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"Multiple Observation&
show that Dark + Visible
matter is NOT eQng-h. .

No Big Bang

# e« " Supernovae
g i i E
=

Conclusive evidencer
récent accelerated “

- e¥pansion of the Universe -
instead of slowing down
due to grawty y

' : Clusters

There is SOMETHING
ELSE§ .

W|th|n standard
cosmological framework,
this must be due to
substance that behaves as
If it has negative pressure.
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| ',_Milltipl'e‘ téiks in thé Workshop session!!

P055|b|I|ty 1: Unlverse pen‘eated by energy den5|ty, .

L

constan-t intime . and'uniform in space

(Emstewt,_" O et L e e

Possibility 2: DE some Kind of -!unknown dynamlcal f[uld Its

eqn of state varres wlt-h_tlme (or redshift z, 6r a=
S Rl S I S 5 I
. b 7 i 05 i g T S P
" R Imha;:t o‘ﬁﬁE (or'(‘uliil‘.ferent theories) can be ;| . »
« expressed in. .terms of different “evelution of g
eqUatlon of state” . T e

w(a) = p(a) /p(a) W|th w(a) =-1 for A
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These cchmstances demand‘an ambltlggs obs‘brvatlonal
'program-to determlne the, DE prOpertles as weII as

, - Pbossible.” .* LB . $
e i "+ From the Dark Energy Task Force -
¥ Reporte - e
Observatlonal Pr6bes of Dark Ener"gy .
o
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1 In 'GR scale factor a(t) describes growtl
* of Unlverse We know the time evolutic
- a t) 9 H(a) :

=-3H(p+P) . & This holds far-each com_p'Bneﬁt

" Wk (a)z(ﬁJ =H,; [Qma +Qa ' +Qa " +Q a (w"}] 20N

a.

"R
L]

(pansion history H¢z) : whitten in térms-of energy density of-each-compc

‘L’[Hn(a )]J

a
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J sinx k>0
= X k=0
1sinh x k<0

Stand;ard Camdle apparent (] ( )
~ flux to stan-daFd flux '
Standard Ruler: apparent
angular size to real phy5|ca
size * _

Standard density:
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static Universe - exphonential-gr'owth of structures!
_xpandlng Wniverse - struggle between gravitational collapse

and expansion, - (DF> more recent expan5|on)

=‘reln between expan5|or
> and growth factor g(z)

"CMB flxes amplltude of matter fluctuatle.ns at*zﬂrllOO Th|s
1S seen at low redshlft coupled to g(z) S

Wlthlh GR, the. above diffn reln provides one—to -one’ réln »
between two observables : B(2) &g(z). Any mcon5|stency
would mean e|ther GR is faillng at largest scales
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e
Expansion History

o

No Dark Energy

— A, CMB-matched

w=-09 CMB-matched

3
L

No Dark Energy
A, CMB-matched
w=-09, CMB-matched

Growth History

10 100
Redshift (1+2)
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White '.Paper_'s'r (3 ervational, 14 fhe_prétié:'af). |
our bbservatjonal technigues: « * . .7 -
Supernovae Surveys et SRR
" measwuge flux and redshift'of Typela SNe, "+ -~ ot B LY

- Baryon-Acoustic Oscmatlons :

“measure features n d;strlbutlon of galaxies. - . ;
C'Iqster Surveys . 3, R,
measure spatial distribution of qalax-y cIusters . oA
Weak Lensing Surveys - - i

measure dlstortlon of background bmages due to-gravitational Iensmc

IAGRG-24, Janiia M|I|_a Islamla, Feb 5-8, 2007
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- D|fferent techanues ha-ve different strengths and
_weaknesses'and Sensitive'in different ways to .
dark en&fgy and.other cosmological parameters
Cross check to see S faJIure of GR ¥ .o

L |

: -EaMfour technlques canPe pursued b
multiple observational approaches.(radio, ViSi Ie |
. NIR,"x-ray observations),.and a single* ex-perlment :
. can study dark ertergyw-lth mu}lp e technlques- e

C -l -.‘
=o.¥ Moreo.ver constralnts on Hubble Const
measurements and con'stralnfs on other =
*.  cosmological parameters expected to ‘eome from .
« *measurement of CMB temperature ance .
polarlzatlon anisotropies.” . .

.+ *=_" Thesg data, though_imsensitive to wta) on ‘their own but
help in breakmg dé'generaoes

IAGRG-24, Janiia Mlll_a IsIamla, Feb 5-8, 200-7
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: : ' Y. e 0,
w iy a

Effect of datk energy. “g
+ "hecomes'gpparent =z
at [atgimmes. /- P

L = th ansi ONn passes Strong lensing ,ﬁ:
«from decelerating ' 'y =

N PL O3 QCC él eratin g e 1 | cd probed by CMB ete

_Effective gensity
.asymptotes ta
“wacuum . ¢ .

" contribution e

DE ts apparentatz <~ . -
3 , - ~ :
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o Standard candles- The|r |ntr|n5|c Ium|n05|ty
. ‘known. = ° - ,'--_

. "TheiF iwe' n;'fm*nino’sity 'caih'be measdred.

. . ' g : i Y
T The ratjo Of the two can provrde the .

Ium|n05|ty dlstan;ce"'(d )of-nthe sueernova ‘s

-l - "_" - 1

i ‘." E 5 :
‘« The red shjft z can be m‘e'ésurepl Ev AT
»_Independently from-spectroscopy , 6 - . .=

L "

. - " - ., #

« Finally, one can obtaind, (z) or-equivalently.
_the magnitude(z) arid draw a Hubble diagram-
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e Riess et al. 1998
o Perlmutter et al. 1999

Supernova
Cosmology
plk'l|<.k.[

0,=0.3, Q,=0.7

Q,=0.3, 2,=0.0

effective mg

Q,=1.0, ©,=0.0
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“For SNe to be good cosmologlcal
standard-candles % need to nail the
~systemat|c ey . '

unteWesf(lummosﬂy evolyt:o:;w,
. gravi at:ona[ lensmg, dust etc) <y

Thl;s WI||' require thousands of*SNe W|th
_at Ieast hundreds of $Ne Ia‘at z$1 .

ULtra deep supernova sucvey usmg '
dedicated telescope (SNAP jDEM-
" Essence- etc) -

= ' i ~
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«.. . FTIC O QUNCT*PIOPES all-Cal WILT
galaX|es cluster of galaxies and Iarge

M‘AIA‘H-I-M |l~-||- 5=
i e -

Y - %50
- o oy "._ ;
P .
: H|era-rc’h|cal
. Structu‘l’e Format|dn
4 : -nl" . - “ I-.l.I g L]
~ *_ =T o
L e .*I'I- *. -*l L8
o . WAL )
e - . -"'_: .
: " -
r . o ..' e w
P : ':-- ;
_ Spingel et al..(2005) ":
- B e : .. o Pl E
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7 _Pmmz_.
- Baryon =
Accoustlc A
Oscﬂlatlons_ _
5 (BAO) S
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6000

TT Cross Power
i 5000 Spectrum
CDOM All Data
3 n1 P
& 4000
3 AC E‘.\R

N 3000

2000

1000

100 200 400 800 1400
Multipole moment (/)

Radiation

“The same phy5|cal processes
.affeCtJaoth Bke CMB and the * " * &
~ -matter'gower spectrum. !

~'Plape-waves interfere with".

each other * g
Phases frozep, gt ! -
recombjnatlon * e

Gravity+hydre on small scale
evolves perturbations . °,

+ Small-scale silk damping ‘s

k (h/Mpc)
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100 E

80 - 3 L]

60 . , . \
[ 2m/k (h=! Mpc)
I 100

40 -

20 |-

“HMﬁiﬁﬁb I ...”T&J. ".“_ _ : -ﬂcn}hiiﬂm:ilﬂﬁi

o ﬁ“ugD
[ ] O
' : ; k (h Mpc™!)
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k/h Mpc_'
0.05

+ 2dFGRS — Cole et al, 200

k / h Mpe™!
0.05 0.1

: 05 |
+ 2dFGRS — Percival et al. 2001

log,, P(k) / h™*Mpc®

log,, k / h Mpe™!

k / h Mpc™!
0.05 0.1

— —
= 2dFGRS - Cole et al. 2005
= 2dFGRE — Percival 2004 |

1
—-1.5
log;s k / h Mpe™

k / b Mpe™!
0.05 0.1

"
- 2dFGRS - Cole et al. 2005

log,, P(k) / h™°Mpc®

L
-1.5

logy, k / h Mpe™
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- 2dFGRS — Cole et al. 2005

i
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log,s k / h Mpe™




. i ' e : 1 hysic,al scale kno\
prom primary CMB.

23000 deg? T 1000 deg® Standard ruter)

54 gal/arcmin?® i 4 gal/arcmin?®

T, = 0.04 Speclroscopi

ransverse . "

qIA > W(a)

dadial
cH/z > w(a}

Errqrs are d‘ommated by sample wvariance (volume) at low«= and
. shot noise (number density) at high- z. For phota-z surveys, ', =~ =

.‘- =
reduces the number of modes : - s &

IAGRESY, }%99.9@.%.9@1@9% 49, QM7ha1'oes i.e halo bias. Also,

|



Cluster
| Surveys
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s A Iarge peak N trhe
darkematter

denw
' . * Mass.defined (for
. exam.pfe) as total *

rass Wl-thln oo Pl i

where- ‘mean_ .

*, overdensity Is 200",

*  times the critical
- .density =>

® " . Springel et al. 2001
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o Mdn(M,2)
f (on.2) = ——————

I...Press -Schecter form, theoretlcal

(smt"e 197%6) T L
J A : :
10" 10M 1S | e - i "
M[F'Mg ] F "
l-‘ 2 ! e
sth-Tormen: ellipsofdal co'llapse &Nbo
L &

Floar,z) = 0315 exp(—| Inoy," + 0.61)7" ) LE etal, bestfit to simulations*
a llso Warren etal; Lukic etal latest.

IAGRG-24, Janiia Milia Islamia, Feb 5-8, 2007 : .
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: 1ncreasmgw keeplng+
<WE, fixed has following
: effects - ¢

= it 'd‘écreéses yolunte.

8m South Pole Telescope ' g . . - .
SZE Survey

1t decreaes growth rate of
density pertugbations.

-
- " m

Detect.clusters, + z

Redshift C7 e el

IAGRG-24, Janiia Milia Islamia, Feb 5-8, 2007



Largé péa‘k In 'rfwattér ;1
density,,. -3 :

D‘arIWl.lmf)

(~80% of mass)”
Many luminols galaxies

* (~2%:"10% of baryons) =

% BCG-ant red sequence

* Additionat galaxies = =’

* Diffuse light 2L *
Hot'gas (~18%: 90%.of , ",
- baryons)

. * Emits X—rays "

" = » Cayses.SZ decrement

\ in Microwqve

background: -
IAGRG-24, Janiia Milia Islamia, Feb 5-8, 2007
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0.5

MICROWAVE RACKGROUND
PHOTON 5

‘__‘

L]
= ol
! BLUE sHIFTED
T HICROWAVE S30Te
50 100 200
.. Frequency (GHz)
§ DEZERVER
L |
: hipendence X amplit
! 5 = : - . -
B a
[ L ]
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" Mass fqnétion exponentially sensitive to mass.

] L]
" |

. Ubservables tr.anslates to masses through sirhple

obserthc.al sCallng relanon e S |

5 o : & L _‘ -

" Error in tra‘nslat'ion cin Ty nse-of clastass as'DE probes.
L ’ - '__ - - -- : 1 - . : W t. :

BT e i s, SRS e (Phact ST g

eed thousands of cIusters to callbrate out 'ilncertamtles or -nms
arameters 1f-Cal§i " sk i P

-
I- . (1
v 1

™ - % - sy B - .
- 5 e
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. W) J ust let dn/Az 'informatlon self-callbrate the survey with simple scallng reln.

But needs lots of clusters 3 o ;
Addlng extra mform.atlons! 5 L

" b L

. 1. lelted mass follow -up (usmg ft] h-ydno equlllbrlum/weak lensmg)

. - . « (Majumdar & Mohr 2003;2004,Majumdar 2005) ;
2.U§ing slw,funétlon in redshift slices R :
. 7 (Hu2003)" - T g2 oy
, 3 Usmg the_cluster powgr sp;ctrum amd P(k) oscﬂ,latlons
. » o (Majumdar* 8; Vohs 2004, Hu & Haiman 2004, Huetﬂ 2005) - .
- wd. Addmg 1nf0rn}at10n from counts-in-cell = . =% 7 - e
: ! T ~ (Lima & Hu 2004, 21;05) i ML 3

5.Time orﬂux slicing of survey! using sha‘pe ) § dndz
(Ma].u,mqar 2006, in prep)

6. Eor SZ surveys adding SZ'rms. distortions to ﬂumber counts o

- : _(Diego &Majumdar 2004) O -
. 7.8catter 1s-self-ca11brated using both..dndz and mass (flux)
binning > g ¥
(Lima & Hu, 2005) p . :
8. 'Havmg a subset of clusgers observed in both SZ & Xray
' (assumptlon on cluster.structure’crycial) -+ - oy *

(Molnar etals 2004, Majumdar 2006'in prep) .
IAGRG-24, Janiia Mlll_a Islamla, Feb 5-8, 2007 .



-17 -16.5 -16 -2 -

cosmolegical - - - -astrophysical -
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SPT: 4000 deg

- CMB is r-wee.ded
X
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_‘_... Probe4 i

Weak Lensmg .

; Surveys oy
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" 2 -‘bel|~22_3.8: \Galaxy Clusfer Lens, Andrev"ruchter et al. =
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http://antwrp.gsfc.nasa.gov/apod/image/0110/a2218c_hst_big.jpg

. ‘Unlensed. - ~ - - . Lensed ol
Ctedit: SNAP WL grou o Bt
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i L] o L. i
TiER " A .

* Weak Lensmg TomdgraphL compare
observéd cosmig.shear correlations with
the-oretn-cal/numencal predictions to.

m f) [Wlttn’)an et al.. 200-0] o

¥’

*"WL" gross Correl-at’lbn.;osmography‘
"measudre the relat;veshear"e;lgnaj.s Ok
" galaxies at different drStances for the
&' Same foreg'round 'mass dlstrlbutl.on glives :'
. *dlstance ratios that can be used to obtain,’
(Z) [/aln & Taylor 20037 :

¥

-

L

L3 - . E ] §
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= Advantage dlrectly r'H'easurés mass (unlike

' =c|ustersi ot ' iy Y R
[ age& - R L

* Technically more difficult .« . 4

s * _°Qniy measures prOJectgd mass,—dlstrlbutlon g
R T In'trlr],sm eII|pt|C|t|.e$ de: '.;-h-*.;- -
*“Need*million plus galaxies. CL . ey o
: Depends crucially on backgroubd galaxy dlstrlbutlon
4 modelling & ! ;
e * Non-linearities and baryonlc physics at 1-2% leVel °
% - e - .,

.-- However, future surveys can still get great.’ W’
constraints © - :

IAGRG-24, Janiia Milia Islamia, Feb 5-8, 2007



. 2 .
- SN |a + WMAP 3 year + SDSS + 2dF
Consistent with A
However, doesn’t
. constrain w(a),
.F |
il
8 - a L
. - N >
a
- i . | — HRiessetal (2004) i -
- * B i# =
. Astier et al. 12005) . . =
: L

Wy

* Wang & Mukherje€ 2006

IAGRG-24, Janiia Milia Islamia, Feb 5-8, 2007 : McDonald etl 05



Essence (2002-2002;: 200 SNe 1a,.0.2 < z < 0.7, 3 bands, At ~ 2d
Supernova Legacy Survey (2003-2008): 2000 SNe la to z= 1 =

+ ESO VISTA (2005%-?): few hugdréd SNe; z < 0.5

~ CFHT.Legacy (2003 20b8) 2000 SNe Ia,. 100° s high z SNe 3 bands At

=159 = _
* Pan- STAW ) J-éll sky WL. 100:s C"'@\ o ). 3% 6 k;ands, Bt
lOId a ; 5 . :' . # o 3 L
"« *HETDEX (?): .ZOOstheg BAO, 1.6 TR )

F .‘_ WFM®S om Subaru (?): 206" »adel RALC, 4. 2<z<L.3 and 2.5<z<8. 5
+ " ALPACA (%): 50,000 SMellal ot nio. 0.8 -AtE 1d" 7800 sq deg WL & .
BAO with photo z's e i
¢ Dark Enérgy Su ey | 2 slul er+at 0.}<g<1.3', 5000 sq deg. WL, 2000.
SNe at 0.3<z<\ N ek e TR ; ;
: : ; . 4 »
I- L . "
LS.ST (2013-)%10° Ne Ia Ve, 2<0.8, 6 ban,pls At = 4d,+20 0QO0 sq deq
WL & BAO with photo-z's."
JDEM (2015?) several competlng ml'ssmn concepts s = N

- L |
* =

e 'SPT (2007) 4000 deg, CL , Z< 1.8 3+ bands . A .
e RCS2, 2007 10000 deg, optical, & * §E .
'AﬁRﬁ'F?IﬂXJam w’l'l'wﬁl 'Wapmﬁ ZBWnrk etc .

L o



current
SN

I
- SPT (self—calibrating)

— WMAPext
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L35T WL
- 2000 SNe

e

- 0,5=0.04 N\,

T (Ing, ) =0.01"\ S
. '\.

op(lne,)=0.005 .

L1 1 1 I L1 1 1 I L1 1

-12 -1.1 -1

w

-0.4

IIIIIIIIIIIIIIIIIIIII/IIII

~.
1

0

& true model

JEDI's three—pronged

approach yields reliable
. and precise dark energy
s \‘{"\_ measurements
\"'\

|l Planck pricrs assumed -

4000 SNe (including 300 nearby)
- 1000 deg® BAD survey

SNe |+ BaQ + W|L
| |

—-1.2




current
SNe Ia ‘ .

Lepsing survey
1000 sq.deg; -
R¥_ 27 " »-%
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i

«One of the DETF whlte paper (Halman etal, Subhabrata -
‘Majumdar)

i ESA,.ESQ, felescope
« Russian rocket ". " °

X-ray 0.09: 0.490 | 0.0067 — with :
X-ray + Planck .054 | 0.170 | 0.0052 v.gystematics »
X-ray + Planck?® 0.0045 : g

- ] =
e

X-ray 0.120 | 0.0030 v ithe L
X-ray + Planck without’,

X-ray + Planck® 0.0019 . SyStematiCS'

|



SN— Detalled spectroscdnc and photometrlc obse,rvatlons
of about 500 nearby sup_ernovaa to study the varlety
. of wwsmn magnitudes and-any associated
: observatlonal S|gnatures of effecﬁs. of evolutionh, -
metalllplty, or réddenmg, as well'as improyements in
- _the sysiJ:em of pbgtonfetrlc ;ahh(gtloné S
- = - : ", e ol T -

" o o oa Ty
& -' 1' =l . .I"'l‘. '!.- [ ]

]

-
- ] - . = - L |

'BAO— Theoretlcal m\zestlgatlons of how far ihto the ndn- s

. * linear regime the.data can be rhodeled with sufficient’
" reliability and further hnderstandlrig qf gaflaxy blas (5] )
" the galaxy power spectrum

L
L . -
]
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b

' e CL— Combined TEnsmg and ‘Sunyaev-Zeldovich'and/or X-ray
observations of Iarge numhers of galaxy clusters to
-constraipsthe reIatlonshlp between galaxy cluster+

1 EES and observables,

=] - L |

-.. "

WL— Spe pchobservatmn-s and narrow-band |mag|ng
. '~ of tens to hundreds of thousands of galaxies out to *
X _high redshifts and fajint magnitudes in order-to
* 7 calibrate the photqmétncaredshlft technique and
underst’and its limitations,: Tt is - dlso e hecessary to
estabtish-how well correctjons can be madé€ for the.’
intrinsic shapgs and aIIghments of- gaIaX|es, removal
**. of the effects of optics.(and from the ground) the -~
. * atmosphere and to characterize the anisotropies in. *

‘" the point-spread function. o o .

- s W
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