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_ﬂ.m =1 s an unstable evibical Po:’nf.'

Np=1 is a stable cwibical point
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Type Ia Supernovae as Standardizable Candles

A white dwarf accretes
mass until it surpasses

the Chandrasekhar

limit, and explodes

info a SN Ia (or so we
believe). —» seveval sther models

Peak luminosities are almost the same for all
SNe Ia, although not quite. -+ scatter by ~507

Phillips (1993) showed that there is a one-
parameter family of SNe Ia, in which peak lumi-
nosity is monotonically related to decline rate
of the light curve. (After Pskovskii 1977)

Brighter & slower decline
Dimmer & faster decline
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Fig. 1.— (a) The photometry points for the 35 SCP (full red circles) and 18 Calan/Tololo
SNe (blue squares), fitted to Parab-18 with the maximum flux normalized to unity and the
time of maximum adjusted to zero in the observer system. (b) shows the same data as in
(a) averaged over one-day intervals and over each set of SNe. (c) and (d) show the same
data, transformed to the rest system. In (e) and (f) the time axis for each photometry point
is additionally divided by the corresponding stretch factor s.

Goldhaber et ol
(astro-ph/oio4382.)



lum:’nos;by - ’L. - & (id) f ’ee , -h]
d:stance ! dl— “NanF T Ho ' Siﬂn[ﬁo{k('&) bl !)3""‘1'\}"'

= sin , for K<O
= Sinh) » K0 Milne

_rlll‘ [ [ IIIII| [ I Ill]l|/ "—«E-des

a4 =

a2 =

& 40 =

s _f :

= 38 [— =

36 | —

34 [ =

7 ;

= =

S 55 S
g 0 f - folne

94 S5E B
1 = T JE-deS

= | | | 1] s

- g3 ] T -

1 & Supernova Cosmology Project =

= BE 5 ST
E 0 E %M;ﬁ ;_____,;,.;-;‘- .................... . ._____fMi!ne

4 BE i e, =
-1 Erial IR e g gl =EeS

.01 A 1
redshift z






L

at 2”05 SNIa ave 0:-2010-06 mag ‘famtef

S:n Am,;

than in an en‘!Pt&-}OdShh&) Universe (ucowecbdﬂ

10000

[7)

Q.

= 1000

QO

(&

e

o

@

g < |
100
2

—_ 1

3

2 0

%

©

S .2

>

g 8

L 1

8 o0
-1
.2

0-14+ 006 (MLCS)

0«06 £0:04 (SCP)

I [

IIIII[| I

I IIIIII|__

| IIIIII1| |

e 0,=0.3, 0,=0.7

T 27

L1 uunTﬁ

I lJlLllJ'

_

{IIIW | III||III

I

| Ff[IIIT[ |

|
|

I
TIIIT|

IIJ\II lllllli|

— High-z Supernova Search Team
.01 A
redshift z

Le:'bundau t', ARAA ‘Of



] L Ll Ll T I Ll T L] T I

- Lightcurve Width
| Calibrated Data

S
N

1 1 l 1 i 1 I 1 1 1

x

S 20

D]

2

g _
£ 18 i
QL

[—,
@)}

L AR SR i.;ﬁﬁ

3.5 4.0 4.5 5.0 5.5
log(cz)
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® Perimutter et al. (1997)

y

Slope = 0:2920-0%

-0:03 100l mag



® Riess et al. (1998)

SloFe: 0-7710-°13

also zevo-point
o{fset 0:2510-04
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eoe theve is no 'Standard medel’ Ffor the explosion
mechanism (Hillebrandt & Niemeyer, ARAA 00) and

[ittle 78 known about Ehe onaem'éovs obsew«tfonalé;

— Some evidence that diskant SNILa ave bluer
s ';; this is inbrinsic, then devived distances too small
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Figure 2: The observed colors of SNe la as a function of redshift. The data are from
Phillips et al. (1999) for the low-redshift and Riess et al. (1998) for the high-z sample.
The line shows the intrinsic color as defined for the nearby SNe la in Phillips et al. (1999).

(Leibundgut, ARAA 2001)
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Difference: 1997-1995

Distant Supernova in the Hubble Deep Field
Hubble Space Telescope « WFPC2

NASA and A. Riess (STScl) = STScl-PRC01-09
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The indiecation o; 'QA #0 fvom the
SNela Hubble d:‘aji"am /S very "nt'erest'fh‘g
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Fig. 9.— The Fall 1999 and other data points are shown in a residual Hubble diagram with
respect to an empty universe. In this plot the highlighted points correspond to median values
in eight redshift bins. From top to bottom the curves show (2, 2) = (0.3,0.7), (0.3,0.0),
and (1.0,0.0), respectively.
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We also give 1o, 20, and 3¢ contours when we adop
2dF survey (Percival et al. 2001). These constraints use the full
z>0.01 and Ay < 0.5 mag.

shown at 1o, 20, and 3¢ with w = —1.
a prior o__f Queh =0.20£0.03 from the
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Why study CMB anisotropies?

Recombination (z =~ 1000) makes Universe transparent.

Primordial fluctuations (on sub-horizon scales) filtered through
non-contentious physical processes and become observable.

In principle accurately constrain Qg, Qa, k%, Qph?.
(Notation: Qi + Qa + Qo =1, Q, h? is a density.)

BUT

1) Primordial fluctuations highly model-dependent.

2) Foreground subtraction preblematic



Doppler Peaks

5;%@4

L[(1+1)([

Sachs-Wolfe Plateay Nothing

0 = constant radial averaging

diffusion damping

1 0.1 degrees

’e super horizon—>|<— sub horizon =




Acoustic Waves

Photons compressed by potential, but resist compression = os-
cillations. Phase frozen at recombination.

Depend on sound horizon s..

AT/T ~ cos(nks,) adiabatic, inflation only
AT/T ~ sin(nks,) isocurvature, others

Produces evenly spaced peaks in spectrum (first peak at [, ).

Projection: observed [, sensitive (s, Q). (Qoh? enters both
projection and s, to nearly cancel.)

Smoothed by orientation wrt los.

Also Doppler shifts, /2 out of phase; only los part effective, so
smaller.

Baryon drag (depends on Qph?): increases gravitational com-
pression, enhances odd peaks suppresses even peaks.

Photons diffuse while Compton scattering, mix hot and cold
regions. Diffusion damping (scale Ip) increases with Qph®.



[L(L+1)C,]*/? (unnormalized)

Ana‘u’ﬂw powey Speo!’wﬁ,vﬁ a’c CMB
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(a) Acoustiec Oscillations|

l sound horizon

crossing

AT/T

L]
.1
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FIG. 2. (a) Aconstic escillations. Photon pressure resists gravitational compression of the fluid setting up acoustic oscilla-
tions, (left panel, real space). Springs and balls schematically represent fluid pressure and effective mass respectively. Gravity
displaces the zero point to || (blue artow) with % /3 oscillations (right panel, time). The displacement is cancelled by the
redshift (red arrow) a photon experiences climbing out of the well. T'he Vil Doppler effect is shifted by 7/2 in phase. (b) Baryon
drag decreases the sound lorizon and increases the gravitating mass, causing more infall and a net zero point displacement,
even after redshift (unequal red and blue arrows). ‘lemperature crests (compression) are enhanced over troughs (rarefaction)
and Doppler contributions.
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Integrated Sachs-Wolfe (ISW) effect

Effect of photon passing through changing potential wells (dou-
ble special relativistic effect).

Rees-Sciama effect: SW with nonlinear potential perturbations.

Late ISW effect: Universe dominated by K or A has rapid ex-
pansion; potential decays independent of [. But SW cancellation
within horizon (I > lzk).

Early ISW effect: Recombined but still radiation dominated
stage, potential decays at current s,; boosts [ > leq.



t
ISW: S b (r,0) dt

tdec

Rees-Sciama Effect
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Things to measure

la clean measure of Q. (Degenerate with Q4 but not if 1
constrained.)

leq/la independent of 25, Qx, weakly on Qph?; isolates Qh?.
[o/lp independent of Q, Qg , weakly on Qh?; isolates Qph?.

Together possibly A

Current CMB Quilt
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Computer simulations of structure formation in the cold dark-matter (top) and
hot dark-matter (bottom) scenarios (assuming random overdensities act as the
seeds). Galaxies form first and cluster later in cold dark-matter models; with
hot dark matter, by contrast, clustering occurs first at large scales, followed

later by fragmentation and
el e

g.hx{.a on.

(¢) e .
P

Plane-wave expansSion

"l':'mnsfev {—n-" 102
...deFmdgn'L’ on
(davk) matter content

10

104

10°
wave number K (h/Mpc)

10

Ty
s; 57 =<5kl > (am) § (1)

n &
P(x) = AK
=1 = Sede-inwiod
Hayvisen- Zeldovich
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fyom inflation



771& Ma:f‘fer }Dowtr Sfecf'-rum
fa'r mod:f.'e.cl CDM models

Fig 5

10* 10 10* 107 1 10™ 107 10" 10" 1
k (h Mpc™)

Seott, Silk, White
(astro-ph /9505 0I5)



Stl&d,;&s o; Si’ruc.fure formaﬁ'on uSua/g ASSume.
(/5 ‘HGYH'SOJ'I-Z'EI 6\/!‘&/7 SPQ(,L‘-rum fa-r tf,e

f)ﬂ:h"‘o-f'd:'q.t a’enss'!:f /::e,rf'urba,i‘ian P(R) o K & ,n=|

.o but :’nflah.ona "y models 3‘9"’3""“"”& /bre.cl;ci'
( 1 (v] ?aw' é’hm:cj defarf' Uures ftﬂm [y Ca-le- imvariance

Snz(n oC E'_go oC V(¢)3

V'2 lksH
=> ni(K=1+ 2% - 3(\6)"

—> Since VI§) .S‘i‘ee/bens towavrds the endﬁf in//ab‘on
ﬁeve will be a SCaZe-c{ependenk sFe.c.lfm,[ ‘EilE
T P ! «
SH ol [Sl -+ n(—-l——-'!”%' Hpo)]

e-g- =4 fév Ve ¢3 = nzx 09
Adams,Ross &k Savkar
( hep-ph/9608336)
oo },owever the 5Pecfruvn Can Ae. vev close to
Scale- invaviant for an e)tponento'd Fotenfial
C Powe'l’-|dw' an[qéc'on) or Inm |I7JAV|’4 f i‘nf[ab’on
(wheve the dynawics o,f a Second field ends inflation)

But in mulh-[;elal meoedels , can even ézene_rqte_

.fe,af;u-re_s 'n ﬁe, Sfeci'rrum _ ‘émvnpsl, 'S&QPS’..

Adamsf Ross, Sarkar
(hep-ph/a704286) ©



Do 3a/axa'es trace the davk matter (

VIRGO Collaboration
APM simulation



Mass Huctuatbions fvom
CHMBE vs ?‘I“J dquevin;_

A% (k)

unbiased tracers of dark ma
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exFecfed bempevaf:ure. covrelations
at lan?z anales due to A (late ISW e#cd:)
hot seen 5& WMAP (and COBE)

= best-f £ ACDM moadel u.nl‘kdy. @ ~17 level

(even afber amnunbm;, fw cosmic vaviance')

(5 this indicabion oé an infraved cuboff in
the pvimovdial fluckuakions on the scale of Ho ;

m r-w T T T | L T T T | T T T LU | T T T
SFe'ra,d ‘Qbai_
(a.sl:vo-Pb/osoi’-ZD‘lz
/’
/ 4
dﬂ
- —
'PCx)--Z g(k~-58n/c,) '
T n=( k i
m CEAE R TS R EO (N [ N A (N N RO O S
1.0 0.5 V) -0.2 -1.0



F,: !:’f[n}_ CoSrnalfaiCavL models ¢e dﬁ.é'q,.,

o al 2, Nt : N
P i" Do we know how
manyg para meters

we need ?

s o Standard SU@:XSU(?.)LAUQJ';«;OJQZ
; _“i"" ‘ (e-;’le.cfive 7{:'9.[0/ ﬂ;e_o[y valid u)pfo E<A)

Super-venovmalisable nen - venovmalisable
¢2A:_ Aq 1¢,nmn.ll$n£le, neutrine mass
| ¢ (19 pavameters) proton decay
$ FCNC
Solve 5& :
(Softlg) Lvoken ;
S“-Fe*sa"‘"‘etﬁ l.,uae 'c.oSmo' og l'ca.I. COnSEaht'

when coupled to 3-.*:1\;-'&3

(anoﬂ-.ev O(loo) Pavﬁmcbtﬂ')
o o Solution lnown |

(I-.oyo Mmany Pmame&evs wil) it have ?)

Moval : -"ne.“simplesb“ cosmo logical meod els
may not be adegquate to descwibe
the ~real universe



An olternative to the /Acom model

WMAP ‘concovdance’ - 0 kn
model : n,=0%3, N,=02?%, h=072,n =019

Our E-Jc.S model: L, =0 , .D_m =1 s h=0-4¢ )
n= 1'02 ’ fb'r i < kl = 00096 MPC'
=081 » fer Kk >k

.f.'ks even 60&0’!
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clus key distances

Ho= 46 km/S/Mpec S inconsistent with the

Hubble Kkey P-roJ'edf' value (72t8 km/s/Mpe)
o= but not with d:’recb (ahd dB.EPe-r) mef}lod.S"
Sun aev-Zeldovich (51_,-'1-_21:,;;/5/”?‘), ?mw’tafioml lenS(Q-Bi'Bi

Krn/S/ﬂ

8x10° —

Bx10°

4x10°

veloci
e

2x10°

| |

HUBBLE DIAGRAM FOR SNla, SZ, LENSES .

k

[

=0,z > Oiﬁi A

- 20} time Je/ags
T l | I | i | I |

5000 104 1.5x% 16*
luminosity distance (Mpc)

—> need »fwfﬁ\er wovk on the distance Scale
(e.g,. met‘:a(l;ci? e.ﬁfed;s on CePAe:cl calibration )

Blanchard etal.
(astvo-ph Jo304237)



Power spectrum, z=0

1 06 T T 1 I
............ WMAP A—-CDM
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p ON Smaller scales, c,lu.ste'ring OF matter would
be excessive «-- unless damped by e-3. @
hot (neutwine) davk matter cOmPoneni’

Obfar'n 3005{ :f.'l.’ fo lavae—SCAjL ,Stvuc.buve. ald‘a.

with 3 quasi-deaenevaf:e. neutrinos o; mass ~0-8eV
""'> __0_ =02 (NBi ell above WMAP ‘bound'!)
e gy =

da - |'\'2' ~0-02V (in aavee.menf with BBN VaLlWL)

an B - . !
=> baYaDr\ ,IZ.,action in clusters OF u]_S-l (acceptqble,)
and U_'g = 0-6hk (COHSiSl’.‘ent with weak IO_hS-'n&,determ‘mqﬂon)



Power spectrum, z=2.72

109 .. T T
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. @i wiﬂn a 650.5 .facf&o'r 6-“:1/03 , Can also f"f-’

power speckvum of L?man-afplm. fa-rest
mla calibration uhcevtainf})

(if amplitude. is veduced 6&

= 207

—> in these jC,'L's , the optical depth to last Sca»tt'eri:%?
ES ’C".:.‘O-l .o RaSiery t‘:o aCComadabc. w!'H)

OWuyY unders tand

CDM CoSman\&

.’n(? 07{ stkar »formab’m in

Blanchard etal
(a.stvo-Pb/OBDlr'B:})



..o SO wheve do we go frem heve 7

"That depends a good deal on where you
want to get to,’ said the Cat.

: __ 'T don't much care where--' said Alice.

P “Then it doesn't matter which way you go,’
i said the Cat.

"we50 lng as I get somewhere,’ Alice added as an explanation.

"Oh, you're sure to do that,’ said the Cat, "if you only walk long

“\ enough.’
. \? Alice felt that this could not be denied, so she tried another
~ " question. “What sort of people live about here?’

‘In that direction,’ the Cat said, waving its right paw round, "lives
(0" a Hatter: and in that direction,’ waving the other paw, ‘lives a
March Hare. Visit either you like: they're both mad.’

“COSmoloa.n'sfs are ofé'en wrong, but never in doubt ¥
(Landauw )

.-+ we may be "ot exven wv-on?," (Pauli)
gut we. aye not wibthout douéb!

L]

e.xc.ib.:n&. times ahead



