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The Milky WayThe Milky Way
In 1917 = The UniverseIn 1917 = The Universe

Today = 1 in 10Today = 1 in 101111

Axel Mellinger



July 3, 2008 Crete

1917:

Einstein stuck
in the
cosmological
constant to
make a static
Universe.

“Universe” = Milky Way Galaxy
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Supernovae & Cosmology

Shapley-Curtis Debate
(1921)

Shapley:
S Andromeda (SN 1885)  M= -16?

“out of the question”

Curtis:
“the dispersion of novae may be 10
magnitudes…a division into two
classes may not be impossible”
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Supernovae & Cosmology

Hubble (1929)

“a mysterious class of exceptional
novae which attain luminosities that
are respectable fractions of the total
luminosities of the systems in
which they appear.''
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Fritz Zwicky--
Supernova Visionary!

SN Ia:
thermonuclear
explosion of a white
dwarf

SN II: 
collapse to neutron
star or black hole

{Also Ib & Ic:

All the SN Tom Abel
was talking about
have a core collapse
and are powered by
gravity
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Type Ia supernovae

Exploding stars ~ 4 x 109

Suns

~1 SNIa /century in a
galaxy

~30 per second in the
Universe!
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Kowal (1968)

1-σ ~ 0.6 mag

Speculated that supernova
distances to individual
objects might eventually be
known to 5-10%

“[i]t may even be possible
to determine the second-
order term in the redshift-
magnitude relation when
light curves become
available for very distant
supernovae.''
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Look up there, Willem!Look up there, Willem!
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Supernovae by the 1000s
4081 SNe since 1006 (~60% since 2000)

~50% discovered
by amateurs

~300++ SNe/year
(in IAU circulars)
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CfA:
Following up with light curves
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CfA Supernova Group
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Determining the Type
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IAU Circulars (IAUC,CBET)

  Electronic Telegram No. 874
Central Bureau for Astronomical Telegrams
INTERNATIONAL ASTRONOMICAL UNION
M.S. 18, Smithsonian Astrophysical Observatory, Cambridge, MA 02138, U.S.A.
IAUSUBS@CFA.HARVARD.EDU or FAX 617-495-7231 (subscriptions)
CBAT@CFA.HARVARD.EDU (science)
URL http://cfa-www.harvard.edu/iau/cbat.html

SUPERNOVA 2007ag IN UGC 5392
     S. Blondin, M. Modjaz, R. Kirshner, and P. Challis, Harvard-Smithsonian
Center for Astrophysics, report that a spectrum (range 350-740 nm) of 2007ag
(cf. CBET 868), obtained on Mar. 10.34 UT by R. Hutchins with the F. L.
Whipple Observatory 1.5-m telescope (+ FAST), shows it to be a type-Ib
supernova around maximum light.  The spectrum shows conspicuous lines of He
I (rest 447.1 and 587.6 nm) and is most similar to that of the type-Ib
supernova 2005hg (cf. CBET 271) at one day before maximum light.  The
spectrum appears to be slightly reddened, although interstellar Na I
absorption at the redshift of the host galaxy cannot be reliably detected
due to the moderate signal-to-noise ratio.  A comparison plot can be seen at
the following URL:
http://www.cfa.harvard.edu/oir/Research/supernova/spectra/sn2007ag_comp.gif

NOTE: These 'Central Bureau Electronic Telegrams' are sometimes
      superseded by text appearing later in the printed IAU Circulars.

                         (C) Copyright 2007 CBAT
2007 March 10                    (CBET 874)               Daniel W. E. Green
Green

Discovery (7 Mar 2007)
Announcement (8 Mar 2007)

Spectrum 1.5m+FAST (9 Mar 2007)
Classification (10 Mar 2007)
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Supernovae by the 1000s

~150 SNe/year
(m<18 at discovery)

1/3+ classifications
by CfA astronomers
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This is really
weird--- as
you take
matter away
from a white
dwarf, the
star gets
BIGGER

This is even
weirder-- what
happens if you
put more mass
on a 1.4 Msun
white dwarf?

Mass and radius for a white dwarf
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White dwarf density ~ 109 kg/m3

~ 1 ton/cm3 (1 hippo mass/teaspoon)
~ Mass of the Sun/ Volume of the Earth
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Type Ia SN:
exploding white
dwarfs

From crinkled
flames grow lumpy
supernovae

Perhaps there’s a
variation in the 56Ni
production
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TychoTycho’’ss

(1572)(1572)
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Manufactured inManufactured in
supernovae!supernovae!
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Light Curves: Clues
to Luminosity

Most likely related to
56Ni produced in the
explosion

Riess, Press &
Kirshner (1995,
1996)

Goal: better
distances,
determination of
extinction by dust
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Good work in the IR by robotic telescope!
Needs no encouragement or food.
Former 2MASS, automated by Josh Bloom
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 Time series of spectra for a
SN Ia

Spectra are similar at a given
age, but not identical

SNID:  Blondin & Tonry
(2007)

Fe seen at late times

Matheson et al. (2008)
787 spectra of 55 SN Ia in
http://www.cfa.harvard.edu/

supernova/SNarchive.html

2211 spectra of 413 SN Ia --
Blondin
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Using the supernova spectrum to
measure the galaxy redshift

Stephane
Blondin
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Using the galaxy spectrum to
measure the age of the supernova

Stephane Blondin
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Time Dilation ~(1 + z) from Spectra
Blondin et al. 2008 astro-ph 0804.3595
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Word of the day:

Lucubration:
Earnest study at
night

Saurabh Jha
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Brighter stars have
slower declines

Light Curve Shapes => L
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Jha, Riess & Kirshner astro-ph0612666
MLCS2K2

Other approaches work, too: Stretch,
SALT, Lifan Wang’s C-MAGIC; Δm15
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7

astro-ph/0612666
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Coming soon: KAIT, Carnegie, SN Factory
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Why are some SN Ia brighter
than others?

•Chemical composition?
•Age?
•Chance?

This is important for
cosmology and can be studied
locally.
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Chemistry?

Look at galaxy
chemistry-- do the
SN Ia show the effect
predicted?

high metallicity =>
low luminosity?
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Dim

Bright

Poor Rich

No, not
really

Gallagher,
Garnavich et al.
2005
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Age?

Look at galaxy
morphology-- SN Ia
found in sprials
(both old and
young stars) and in
ellipticals (where
most of the stars
are old)
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There are real
systematic
differences
between the
supernovae in
spirals and
ellipticals

At the present
level of
precision,
MLCS2K2
copes well
with these
effects
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The CfA Spectroscopic
Archive

http://www.cfa.harvard.edu/cfa/oir/Research/supernova/

In the works:
1875 spectra of 363 SN Ia
524 spectra of 106 SN Ib/Ic/IIb
574 spectra of 242 SN II

Some observed quite early!
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Cosmic Deceleration from Dark Matter,
then Acceleration from Dark Energy!

Deceleration
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What is the history
of cosmic
expansion?
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18521852
DaguerrotypeDaguerrotype
of the Moonof the Moon

DetectorsDetectors
accumulateaccumulate
light over alight over a
period of timeperiod of time
& provide a& provide a
durable recorddurable record
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I think it must be static!
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Like the Vikings,
the Danes were
there a long time
ago! 1989

SN1988U:
SN Ia  z=0.31

For cosmology!
Real-time image
registration,
scaling,subtraction
Monthly searches
Scheduled follow-up
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Actual data not so wonderful, and the
rate with a small CCD on a 1.5 m
telescope was 1 per year.  But the ideas
were there!
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Giant
Electronic
Cameras
Improve
Searches
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1/100 years ~ 1/5000 weeks => 5000 galaxies
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Brian Schmidt explains to his
thesis advisor how easy this will be
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Searching by Subtraction



July 3, 2008 Crete

High-Z Supernova Search Team
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S. Perlmutter, G. Aldering, S. Deustua, S. Fabbro, G. Goldhaber, D. Groom,
A. Kim, M. Kim, R. Knop, P. Nugent, (LBL & CfPA)
N. Walton (Isaac Newton Group)
A. Fruchter, N. Panagia (STSci)
A. Goobar (Univ of Stockholm)
R. Pain (IN2P3, Paris)
I. Hook, C. Lidman (ESO)
M. DellaValle (Univ of Padova)
R. Ellis (CalTech)
R. McMahon (IofA, Cambridge)
B. Schaefer (Yale)
P. Ruiz-Lapuente (Univ of Barcelona)
H. Newberg (Fermilab)
C. Pennypacker 

• Brian Schmidt (ANU)
• Nick Suntzeff, Bob Schommer, Chris Smith (CTIO)
• Mark Phillips (Carnegie)
• Bruno Leibundgut and Jason Spyromilio (ESO)
• Bob Kirshner, Peter Challis, Tom Matheson (Harvard)
• Alex Filippenko, WeidongLi, Saurabh Jha(Berkeley)
• Peter Garnavich, Stephen Holland (Notre Dame)
• Chris Stubbs (UW)
• John Tonry, Brian Barris (University of Hawaii)
• Adam Reiss (Space Telescope)
• Alejandro Clocchiatti (Catolica Chile)
• Jesper Sollerman(Stockholm)

Word of the day: Altercation
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July 1997 Ap.J.

SCP: No Λ
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High-Z Team

Astronomical Journal

1998 September

SCP

Astrophysical Journal

1999 June
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1998 Data:

Riess et al. (1998)

Perlmutter et al.
(1999)

Evidence for cosmic
acceleration:
20% dimmer
than expected

N/σ2 comparable
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Big News in
1998!

Λ
Very small
compared to
expectations, but
not zero!
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If you can’t get enough of these
matters… I can’t recommend a better
book
http://cfa-www.harvard.edu/~rkirshner/whowhatwhen/Thoughts.htm
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ESSENCE
Results

Miknatis et al (2007)

astro-ph/0701043

Wood-Vesey et al.
(2007)

astro-ph/0701041

See also SNLS
Astier et al. (2005)
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General Relativity

For GR, pressure counts as a source of
gravitation

a’’/a = -4πG/3 (ρ + 3P/c2)

Ordinarily, a” < 0
But… if (ρ + 3P/c2)<0, a’’ is positive! You can
get cosmic acceleration from negative pressure
( w < -1/3)
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Updated
Constraints

Factor of 7
improvement
from 1998 by
building up the
samples and
extending the
redshift range

Riess et al 1998; High-z Team

New

See also Perlmutter et al. 1999



July 3, 2008 Crete



July 3, 2008 Crete

Not Your Father’s
Universe!
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ESSENCE
Results

Miknatis et al (2007)

astro-ph/0701043

Wood-Vesey et al. (2007)

astro-ph/0701041

See also SNLS
Astier et al. (2005)
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Today’s State of Play:
N~100 (from S. JHA)
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What limits the precision of the
measurement?

The size of the low-z sample!

See Kowalski et al astro-ph
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Coming soon: KAIT, Carnegie, SN Factory

Malcolm Malcolm HickenHicken’’ss

Thesis!Thesis!

170 SN 170 SN Ia Ia lightlight
curvescurves
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Systematic Errors: the name of this game!
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Something to
avoid!
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What is to be done?

Observe in the (near) infrared: JHKs

The SN Ia behave very uniformly (who
knew?)
Dust extinction goes ~1/λ, so it should
be only ~1/4 as large
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J, H, Ks image from PAIRITEL
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Ongoing efforts to build up low-z
IR samples!

Carnegie Supernova Project:
http://csp1.lco.cl/~cspuser1/CSP.html

CfA: Pairitel
Robotic 2MASS
JHKs
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Infrared Light Curves: More Homogeneous!
Krisciunas, Phillips, & Suntzeff Ap.J. Letters 602, 81 (2004)
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Infrared Hubble Diagrams

KPS (2004)
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Even if you make no
correction for light curve
shape or for dust-- the IR
Hubble diagram has scatter
that is no larger than for
UBVRI light curves after all
the corrections of MLCS!

We can do better: (Kaisey
Mandel)

Construct an optimum
template light curve

Take the 3 IR light curves
into account simultaneously

Use the optical + IR data to
determine dust properties
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Believe no observation without a theory--
Eddington

Dan Kasen (2006)

Models of exploding white dwarf
atmospheres powered by differing
amounts of 56Ni: smallest scatter at H
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OK, Dark Energy is Real…

But what is it?

CMB(WMAP)
SNe Ia

LSS

+ ISW, X-ray Clusters
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Measuring the Properties ofMeasuring the Properties of
Dark EnergyDark Energy

Robert Robert KirshnerKirshner
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OK, Dark Energy is Real…

But what is it?

CMB(WMAP)
SNe Ia

LSS

+ ISW, X-ray Clusters
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Google ‘Dark Energy’!

“These specialized processes are also
responsible for the very distinct odor of

Dark Energy!”
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Einstein’s View on Λ

 “An increase in the
precision of data
…will enable us in
the future to fix
its sign and
determine its
value.”  1932

No No ΛΛ!!
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Thinking about dark energy:
a(t), the cosmic scale factor

a”~ --(ρ + 3P), so you expect decelerationdeceleration
when P is negligible or when P is positive.

But, P does not have to be positive!  The
cosmological constant has negative P.

If P<-1/3If P<-1/3ρρ, a” >0-- you get acceleration!acceleration!
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The Equation of State: w

For dark energy
ρρ =R =R-3(1+w) -3(1+w) ; w = P/; w = P/ρρ
Regular matter: w= 0; ρ=R-3

Radiation w=1/3,  ρ= R-4

Cosmological Constant Cosmological Constant ρρ = R = R00 => w =-1 => w =-1

Other possiblities--
w(z)   “quintessesnce”
Variations on GR (Dvali et al 2000)
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Measuring the Equation of State

For  Δ w ~0.1, the difference in
apparent SN brightness ~0.05 mag

SN scatter~0.15 mag, 0.15/N1/2

N~100 => 3σ
Most of the signal by z ~0.4

0.10.1

0.00.0

-0.1-0.1

-0.2-0.2

0.2    0.2         0.4        0.6       0.8        1.0 0.4        0.6       0.8        1.0

w = w = --1.01.0

w = w = --0.90.9

w = w = --0.60.6

w = w = --0.40.4
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Past and Future of Dark Energy

Wang & Tegmark (2004)
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The ESSENCE Survey

Determine the properties
of dark energy-- Λ or not?

6-year project on CTIO
4m telescope in Chile; 12
sq. deg.

Half of the night, every
2nd night, for 3 months!

Same-night detection of
supernovae

Goal is 200 SNeIa,
0.2<z<0.8
Data and SNIa made
public in real time
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Hardware for real-time reductionsHardware for real-time reductions

Dual networks
1 Gb/sec compute link
100 Mb/s admin link

10 compute nodes
2 x 1.2 GHz CPUs
1 GB RAM each
300 GB local IDE disk

1 TB SCSI RAID disk array

2 TB IDE RAID disk array

Dual networks
1 Gb/sec compute link
100 Mb/s admin link

10 compute nodes
2 x 1.2 GHz CPUs
1 GB RAM each
300 GB local IDE disk

1 TB SCSI RAID disk array

2 TB IDE RAID disk array
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ESSENCE Survey Team
Claudio Aguilera CTIO/NOAO Bruno Leibundgut ESO

Andy Becker Univ. of Washington Weidong Li UC Berkeley

Stéphane Blondin Harvard/CfA Thomas Matheson NOAO

Peter Challis Harvard/CfA Gajus Miknaitis Fermilab

Ryan Chornock UC Berkeley Jose Prieto OSU

Alejandro Clocchiatti Univ. Católica de Chile Armin Rest NOAO/CTIO

Ricardo Covarrubias Univ. of Washington Adam Riess STScI/JHU

Tamara Davis Dark Cosmology Center Brian Schmidt ANU/Stromo/SSO

Alex Filippenko UC Berkeley Chris Smith CTIO/NOAO

Arti Garg Harvard University Jesper Sollerman Stockholm Obs.

Peter Garnavich Notre Dame University Jason Spyromilio ESO

Malcolm Hicken Harvard University Christopher Stubbs Harvard University

Saurabh Jha SLAC/KIPAC Nicholas Suntzeff Texas A&M

Robert Kirshner Harvard/CfA John Tonry Univ. of Hawaii

Kevin Krisciunas Texas A&M Michael Wood-Vasey Harvard/CfA
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ΩΛ > 0



July 3, 2008 Crete

Searching for Supernovae
with HST

Back to the age of
deceleration
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The sharper image!
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Expansion History of the Universe
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The Rise and Fall

Aug 1Sept 22Oct 1Oct 5Oct 10Oct 20Oct 30Oct 31Nov 17Nov 25
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Destiny

1.65m telescope at L2

No difference between nearby and distant supernovae
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Evidence for Slowing Down before
Speeding Up from HST: Riess et al (2007)

1.65m telescope at L2
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Evidence for
a change in
cosmic
acceleration:
cosmic jerkcosmic jerk

Future:

Acceleration
without
end?

Big rip?
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2008:  HST Servicing
WFC 3, COS
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Davis et al. astro-ph/0701510

Testing Models with Baysean
Information Criteria
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Nothing more complicated than the
cosmological constant is justified by
the present data
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And some
things just
don’t fit.
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And some things just don’t fit, no
matter how you turn the knobs.
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Destiny, The Dark Energy Space Telescope
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Science Goals

• Determine the expansion history of
the Universe to 1% accuracy in Δz
= 0.1 bins over the last 1010 yr.

• Constrain Dark Energy equation of
state parameters w0 to 0.05 and
wa to 0.20.
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DESTINY: Tod Lauer (PI)

• 1.65m telescope at L2
• H2RG Infrared Array
• SNIa survey over  > 3°2

• WL survey 1000°2

• NIR imaging 0.85 µm < λ < 1.7
µm

• Imaging Spectrograph with
λ / Δλ ~ 75
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Ideas for DESTINY

• Do in space only what must be done in space -
use the ground based observations of 2012.

• All spectra all the time.  Complete spectro-
photometric time series on all SN events.

• Highly automated survey - no time critical
operations.
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Last Month’s “World
Sample” from Kowalski

et al.
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Why go to high redshifts?

Dark energy can be
detected at low
redshift, but precise
constraints on the
DE equation of state
requires
measurements in
both the acceleration
and deceleration
epochs.

SpaceGround
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Only in space
Crucial near-infrared observations at the required

photometric accuracy are impossible from the ground
• Sky is very bright in NIR: >100x brighter than in visible
• Sky is not transparent in NIR: absorption due to water is

very strong and extremely variable

Data from Gemini Observatory & ATRAN: Lord (1992)



July 3, 2008 Crete

Riess et al. (2004)
obtained ACS grism

spectra of
z ~ 1.3 SN Ia
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ACS Grism  Images of SN2002FW  (z = 1.30)

Riess et al. (2004)



July 3, 2008 Crete

Supernova Observations

1.Filter: locate SN & host galaxy
2.Dispersed mode: spectral time series
3.Difference & extract SN spectrophotometry
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Supernova Spectra

• Simultaneous
spectrum &
photometry = redshift
& brightness

• Redshift from 615nm
SiII line

• Equal precision &
more accuracy than
broadband filters
alone
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Supernova Light Curves

• Always get
photometry around
maximum light

• Sample every 5
days
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Supernova Survey

• Present day &
ongoing surveys
find hundreds

• Destiny will find
>3000 SN in 2 yrs.

• Most at z~1;
requires 3.2 deg2

survey area
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Destiny, The Dark Energy Space Telescope



July 3, 2008 Crete

Science forScience for……

TechnologyTechnology

DefenseDefense

MedicineMedicine
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Science forScience for……

Technology => RichTechnology => Rich

Defense => SafeDefense => Safe

Medicine =>ImmortalMedicine =>Immortal
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Science forScience for……

Technology => RichTechnology => Rich

Defense => SafeDefense => Safe

Medicine =>ImmortalMedicine =>Immortal

& Bored& Bored
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Science forScience for……

The joy of finding outThe joy of finding out
how the world workshow the world works
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Sullivan et al. Ap.J. 648, 868 (2006)

SNLS: as if ALL the fast (and dim) supernovae
are associated with the old stars and ALL the
slow (and bright) supernovae are the result of
current star formation
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SHOES

 Supernovae, HO, for the Equation of State
P.I. Riess (STScI), Stetson (HIA),
 Macri (NOAO), Ferguson(STScI)
Strolger (W. Kentucky), Tonry (UH)
Filippenko (UCB), Jha (Stanford),
Li (UCB), Kirshner, (CfA)
Challis,  (CfA), Casertano, (STScI)
Livio (STScI),Mobasher (STScI)

HST Cycle 15
Two Programs in Parallel for Dark Energy

• Get Ho to 4% precision
• Collect (more) HST-unique SNe Ia at z>1
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 SN Ia, “Boots”, z=1
Found Aug 13, 2006

Two Dark Energy
probes for price of one!

While collecting
Cepheids with
NICMOS to measure
reddening-free
magnitudes…search in
parallel with ACS for
SN Ia at z>1…

How cool is that?How cool is that?
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SN Ia vs. SN Ic

              At maximum light                  Two weeks past maximum
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SN Ia vs. SN Ic

              At maximum light                  Two weeks past maximum

Blondin et al., in prep
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Scannapieco & Bildsten Ap.J. Letters 629, L85 (2005)
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F.L. Whipple Observatory:
Following up with spectra
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What is the origin of these variations?
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Classifying Spectra
C
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The Current State of the Art

ESSENCE

SNLS

CfA, KAIT,
CSP, SNF

SLOAN

SHOES

Adam Riess
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From astro-ph/0612137:  Haugboelle et al.

Dipole

Quadrupole
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SN Ia and “Dark Energy”
1998-1999: ΩΛ > 0
High-Z Team, SCP

2006-2007: w = –1
SNLS, ESSENCE, Higher-z

2008-2015+: w’ = 0?
Pan-STARRS, LSST
ADEPT, Destiny, SNAP

ADEPT, Destiny, SNAP
ESSENCE, SNLS Higher-z

CfA, CSP, 
KAIT, SNfactory

SDSS

Credit: Adam Riess
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Constraints
from
supernovae
alone
Kowalski et
al.
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Observing Timeline for SN Survey

Times and slews
are not shown to
scale
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Supernovae Survey Plan

Survey area is a contiguous
Mosaic of Destiny FOVs.
Orientation rolls by 90º 
every 3 months.
Dithering will fill in chip
gaps and ensure Nyquist 
sampling.
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Supernova Types


