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0 43 HSTOOD laOOO0O0 1994d OO O (http://cfa-www.harvard.edu/cfa
/oir /Research /supernova/HighZ.html)[
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044 HSTOOODOO 400 laD0O0OO0OD0OOOOOO (http://cfa-www.harvard.edu/cfa
/oir/Research /supernova/HighZ.html) [
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Lunar Calendar

1 50-100 1 [
Fields Scheduled Follow-Up
Almogt 1000 o s Spectroscopy at Keck

Scheduled Follow-Up

Imaging at Hubble,
m m m LR Cerro Tololo,

WI'YN, Isaac Newton

Galaxies per
Field

Brightness

Time

RESULT: ~24 Type la supernovae Keck
discovered while still brightening,
at new moon

Cerro Tololo

Perimutter, et al., in Thermonuclear Supernovae, NATO ASI, v. 486 (1997)

We developed a strategy to guarantee a group of supernova discoveries on a certain date. Just
after a new moon, we observe some 50 to 100 high-galactic lattitute fields—each containing
almost a thousand high-redshift galaxies—in two nights on the Cerro Tololo 4-meter telescope
with Tyson & Bernstein’s wide-field camera. We return three weeks later to observe the same
fields, and then examine the images of all of the tens of thousands of galaxies. On average,
some two dozen Type la supernovae will thus be discovered just before new moon—and while
still brightening, since the three week time baseline is less than the rise time of a Type la
supernova. We follow the supernovae, with spectroscopy at maximum light at the Keck
telescope, and with photometry over the following two months at the CTIO, WIYN, INT, and
(particularly for the highest redshifts) the Hubble Space Telescope.

0 45: 000000000000 (http://www-supernova.lbl.gov/)
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Spectra
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Perlmutter, et al., Nature (1998)

As a Type la supernova brightens and fades, its spectrum changes, showing on each day which elements in the expanding
atmosphere are passing through the photosphere. This provides a rather tight constraint on the high-redshift supernova
spectra: they must show all of the same features on the same day of the explosion as nearby Type la supernovae, or else
we have evidence that the Type la supernovae have evolved over the 4-to-7 billion years that we are studying So far, we
have seen no indications of evolution, even as far back in time as the highest redshift Type |a supernova spectrum, shown
on theright plot above in its place in the time sequence of “nearby” Type la supernova spectra. Note that the spectra are
amost all observed with the Keck 10-m Telescope, a necessity for these very faintest supernovae.

0 46: lad0000000000 (http://www-supernova.lbl.gov/)O
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Redshifts
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We have discovered well over 50 high redshift Type la supernovae so
far. Of these, approximately 50 have been followed with spectroscopy
and photometry over two months of the light curve. The redshifts
shown in this histogram are color coded to show the increasing depth
of the search with each new “batch” of supernova discoveries. The
most recent supernovae, discovered the last week of 1997, are now
being followed over their lightcurves with ground-based and (for those
labeled “HST”) with the Hubble Space Telescope.
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Type la supernovae observed “nearby” show a relationship between
their peak absolute luminosity and the timescale of their light curve: the
brighter supernovae are slower and the fainter supernovae are faster (see
Phillips, Ap.J.Lett., 1993 and Riess, Press, & Kirshner, Ap.J.Lett.,
1995). We have found that a simple linear relation between the absolute
magnitude and a “stretch factor” multiplying the lightcurve timescale
fits the data quite well until over 45 restframe days past peak. The lower
plot shows the “nearby” supernovae from the upper plot, after fitting
and removing the stretch factor, and “correcting” peak magnitude with
this simple calibration relation.

00000000000 (http://www-



Analysis Steps

@] oo Q/},@? (@
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Photometry
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Fit
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Hubble diagram
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The supernovae are analyzed in the following three steps: First, the final image of the host
galaxy aone is subtracted from the many images of each supernova spanning its lightcurve.
The resulting R- and |-band photometry points are then fit to K-corrected (see Kim, Goobar, &
Perlmutter, P.A.SP. 1996) and (1+2)-time-dilated B- and V-band template SN I|a lightcurves.
Thisfit yields the apparent magnitude at peak and the best fit “stretch factor” that indicates the
timescale (and hence the intrinsic luminosity) of each super nova. Finally, al of the supernova
magnitudes—corrected for the stretch-luminosity relation—are plotted on the Hubble diagram
as a function of their host galaxy redshift (when available, or supernova redshift, when not).
The magnitudes vs. redshifts can then be fit to various alternative cosmologies. Wefit the two
“favorite” one-dimensional cases, the flat (Q\ + Q4 = 1) universe, and the A = 0 universe, as
well as solving for a confidence region in the Qp-vs-Q, plane.

048 [a00000000000O (http://www-supernova.lbl.gov/)O
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Results: Q vs A Results: Q vs A

from 6 supernovae from 40 supernovae
Perimutter, et al., Nature (1998) Preliminary Analysjs
3IIII|IIII|IIII|IIII|IIIIIIII 3 IIIIIIIIIlIIIIIIIIIIIIIIIII
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These two plots show the best-fit confidence regions on the Qp-vs-Q, plane for the 6-supernova fit presented in the Nature
(1998) paper and for a more extensive 40-supernova fit (preliminary analysis). The left plot demonstrates that with a range of
redshifts from 0.4 to 0.85, the approximately straight slope of the confidence region at a given redshift begins to rotate, allowing an
intersection region (shown in green) to isolate measurements of Qy, and Q, separately, not just in linear combination (see Goobar
& Perlmutter, Ap.J. 1995). With the larger sample of supernovae shown on the right plot, the statistical uncertainty is now small
enough—and the confidence regions narrow enough—that the systematic uncertainty is the dominant source of error. The dashed-
line confidence region on the right plot shows our preliminary estimate of this systematic uncertainty (shown in the direction of 0.2
lower apparent magnitudes for the high redshift supernovae). Further analysis should reduce this uncertainty. The best-fit
confidence region (in green on the right plot) is centered at Qy, = 0.5, Q4 =1.0. This confidence region liesalong the line of Q,
= Qy + 0.5, which is not parallel to the lines of constant deceleration g, = Qy/2 — Q4. Note that the confidence regions do not
include the “standard model” inflationary universe with no cosmological constant (shown as a green circle at the intersection of the
flat-universe line and the A = 0 line). The confidence regions do suggest that we live in a universe that will expand forever.

049 [a00000000000000O0O00O0O (http://www-supernova.lbl.gov/)O
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Unknown Component
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of Energy Density

Supernova Cosmology Project
Perlmutter et al. (1998)
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0 5.3: COBE OO (http://space.gsfc.nasa.gov/astro/cobe/ed_resources.html)[]
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BOOMERanG

Dec [Deg]

0.0144 0.0500 Deg.s™*

0 5.9: The BOOMERanG(Baloon Observation Of Millimetric Extragalactic Radiation
ANd Geophysics) instrument consists of a 1.3-m off-axis telescope that feeds a bolometric
array receiver. The receiver is housed inside a long duration liquid helium cryostat. A
sorption pumped 3He refrigerator maintains the detectors at 280 mK. Observations are
made in 4 spectral bands centered at 90, 150, 240, and 410 GHz (3mm, 2mm, 1.3mm,
and 750 pum) with angular resolutions of 18, 10’, 14/, and 13" FWHM respectively. A test
flight of the payload in a different configuration flew in a 6 hour engineering flight from
Palestine, Texas in 1997, and the second flight flew in a 252 hour flight from McMurdo
Station, Antarctica in 1998-1999. (http://www.physics.ucsb.edu/ boomerang/)
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0 5.10: MAXIMA (Millimeter Anisotropy eXperiment Imaging Array) is a balloon-borne
millimeter-wave telescope designed to measure the angular power spectrum of fluctuations
in the CMB over a wide range of angular scales. MAXIMA is sensitive from 4 degrees to
the telescope’s beam size of 10°, which is an ideal range for probing the acoustic peaks.
This angular scale is significantly smaller than the one explored by COBE (> 7degrees).
The MAXIMA receiver has a 16-pixel array of bolometers cooled to a temperature of 100
mK to achieve high sensitivity. During our first overnight flight (MAXIMA-1, 1998) we
observed 124 deg? of the sky which corresponds to > 4,500 beam-size pixels, 6 times as
many as the COBE-DMR satellite data set using the same pixelization scheme. Data from
the second flight (MAXIMA-2, 1999) have nearly twice the area of sky coverage (230 deg.?)
of the first flight. (http://cosmology.berkeley.edu/group/cmb/)
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DASI

O 5.11: DASI is a 13-element interferometer designed to measure anisotropy of the Cos-
mic Microwave Background (CMB) Radiation over a large range of scales with high sen-
sitivity. The instrument uses cooled HEMT amplifiers running between 26-36GHz, in
ten 1 GHz channels and operates from the NSF Amundsen-Scott South Pole station.

(http://astro.uchicago.edu/dasi/)
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0 5.12: The Cosmic Background Imager
(CBI) is an instrument designed to make im-
ages of the cosmic microwave background ra-
diation and to measure its statistical proper-
ties on angular scales from 5 arc minutes to
one degree (spherical harmonic scales from 1
= 3000 down to 1 = 300). The CBI is a 13-
element interferometer mounted on a 6 meter
platform operating in ten 1-GHz frequency
bands from 26 GHz to 36 GHz. The instan-
taneous field of view of the instrument is 44
arcmin and its resolution ranges from 4.5 to
10 arcmin. The spectral capabilities of the
CBI can be used to look for and separate
diffuse foreground synchrotron, free-free, and
dust emission from the interstellar medium in
our Galaxy. Unresolved extragalactic sources
are measured with the 40 meter telescope at
the Owens Valley Radio Observatory, and
subtracted from the CBI images. The CBI
is also a powerful instrument for observing
the Sunyaev-Zel’dovich scattering of back-
ground radiation photons by the hot elec-
trons in clusters of galaxies. Measurements
of this effect can be used to study the prop-
erties of the hot cluster gas and the evolu-
tion of clusters, and to measure the Hubble
constant directly. The CBI is located at an
altitude of 5080 meters near San Pedro de
Atacama, in northern Chile. A high, dry site
is essential in order to reach the required sen-
sitivity levels in a reasonable observing time.
(http://www.astro.caltech.edu/"tjp/CBI/)
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051: CMBOOOOOOOOOOODOO0O0O0O0000000 Qy = Qb + O, Q,, =
Qecam + p, the primordial power spectrum of density fluctuations o k™, and 7, is the
optical depth to Thomson scattering. (Sievers et al. astro-ph/0205387)0

Prior Probabilities Used in Cosmological Parameter Extraction

1) “weak-h” prior: 0.45 < h < 0.9, t, > 10 Gyr, Q,, > 0.1.

2) “flat” prior: Q ~ 0 + weak-h

3) The “LSS” prior: 0302 which is a Gaussian (first error) smeared by a uniform

(top-hat) distribution (second error): 0.47%7
I'~ Q,h exp[—Qp(1 + Q' (2h)"?)], and ' = 0.21F

4) “HST-h” prior: h =0.71 £ 0.076

2,+.11
2,—.08"

5) “SN” prior: a constraint in the €, — Q4 plane from the SN Ia observations.

g = ' + (n — 1)/2 with
.03,4.08
.03,—.08"

Priors Qyor n Qa Q. Q h
wk-h 105005 1.020% 05402 0.52015 0.080002 0.55009
wh-h LSS 103008 1.0009 0.61099 (42012 0670018 600
wh-h+SN 101004 1.03000 0.68005 (.33007 (550014 ( G7007
whk-h+LSS+SN 1.0009  1.03096  0.69904 0.320:98 0,0520011 ,680:09
fat+wk-h (1.00)  0.9909%  0.64997 0.44920 0.0580015  (.630:09
Aat+whk-h+LSS (1.00)  1.03098  0.69%9¢ 0.31991 0.05000%5 0.680:0
fat+wk-h+SN (1.00)  1.0209 0.70993 0.30093 0.0490:00 (.69%-03
fat+wk-h+LSS+SN | (1.00)  1.03%93 0.70203 0.30093 0.0499:95 .69093
flat+HST-h (1.00) 10209 0.69003 (.32007 (0500007 (68004
fat+HST-h+LSS (1.00)  1.03092 0.6999 0.30003 0.050000 0.692:03
fat+HST-h+SN (1.00)  1.039 0.70992 0.30092 0.0490:00 (.69%02
fat+HST-h+LSS+SN | (1.00)  1.043% 0.70092 0.30%92 0.049%:9%% 0.69%:02
Priors Qiot n Qyh2 Qeamh?  Qa Qm Q h Age Te
0.05 0.06 20.003 20.03 0.1T2 0.15 0.023 0.09 T.T ~0. T
LSS I S G o T s QOB VR & SN 5
wh-h+ SN L0081 105888 05,8888 o888 o868 oBiér .88t 88 (ke 807
wk-h+LSS+SN 1.00§;§§ 1.038;88 0.0248;883 0.128;8% 0.698;84 0.328;8g 0.0528;8}% 0.688;8g 13.86:8 0.138;}21
flat+wk-h (1.00) 0‘99%32 om:sg;ggg 0,14%%% 04643132 0444%%3 04058313% oosggg 133%;% 0409%%
flat+wk-h-+LSS (1.00) LO3giad  0.023p008 012003 0.69070. 03104 0.050pues  0.68570s 1370 01290
flat+wk-h-+SN (1.00) 1.02%- 0.023%" 0.120 0.708 0.300 0.0499°005 g 690 13.79- 0.120-I?
flat+wk-h+LSS+SN (1.00) 103888 0l0240:888 1088 88 88 08888 T oBi8d B 8
flat+HST-h (1.00) 102088 g0a8:088 o888 BB 88 8888 88T B 8
Aat+HST-h+LSS (1.00) 103088 l00aB:088 (088 o888 5888 TS 8888 088 B 1588
flat+ HST-h+SN (1.00) 1osgg§ oozsgggg 0.12%%% 070%% osoggg 0‘049%335 oegggg 136%% 012%%
flat+HST-h+LSS+SN | (1.00) 1045702 0.0243°802 012557 070502 0.303°0%7  0.0495°55  0.695°52  13.602  0.1301%
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0 5.15: [a00000000O0BOOMERANGOOODDOODOOOOOOODDOODO
00000000000 (Qm,Q24) 00000 (P. de Bernardis et al. Nature 404,2000 955)

EREMALLOHIR CMB B AN O HIR

0516 000000000000000000Q,0Q,0000.Q.+Q,>10,00
000,0.+Q,<10,00000000000000,000000Q,+Q,=100
000000000, Q> (<)Q./20, 00000 (:=0000 (00)0000000
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0000,CMBOOOOOOO0O0O00000000000000,Q,~0300Q,~0.7
0000000 CMBOOOOOOOOOOOOOOOOOOO
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0517 00010000000 MAPOOOOO (http://map.gsfc.nasa.gov/)

O 5.2 MAPODOO

000 [GHz 22 [ 30 [ 40 [ 60 | 90
00 [mm] 136100 75 | 5.0 | 33
000000 4] 4] 8] 3 16

00000 [O0] (FWHM) [ 0.93]0.68 | 0.53]0.35 | <0.23
00 [uK] (for 0.3° x 0.3°pixel) | 35 | 35 | 35 | 35 | 35

Thermal Passive radiative cooling to < 95 K
Focal plane 3.5° x 3.5° field of view
Pointing accuracy 0.6 ° control (elevation)
Lifetime 27 months
fuel limit > 3 years
Mass 830 kg
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Penzias and
Wilson

MAP
(Simulated)

0 5.19: MAPOOOOOOO (http://map.gsfc.nasa.gov/).
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PLANCK European Space Agency U0 0000000000000 OOOMAP OODO
000000000 bo0oboobuoobooboobobD207y00ooDOoO

0 5.20: PLANCK O O O (http://astro.estec.esa.nl/SA-general /Projects /Planck)

Detector HEMT arrays Bolometer arrays
Temperature ~ 20K 0.1K
v(GHz) 30 | 44 | 70 | 100 || 100 | 143 | 217 | 353 | 545 | 857
Av/v 02]02]02]02]025]025]0.25]025| 025 | 0.25
# detector 4 6 | 12 | 34 4 12 12 6 8 6
AG(") 33 123 |14 | 10 ||10.7] 80 | 55 | 5.0 | 5.0 5.0
AT/T(107°%) || 1.6 | 2.4 |36 | 43 | 1.7 | 2.0 | 4.3 | 14.4 | 147.0 | 6670

31



Joell UUUUOOOOOONONO

LRI LR LY

— .

_ . 0,=0.1, A,=0.0 \
,,,,,,,, 0,=0.1, A,=0.9
0,=1.0, A,=0.0 i
01 1 1111““ 1 1111““ 1 o111l

LI N

TTT

0.01 0.1 1

z

10

061:0000000000000000O0O (?7)0000000000O0OO0ODO0O (7?7)
gboboboooobbbooobboboogobobuoooobon

e Einstein — de Sitter 000 (Qg =1, g = 0)

A, = 1872 ~ 178,
3(127)%/3
be = —— ~1.69,
20

e JO00DODOOOOOO (<1,X=0)

(coshnyy — 1)3
(sinh nuir — Mir)?’
3 sinh 7yi (sinh 7y — Myir)

A, = 4rn?
oY
2

s

(cosh g — 1)2

1

e 10000000D0DD0000 (Q<1,A=1-Q)

Ac

Tta

< )3 2'wvir
Tvir X ’

187%(1 + 0.4093w

0.9052
vir

)7

32

2
sinh 7y,

(6.0.1)

(6.0.2)

(6.0.3)

—_MY/T (6.0.4)



3 /1 11 2wy \ Y
5(: - _F<_a17_;_ vir) -~ (1 _>7
50 \3 6 < X ) 3

3(12m)2/3
20

12

(1+0.012310g; ir)- (6.0.5)

DDDDnvirECOSh_1(2/Qvir_1)>wvirE1/Qvir_1>XE)\OH3T§a/(GM)a F O (271)DD
ooooo, Q0 ¢t 00000000000000 620 Ac06 0 Q000000
godg

o /2 s e e B B s B B e
165 |

1.6

1.55

1200

1000

800

600

400

A
‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T

200

L1 ‘ I ‘ [ ‘ I ‘ [
0.2 0.4 0.6 0.8 1

vir

06260 A00000000O00O0ODO0OON =000000000000O0O0O00M =
1-QU00000000

33



T T ‘ ‘4"Lk‘7LJ<‘<‘ T ‘ T T T T ‘ T T T T ‘ T
-2
L -4
i
T
N
=
T
~—~—6
L
~
2
=
-8
—10 \\ "z_f
1 1 1 1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 lll :>1
-1 -0.5 0 0.5 1
lno-!

0 6.3: Press-Schecter U000 O0O00000000000O0OO (Jenkins et al. MNRAS
321, 2001, 372)0

T T T TTT1T LI LI IIV!V/‘ 102 F T T L | G
/4 - e
- -7 .
4 - /’/

i B fes' Mohr et al. P 7 :

10 7] o
L i r 7k N

Ve J =

- - — e —
- 7 210 S0 =
— i ] EO - - .
> i ] o -7 T ]
R e 2 = 1
— - B N - ’H t= .
E?" ] B H i

L 4 S —i =
— R —F—
M 1 = i —
— C .
) fee=0-8 » -l ]
| L L f.. Mohr et al | i k= T ]
_ — . Finoguenov et al. - L '_]:_' - T v i
Allen (>5keV) : | : Allen et al. |
, e Ty i — Finoguenov et al.
0 Al Ll Lo 10-t | | | | |
1013 1014 1015 1016 2 4 6 8 10
My, [hzd Mo] Ty [keV]
064 00DOODDOOOOO 065 00000000000

34



T T T T T T T I T T T T T T T I
10 & fgass Mohr et al. 10 & observed LT  _|
= g 1 = : T :
> i i a - T,=08T, i
/—% 1 £ — Jenkins \ E /—% 1 £ — Jenkins E
% O PS o oop ] 0 - PS ]
/\ - gas vir . - /\ - -
. " (J) TyuolkeV]=2.03 ] e r T
A 10t Pur=0.49 = A 107t —
Z = (P) T,,,[kev]=2.16 N =z E T,..o[keV]=0.88 E
[ Pin=048 \ ] [ Pin=2/3 ]
1 10 1
TgEls [keV] TgEls [keV]

6 T T I I T T 20 [ T I I U I T I T ]
5 L | |  Towa=08T,,  ax¢=40
- - 15 - \ / L]
4 pest fit Oy “‘. Ax?=4.0 — N/ Ax—lO_
- 0.73 () o . i Be=4.0 ]
L 3 |~ 0.80 (PS) L — % 10 S —
- o _ - AE=1.0 ]
ol — Jenkins L ] L best fit 4
... PS [ 2- - . est fit o5 |
SR I . ekl 5 [ jenkins 091 (3)
1 L \] L _| o 1.00 (PS) ]
L f..: Mohr et al. g | observed LT ]

O 1 I 1 I 1 I 1 I 1 O 1 I 1 I 1 I 1 I 1

0.5 0.6 0.7 0.8 0.9 1 0.7 0.8 0.9 1 1.1 1.2
Og Og

0 6.6: XOOOOOOOOOODODODODO og0Shimizu, Kitayama, Sasaki & Suto, ApJ
(2003)

35



0.7 I I | Iﬁ“ [\T U ‘\‘I\ T I:\I f| T IAI T It T l| J N I N | T | T T T 1T
EA “\,\g“: ohr et al. EE A O(=3/2 E

0.65 E_Tm N XTF _EE_TV" E
06 E . _ LT L+ =
= A ' T ;

£ 055 F T :
05 £ + 3
0.45 £ @=1 + S
C Press Schechter » ™. .- ; F N

0.4 ; —— I\\‘| I I\\ f I - ——+— + 1 I\:
0.65 FT,, | =+, a=3/2
05 £ + .
0.45 f &=!1 NN + NN 3
£ Jenkins et al. . "\ | T Jenkins et al. v T =

04 o1 Lo by T T R SRR AN B R
1 1.5 2 2.5 1 1.6 2 2.5 3

Tgas,o [keV] T [keV]

gas,0

067 0000000000000 D0O0OShimizu, Kitayama, Sasaki & Suto, ApJ (2003)

1.6

1.4

1.2

0.8

0.6

II|IIII|IIII|IIII\]\I\I\II

0.1 0.2 0.3 0.4 0.5
Q

m

0 6.8: SDSSO000D00O0O0OOOOO Qy—o0s000OBahcall et al. (astro-ph/0205490)

36



N
/\
CQ - ‘\'\l, 20 49.2.’
@) @ . AN
~ QQ\&'"
= . @) i
<
© St
O g
&
G
¥
@)
N
@)
0 =0.2,054=1.2
O | | | | I

0.5 [ 1.5

069 00000000000 Qy—og00OConstraining the mass-density parameter, €2,,,
and the mass fluctuations on 8h™' Mpc scale, og, from several independent observations
of clusters: cluster dynamics; baryon fraction in clusters; present-day cluster abundance
(z ~ 0); and cluster abundance at redshift z ~ 0.7. (The latter two abundances yield the
cluster evolution constraints shown in Figure 2; see text). All these model-independent
observations converge at the allowed range of €2, = 0.2 + 0.1 and o3 = 1.2 £ 0.2 ( 68%
confidence level). The dotted lines illustrate the mean microwave fluctuations constraints,
based on the COBE satellite results, for a Cold-Dark-Matter model with h = 0.7 (with and
without a cosmological constant, denoted as LCDM and OCDM respectively. Both models
are consistent, within their uncertainties, with the best-fit 2, — og regime of the cluster
observations). Bahcall, Physica Scripta (1999)
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O 6.10: OO0O0O0O0O0DO0DODOOODODOO0O Q— og000OThe likelihood surface of og
and €2, from combining the COMBO-17 dataset with the 2dFGRS and the latest CMB
constraints. The dark thin solid contours are the constraints obtained from the shear
power spectrum. The lighter vertical contours are the constraints on €2,, obtained from the
2dFGRS. The dashed set of contours are the constraints from a compilation of six CMB
experiments. The dark heavy contours are the 1,2 and 30 combined constraints from the

three methods. Brown et al. (astro-ph/0210213)
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from the photographic plates
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m.<m<m,+2

Press-Schechter halos

nonlinear spherical collapse
A, =18n"

SZ clusters

inverse Compton of CMB
A ISZ~ r]eTeRcl

Halos in N-body simulations
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linking length
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X-ray clusters
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070 210000000000000
L] [

CfA galaxy
redshift survey:

{(de Lapparent et al.
1986)

Las Campanas galaxy
redshift survey:
(Schectman et al. 1996)

2dF QS0 redshift survey:
(Shanks et al. 2000)

0 71: 00000000000000.O0000O0,000000000,00000000000
oooo0O,00000000000D0OODOD0OO0O0 «0O”000.00000000,00000
ooboooooooOoOO0O0O0,00000000000O0O0DO0O0DOOOOOOOOOOODODOO
O0000D00O. CfA(Center for Astrophysics) D000 0000000000000 O0O0OOODO
oooooooooooboOooobo.ooooooboboOoooOoOoDoOobO 88 UbO 1994000
O000,000000000C00 15 x8°00000000DOOO0O0O0ODOOOOO0ODOOO
000000,00000000241800000000000. CfAAODODOOOODBOOOOOO
ooooooooooobo.oo0,2dFO00000C0C0O0000O0O0O,000000000C0O
000000.0000000C0O00000O0O0O0C0DOOOOOOOOOOOODOOO.
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O 7.1: Ezpanding the expanding universe.

0-th order

1st order

2nd order

3rd order

4th order

L-th order

M-th order

O
N-th order

0
00

000000000
(00000000, Qu, A, hOOD)
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(000000,000000000)
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(000000000000)
00,0,00000000
(00000000000)
000000000000000
(000000O000)
000000000
(000000O000)
00000000000000
(000000000)

00000

g 72000900000

ooo a[AU] m[Me)] Rkm] e T 0]
00 (Mercury) 0.39 1.7 x 1077 2440 0.21 0.24
00 (Venus) 0.72  24x10°° 6052 0.007  0.62
00 (Earth) 1.00 3.0x10°° 6378 0.02 1.00
00 (Mars) 152 32x10°7 3397 0.09  1.88
00 (Jupiter) 520 95x 107 71492 0.05  11.86
00 (Saturn) 9.55 2.9 x 1074 60268 0.06 29.46
000 (Uranus) 19.22 4.4 x107° 25559 0.05 84.02

000 (Neptune) 30.11 5.2 x 1077 24764 0.009 164.77
000 (Pluto) 3954 7.4 x 107 1137 0.25

267.80

00 (Sun)

— 1.989 x 10%[g] 696000 -
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1992 | 000000 PSR 1257-120000000000 (Wolszczan & Frail 1992)

1995 | 0000 51 Pegasi 00O OO OOOO (Mayor & Quelos 1995)

1999 | 0000 »And00O0O0O00O0O0300000 (Butler et al. 1999)

2000 | OOO0O HD2094580 000000000

(Charbonneau et al. 2000; Henry et al. 2000)

2002 | HD209458b0 0000000000000 (Charbonneau et al. 2002)

2002 | 1100000¢@rODO000OO00OCOO00DOO0OO0O000NNIOO0O00bOO00O0OO

00000000 10100 (http://www.obspm.fr/encycl/catalog.html)
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Sodium absorption in star's
spectrum is enhanced by
sodium in planet's atmosphere
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O 7.4: HD2094580 HST DO 0D U0OODODOOOOO0ODOOODODDOO0OObOOOODOoOo
O00000000DO (http://oposite.stsci.edu/pubinfo/2001 /38 /index.html)
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Discovery space for extrasolar planets

10.0

1.0

Lower limit on mass
(Jupiter masses)
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’Jup|ter
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g 75 000000O0O0OOOOO0O0OOOOOOOOO

good.

gogboogogoood

gooooooog, boooooobobooooooob «oobobob0 Msing OOO
(http://oposite.stsci.edu/pubinfo/2001/38 /index.html, Ann Feild (STScl) D0 O0O0O00O0O).
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