
1 0 q
i o
Q A poc” AR 5
Deaw w& BET, D%, D55, DG
confidence limits
L Expands to Infinity |
0 _'__—_—'_! .
I C%% Recollapses [ 20
| S | PRI SR B, I | T .
0.0 0.5 1.0 1.5 2.0 25 2 d Qy

oy Qwm

Not inconsistent with “Flat Universe”
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ESSENCE+SNLS

Wood-Vasey 2006

20 T T T
ESSENCE+SNLS+gold ESSENCE+SNLS+gold +
(£2,.82,)=(0.27.073) o BAQ ------- 1
=1 SNela+BAD 1
150 ! 7 ] & QW) =(0.27.1) e 1
/
g 10 E z -1.0F L
£
05 " -15F 4
0.0 L =20
0.0 05 1.0 15 20 0.0 08 10
by

Fig. 12— The SN Ia (£, 24) and (2, w) contours from combining the MLCS2k2 lu-
minosity distances for the ESSENCE SNe Ia analyzed here in combination with the nearby
SNe Ia, SNLS SNe Ia, and the Riess “gold” sample. The diagonal line in the (€, )
plot represents a flat Universe, (,,=0+{y= 1. From the SNe la data alone, an empty
Universe is ruled out at 4.5 o, an (., Q4) = (0.3,0) Universe at 10 ¢, and an (O, Q)
= (1,0) ¢ Universe at > 20 #. The best combination of data will come after a complete
analysis of the calibration and systematic errors of all the data sets. We offer this interim
result to indicate the potential of combining low-z, ESSENCE, and supernovae at redshifts
beyond 1.

ESSENCE+SNLS

Wood-Vasey 2006

SN91§ Sgtglg
SNela+BAD — SNela+BAD ——

= b
1
00 02 04 08 08 10 “00 o0z 04 06 08 10
[+ ™ 0y,
Fig. 11.— The Qy-w contours from the SNLS + ESSENCE + nearby sample for MLCS2k2

with “glosz” Ay prior and for the SALT fitter. The baryon acoustic oscillation (BAO)
constraints are from Eisenstein et al. (2005).
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~15min exposure time
HST/ACS

~1hour exposure time
Suprime-Cam

High-z SNe by
HST “Higher-Z” team
(Riess et al. 2006)

—T ——

- . HST Discovered
+ o Ground Discovered

45+ —

40 _ q.;’«'g :.Binned Gold data s ]
=. i \'?-": 0.5‘— 1
_— ? : {
= 00 ]
E [ 4
35 E | ;
= i -
. 05 Empty (2=0) 1]
- - 0,029, Q,=0.71 1]
30 0.0 05 1.0 15 >0
0.5 1.0 1.5 2.0
r4
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High-z SN light curves by

HST “Higher-Z” team
(Riess et al. 2006)
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High-z SN spectra by

HST “Higher-Z” team
(Riess et al. 2006)

HSTOSFer {z=].02) HSTO5Cab (= 1.12)

HSTO8Gre (41,141

HST03Lan (£

HSTO5Red (2=1.18%, - host) HSTO5Kos (x=123, - e

HSTO4Sas (2-1,39)

HSTOMeg (2-1,357)
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Cosmological Parameters
by Riess et al. 2006

T T T T T T T
Woeak Prior Strong Prior Strongest Prior

D ho, 1 BAC WMAP 4 BADWMAP

1 W(1089>2>1.8)=-1) | '

25 20 s -10 T 0 ErS 10 S EX) s 10 RS

Wo

w=w,+(1-a)w,

w(1089>z>1.8)Fw,+(1-a)w,

On going Large SNla surveys

i i A
redshift  Projects
z~0-0.3  Supernova Factory
~1-2.5m  SPDSS Learn more about SNIa
z~0.3-0.8 SN Legacy
~4m Essence
2~0.8-1.5 SCP hst/600DS)
~8m, HST High-z
cosmological look back
constant time
more effective larger
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Wide Field Imagers

Survey power

(for same image quality)

|

Camera Telescope CCD FOV First Ligl
Name D[m] A[m? F | Vendor Format Neep | 2 [deg?] | AD

WFPC2 25 346 129 | Loral  800x800(15) 3 0.0015 | 0.01 Dec-93
UHSK 36 959 42 | Loral 4k2k(15) 8 0.25 | 2.40 Sep-95
SDSS 25 38 5 SITe 2k2k(24) 30 6.0 | 22.99 || May-98
NOAOSK 38 998 27 | SITe 4k2k(15) 8 036 | 3.9 Jul-982
CFH12K 36 959 42 | MIT/LL  4k2k(15) 12 0.375 | 3.60 Jan-99
Suprime-Cam | 8.2  51.65 2.0 | MIT/LL  4k2k(15) 10 2555 || 13.17 || Jul-99
MegaCam 3.6 9.59 4.2 | Marconi 4.5k2k(13.5) 40 1 9.59 Jan—03 |
VISTA Opt. | 40 1133 1.0 | Marconi 4.5k2k(13.5) 50 2 22.67 20107
LSSTY 84 4634 125| (7.1) | 329 2012?
PanSTARRS | 3.6(4) 10 MIT/LL 7 50 2007-097
DarkEnergyS. 4.0 10 LBNL 3 30 20097

Sloan Digital Sky Survey (SDSS) soss_cawena
International collaborations (US, Japan, Germany,..) /s
2.5m wide-field telescope [/ ln

wide field imager : 54 CCDs f

SDSS-11 SN survey \
5-band photometry

find and measure brightness of SNe

~300 SNIa « 2005-2007

2.5 degree
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Science goals

Type la supernovae (SNe)
— “well-measured” light curves of as

~200 SN la from z = 0.05 ~ 0.4 o wicnill
— bridge low-z (z<0.05; LOSS, SNF) =
and high-z (0.3<z<1.0; ESSENCE, SNLS) *°}
— understand and minimize systematics  =° : Py ==
of SN la as distance indicators  redshift desert Rl et al (2004

|
[ P
Lg 18t Yff-‘.-r:-**"”-*-' =
NPT~ A
L
et

N Repeated Imaging

of Equatorial Stripe
2005-2008 fall =

— 2,,2,)=(0.56,074}
- 2,8,)=(1.00,000}

0.8 1

02 04 0.6
SN Redshift
Astier et al. (2005)

B. Dilday (U. Chicago) for the SDS5-II Collab



SDSS SN survey 2005-2006

100 T T T
2005: 130 confirmed SNe la
+84 BN la lightcurves with hest z
L]
2006: 197 confirmed SNe [a 20 P n
o0 | 2005+2006: 421 confirmed + host z il
. . P
* i ‘
L' L]
3 ®
1 = - - ¢ .*
2 S " .t .
E =
Fi E ‘.
= =1 '
L XY
t
24 g+1 + + 4
1 L L 1 L +
=10 -] 10 20 a0 40
time (days)

1
0.3 04

02
redshift

nice light curves

327 spectroscopicaly )
Confirmed SNla Frieman et al. 2007

Relative

Spectroscopy for SDSS SNe —classified ~327 SNla in 2005-2006
MDM 2.4m NOT 2.6m APO 3.5m NTT 3.6m KPNO 4m
WHT 4.2m Subaru 8.2m HET 9.2m Keck 10m SALT 10m

L . 58 w2 ratzn) L s s en2ny
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\ . 04 i 20371 L . 45 wTI7 20262
..L-J %Tw-»- P 1 h l' N —_ |
L . 01 w108 20240 L . 104 waTE 20250
WA RN, ¥ SV Z
L . w2029 r | M 120 w16 2:0296
_ g S I B ! T
- N L |
| . [—— | [ . o34 wesn 1030
L L L/

el w gy
L . 83 winsas N 143 ey 20284
,“‘ i @3 wan? cenand “ ' . e
N #M‘\.r\.,-ﬁ o
S S | L A N Lo HC L [ s SE— ] IR A S 1Y

000 6000 8000 10000 4000 6000 8000 10000
Rest Frame Wavelength (A) Rest Frame Wavelength (A) Rest Frame Wavelength (A)

SDSS SN spectra with Subaru(Yasuda et al.)

— nearby SN la 2005-2006: 50 new SNla
Frieman et al. 2007, Sako et al. 2007
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Supernova Cosmology Project

: SUBARU 8.2m telescope
rnme-Cam
Sup e-Ca 33 x27 arcmin? Field of View
SCP 2001- the largest among 8-10m telescopes

High-z SNe by Supernova Cosmology Project
High-z

1. Suprime-Cam Searches ob
2001-2002 a2

- 40
2. HST/ACS cluster Searches 3,
2005-2006 {

34

02 04 06 0B
SN Redshift

Riess et al. (2006)
compilation
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Suprime—Cam@Subaru:
12 SNe per “Shot” found by Supernova Cosmology Project
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Least x 2fitting of Spectra (by K.Tokita)

' SuF02-065 | | SuFo'2|-oo'7

X axis : observed wavelength (A) Y axis : Flux (erg/sec/cmZ2/A)

Preliminary results from Subaru only

Preliminary

@ Subaru

e SNLS

1.5

redshift
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3:1 Items to be.imp_roved
for Supernova Cosmolegy

3.2 FutureProjects »

3.1 Items to be improved
for Supernova Cosmology

— gsystematic errors, high redshift(>0.8)

-SNla as a Standard Candle

homogeneity

(host environment, progenitor)

possible evolution
- Dust extinction due to host galaxy
- K-correction

different observed wavelengths — correction
-accurate photometric zero points
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SNla as a Standard Candle

Origin not understood
A. Double Degenerate Model

o

Wrsciihic purs detonation Emit

Merging of Two White Dwarfs § _ :*}
(e.g.Iben&Tutukov 1984, Webbink 1984) = ;’é "
A Super Chandrasekar Mass SNla found? L
(Howell et al. 2006) A
— in any case Super Chandra: very rare oo’

5010 1.010°  1.80% 200" 28107 30-10
Lo (org 57"

B. Mass accretion to the Progenitor (C+O WD) from a companion star

(e.g. Hachisu, Kato & Nomoto 1996, 1999)
A companion star found? (Ruiz-Lupuente et al. 2004)

— based on line velocity only

not confirmed by other methods yet
(Ozaki and Shigeyama 2006, Ihara et al. 2007)

Homogeneity of SNla

Possible two populations for Type la?
SNIla rate is larger for late-type or star-forming host galaxies.

Mannucci et al. 2005

High redshitt
LE  SNe per century 12 N
per 10" Ly(K) - e W ok Strong Star
8 s

« st Formin
£ 7o <
c “ 2
o Zo
© v e
Y O
8 0.01 O
[ f — &
S SNe per century it 8 4
8 (Lo 10 M, E (2)

a Sk oww

| Z o Passive
U:u.1 1=
4
aL

) | FSSEES,
0.7 0.8
narrow

E/SO SOab Sbhc/d Irr

Sullivan et al. 2006

Sirongly SF-ing

g

Passive

0 11 1z

b?oad

09

1
Stretch

faint Light Curve Shape bright
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Galaxies

Elliptical

--

Old/Red Stars

Star Formation

Inactive <

Irregular

Young/Blue Stars

Active

SN la Rate Evolution?

|
o
=]

]
I

|
.
ha

log(SN-Ia rate /yr ' Mpc™3)
~
p

‘— Scaled SFR

1
-~
=
—_—
L

-48 O Various (see caption)
& Barmis & Tonry (2006)
® Dahlen at al. {2004}
-5p = SOF

L L " L L i N i

12 14 1.6 18

0 02 04 06 08 1
Redshift

Figure 8. Type la SN rate from the SDF, compared to results
from the literature (compiled by Neill et al. 2006). Empty circles
for Cappellaro et al. (1999), Hardin et al. (2000), Pain et al.
(2002), Madgwick et al. (2003), Tonry et al. (2003), Blanc et
al. (2004), and Neill et al. (2006); triangles for Barris & Tonry
(2006); filled circles for Dahlen et al. (2004); and filled squares for
our derived SDF rate. The line shows the SFH from Hopkins &
Beacom (2006), scaled to fit the z < 0.5 points.

15"

1 33 SNe with SupC
.

redshift

SNla 55%
SNII 45%

Poznanski et al. 2007
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3.1 Items to be improved, checked
for Supernova Cosmology

— systematic errors, high redshift(>0.8)

-SNla as a Standard Candle

homogeneity

(host environment, progenitor)

possible evolution
- Dust extinction due to host galaxy
- K-correction

different observed wavelengths — correction
-accurate photometric zero points

Evolution of SNIa?

Possible evolution of SNla
high redshift — lower metalicity
some model predictions (Hoeflich et al. 1998, Lenz et al. 2000)
— weaker optical absorption features, enhanced UV flux, etc.

No clear evolution observed yet Nearby SN la

(e.g. Garavini et al. 2007 Altavilla et al. 2007 Distribution
s i ' (hatched)

+ " Points: 12 SN la at z=0.2-0.9

Equivalent Width of Fell
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Evolution of SNIa? (I1)

1.2¢10°®

[ Composite SN la: z=1.2 (N=13)

1.0+10°}

8.0-10°}

6.0°10° |

relative flux

4.0-10°}

2.0-10° N
Riess et al. 2006

ol

3000 3500 4000 4500
rest wavelength

Nearby and high-z Spectra: no difference

3.1 Items to be improved, checked
for Supernova Cosmology

— gsystematic errors, high redshift(>0.8)

-SNIla as a Standard Candle

homogeneity

(host environment, progenitor)

possible evolution
- Dust extinction due to host galaxy
- K-correction

different observed wavelengths — correction
-accurate photometric zero points
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Dust Extinction

SN explosion

host galaxy

Prof.Suto’s SDSS talk

M31

Andromeda Nebula

1m Kiso Schmidt
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" M31 close view

*Dust & Gas
(Dark Cloud)

- Star Forming -

Region

(HII region)

Reddning law (normal galaxy)
Large Rv=3.1 (Cardelli et al. 1989)

E(B-V)=0.5 | B:440nm

ol A =R, XE(B-V)
E(B-V)=0.3 | V:550nm
E(B-V)=0.1 |

<4 \
3t Color excess
: from Intrinsic color
1 k\ 1

ool - - - - » - -
100 2000 4000 6000 8000 10000
Small Wavelength (A)

Extinction (mag.) A;
2

Different Extinction Correction
among different analysis code (MLCS2k2, SALT, SALT2, ...)




Optical color of SNla

Not simple e.g. Conley et al. 2007 < “Hubble Bubble”

red | Jha et al. 2007

Dust Extinction
in host galaxies

ceeces
. .

. .
o .

- @ BlueinB-V

. o m 1 B : 440nm
=T fox, LRI ] V : 550nm
0 = T o - | .
> ' o T 1 | :800nm
0.5 | By I \

blue | = 1 Intr.|n5|c polor

4wt v o - Dispersion?

ERR: 7/ &0 - Dust property

S 000 o / / Different?

: ot ' ' 1 e.g. Altavilla et al. 2005

1 1.5
Decline Rate Takanashi et al. in prep.

= E/50

Host extinction
Sullivan et al. 2003 30 _.,

3 =Early
* Late/Irr
* Unknown

1 OExcluded
from fit

Host galaxy morphology of
SNe with HST

; 25
E | blue:late type
W red: E/SO
20
15
0.01
E/SO s —'_'
0 =0.16 mag 2 I owmy f; 7.8
& < & Oy
All sample I t ' ot
0 ~0.5 mag il g ]

0.5 1

—SNIa in Elliptical host$° T s ',;e";-;h.,,l




K correction

flux correction between
rest wavelength & observed wavelength
I bad
4LI 2002ksand‘ ‘ la z= 1. 181

[om]
1 Observed Frame

F, (10-1® ergs/sec/cm?/A)

1 | |
6000 7000 8000 9000
0bse?!ed Wavelength (&)

L ooke ond ORI 1 1 O 1S ]
s _ 2002ks an.d:,i!)ﬂl ax: U Y \s/ l\_ Rest Frame

F, (Arbitrary Units)

R P A
3000 3500 4000
Rest Wavelength (&)

SNIa spectra (as a function of time) should be well known
Band Pass Shape should be well known

|
o
IS

On going Large SNla surveys

redshift  Projects
z~0-0.3  Supernova Factory
~1-25m gpDSS
z~0.3-0.8 SN Legacy
~4m Essence
z~0.8-1.5 SCP
~8m, HST Higher-z

—Methods & understanding of SNIa to Improved
as well as real measurements
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I

: ngh 4 Cluster surv*eys )Y SCP (2005 2006)
: HST |mag|ng (S.PerImutter et aI)‘ 219 orbits
Subaru spectroscopy (M.Doi.et al,) 14.nights .
VLT speetroscopy (C.Lidmanetal.) '16-hours+DDT
Keck spectrescopy QS,PerImutter etal. ) 6 nights+

with cluster search/study teams
RCS (Gladders, Yee etsal').
RDCS (Rosati etal.). . .
IRAC (Eisenhardt et al. )
XMM (Mullis et al.)

- b . 4 "
RDCS 1252.9.@ z=1.23 (ISAAC and ACS)

SNe Discoveries in HST Program

| Elliptical host SNe Efficiency to find SNe on ellipticals

(%)

5 C =in cluster l higher < clusters

il E Hd
%'U ol EE.EEE | Successfully 10 SNe found on ellipticals
¥ 3| Non-elliptical

host SNe
2:
1 t
0.5 1.0 1.5
Redshift
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SN Lightcurves

g 242 3 Maggie

:94.5:— Z

: r
§23-5: . ol
¢ [Midge
8
d /

-24.5— .
s
i
il

P

A b
53730 53740 53750 53760 53770 53780 53790 53800 53810

im

JD (minus offset)

J —

z=1.31

Example spectra with FOCAS

3000

z=1.3
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Spectroscopic follow-up - 11

An example of a clear la

SN C-001 — la z=0.98

0ll] at z=1.091
o b ® glol at e

7 T T T
3 [C-001 (z=0.98) and background galaxy at z=1.091

PR SR L L .
6000 7000 BOOO 9000
Observed Wavelength (A)

C-001 (black) and
SN 1989B at Max (blue)

F, (Arbitrary Units)

Rest Wavelength (&)

by C.Lidman

The Elliptical host Hubble Diagram

Example of E—only Hubble Diagram

5 46 Sullivan et al.

E & Knop et al. o877 .-
44 s

F ’ This program
a2— -
40F

: S
38f @‘\(\3

\\

36 QL@
34_ — (AL, ) (0. 25,0.75)

C (62 2,)=(1.00,0.00)
-V oYl Brr e Eror W Ui Wi TSI s e i

02 04 06 08 1 1.2 1.4

z

7 SNe la from this
program.

Another 13 SNe la at lower
z from published works.

No extinction correction
Surprisingly small scatter
Blind analysis (we will not

know the answer until we
remove the blind).

Unfortunately HST/ACS is broken! SCP
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3.2 Future Projects| -

=

it

SNAP (SuperNova Acceleration Probe)

* 2m wide-field space telescope
10 years later???

Wide-field camera
& imaging spectrograph

fainter

~2500 SNe la
30

25
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DUNE (Dark Universe Explorer)

1.2-m Space Telescope 0.5 sq. degree Refregier et al. 2007

Weak Lens
SNe




Hyper Suprime Cam
A new wide-field camera
for Subaru : completed by 20117

@ 625mm

@ 900mm

Dark Energy Measurements
with gravitational lens effects

8m

Wide Field Imagers  Survey power

(for same image quality)

|

Camera Telescope CCD FOV First Ligl
Name D[m] A[m? F | Vendor Format Neep | 2 [deg?] | AD

WFPC2 25 346 129 | Loral  800x800(15) 3 0.0015 | 0.01 Dec-93
UHSK 36 959 42 | Loral 4k2k(15) 8 0.25 2.40 Sep-95
SDSS 25 383 5 SITe 2k2k(24) 30 6.0 22.99 | May-98
NOAOSK 3.8 998 27 | SITe 4k2k(15) 8 0.36 3.59 Jul-982
CFH12K 36 959 42 | MIT/LL  4k2k(15) 12 0.375 | 3.60 Jan-99
Suprime-Cam | 8.2  51.65 2.0 | MIT/LL  4k2k(15) 10 2.555 || 13.17 || Jul-99
| MegaCam 3.6 959 4.2 | Marconi 4.5k2k(13.5) 40 1 19.59 Jan-03 |
VISTA Opt. | 40 1133 1.0 | Marconi 4.5k2k(13.5) 50 2 /22.67 2010?
LSST® 84 4634 125| () | %2 20122
PanSTARRS | 3.6(4) 10 | MIT/LL 7 | 50 2007-097
DarkEnergyS. 4.0 10 © LBNL 3 [ 3 ' 20097

Hyper Suprime: New Wide Field Corrector for Subaru ~1.5° ¢ ?
AQ>~100 (FoV %9 of Suprime-Cam)
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Advantage of HSC

 Large aperture
— Other SN surveys except for LSST use 4m telescopes

— SN la samples are limited to z<0.9
-> Extend to z~1.2

» Wide field

— 1FoV is comparable to survey area of SNLS
* High sensitivity in red bands (z-, Y-band)
— Most energy of SN la @ z=1 fall in z-band

* 1,000 SNe @ z=0.6-1.2
from 4FoV and 3month duration observation

Number

30

20

Suprime-Cam searches 2002

~1 hour / exposure, ~5epochs, 5 SupC fields
Yasuda et al. 2004

—
[Jan ) 15 + SNela

* Possible SNe

Spectroscopic

SNe la

Redshift

05 -

SRR

0 - |

24 25
Discovery Magnitude (i')

o ] L L s L
22 24 26 28 22 23

Discovery Magnitude (i')

26
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Spectroscopic follow-up

z~<1
WFMOS >50SNe/night?

z~>1
Adaptive Optics with a Laser Guide Star
— sharp PSF
— several SNe/night?

— ability to make a new set of SNe quickly
and efficiently

WFMOS (multi fiber spectrograph)
to Subaru? 4000spectra at the same time
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s Adaptive Optics

Wave front ———
distorted 1 ]

S

Wave front

corrected Diffraction Limited

Image

ST

Deformable mirro

LGAO for distant SNe
Keckll+NIRC2+LGAO

Rest-Frame R-band Lightcurve of a z ~ 1.3 Supernova Obtained
with Keck Laser Adaptive Optics

Melbourne et al. 2006

Found with HST/ACS  gpectroscopy with Subaru/FOCAS

NEW/SUB REF e —

4 F 3

6000 7000 6000 2000 10°
Wavelength {Angstroms)




Keck+LGAO+NIRC2

Oct. 13, 2005 Oct. 12, 2005 Sept. 28, 2005
At maximum Smooth Smooth

4 H=23.9%0.14mag
_ % \ Exposure time 3600sec
e T/ PSF(FWHM) 0.053 arcsec

Pretty good accuracy

H [mag

25.5
20 40 60 80 100

Observer Days

Comparison with on-going SN
Surveys

o SDSS-II : ~60nights/yr x 3yrs (2.5m) 0.1<z<03
e SNLS : ~60nights/yr x 5yrs (3.6m)0.3<z<0.8

e HSC : ~30nights/yr x 1yr (8.2m) 0.6<z<1.2

— 1,000 SNe from 4FoV, 3months

— Much cheaper than HST g —
Many items to be improved for E |
SNIla as standard candles by 2011  # 8 gifedenn ., < 1

redshift
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Cosmology

* Errors on Q,, and w * Area encircled reduce
reduce by a factor of 2 by a factor of 2
W(zZ) =W, +W'-z
W’ 1 = W’ .
-1.5 SD5S 300 + SNLS 700 SDSS 300 SNLS -700 p - e
L i +HSC 1000 | oz s
Contour : 1o ] N Contour : 1c
2 I . . 2 0.4 . . 0.6 ; Ildl i iEL o -1‘ = OH = EI)H
" Qwm " w,

s

1991 1kx1k CCDx16 1994 1kx1k CCDx40 2000 4kx2k CCDx10
1.05m Kiso Schmidt Te!. Las Campanas 1m \ 8.2m Subaru
WHT 4.2m

Dr. Maki Sekiguchi

1999 2kx2k CCD x30
2.5m Sloan Digital Sky Survey
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