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Observational Cosmoloqgy (1)

__A tail of a few coincidences...

Enrique Gaztanaga
Institut d'Estudis Espacials de Catalunya, IEEC/CSIC
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n= nB/ny

—> AT/T = 10" §(R=10 Mpc)
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Coincidence #1 The Ener.gy Of The
Universe

p=3H?/8nG

Measurements: energy density vs expansion rate
or
age vs expantion rate



General Relativity (GR) & Cosmology
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Extrapolations

Extrapolations: Homogenelty
Newton's Apple: *

3m Moon ~3X10%8 m Expansmn
General Relativity: e
Solar: 1 au ~ 1.5x10"" m (150 Mkm)

Stars: 1pc~ 3lyr~ 2x10° au _
Galaxy: 10 kpc ~ 2x10° au Nucleosynthesis
Clusters: 10 Mpc ~ 2x10'2 au +

Universe: 1 Gpc ~ 2x101° ay

Cosmic Background

Radiation (ato¢)

Large (& small) Scale Structure (LSS): gravity ?



"Cosmic Enerqy 101

Newtonian
cosmology

E=K+¢=1/2mv?-GM m/R = constant!

E=12mH?’R?-43nGmR? p

Einstein-deSitter (EAS) Universe: E=0

p=3H2/87 G

critical density p. = p(E=0)

_ In the general case (t=t
Q= Po/ Pc . (o)

In turns out that , So we do not seem to be in a EdS.
But note how closely related are H? and p. A coincidence?
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The expanding universe
1912 - 1920s: Slipher finds most galaxies are redshifted
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AR Hubble's law: (1929)
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- initial value Hy = 500 Km/h/Mpc

- H,= 50 (Sandage/Tammann) ?

- H,= 100 (deVaucoulers)?

-H, =72 + 8 km/s/Mpc (HST)
-->h=0.72 £ 0.08 ->t0 ~ 1 /H, ~14 Gyr!
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CfA: 0° < 6 < 30° g° v < 12000 km s”!

Fingers ol
God

Redshift

sSUurveys
(mid-1980s)
[nverting v

= ¢z = Hd gives
an approximate
distance.

Appled to
galaxies on a
strip on the sky,
UI T v - = . u -!
The gives a t:.lll;:l* of
Great Wall the universe

240 Mpc for H=100



QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed o see this picture



Sloan Digital
Sky Survey

i 5x6 x 2048 x 2048 = 5 color |
1 | 24 x 400 x 2048 astrometry /focus il




114

13"

4° slice
06237 galaxies
113439 total



Luminosity Function

In the range
-16.5> M, > -22 is Schechter function

d(L) = dN/dL/dV

®(L) = ¢* (L/L*)* exp(-L/L*) dL/L*
with

M *,,=-19.66 +/- 0.07
a=-1.21+/-0.03

¢* = (1.61 +/- 0.08) 10 -2 h3Mpc -3

p.=(1.82 +/-0.17)10 éhL ., Mpc -3

solar

Problems:
Callibration/mergers/LSB
faint end

Colour/Luminosity evolution
K-correctio
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" p=(1.82+/-0.17)108h L. Mpc 3

solar

For a typical galaxy

(MIL)* ~ 15 (MIL) s, e OE O
—> Q. =0.01 ¥ S
Rotational curves in spiral galaxies - i-"-' e\ i .

+ virial theorem in Elliptical galaxies : : | +_. : :_
(+ baryon fraction in clusters): : g
M/L ~ 10-30 (M/L)* T

—> Q. 70.1-0.3 not far from unity




Coincidence #2 :

The Entropy of the
Universe

—> 1 = ng/n,

Measurements:  Primordial Abundances vs baryon density & CMB T,
(Also confirmed by CMB and matter acoustic oscilations)



§

+ 4+ 4
Desacoplo
400,000

anos

Nucleosintesis

Tiempo Energia ,-” Big Bal‘lg




Nucleosynthesis

The early universe contained only hydrogen and helium. Because of the expansion of space and its cooling effect, nucleosynthesis only
occurred between 3 to 4 minutes after the big bang (A.B.B.) and essentially stopped after helium.

matter Pp, ~ as
radiation O, ~ a4

n = 20.3 T3 photons/cm3 today 550

Ey =hv=27KkgT (ky~10*eV/K) today 7 10+ eV

H2=8n G/3p,a* -> a(t)~t1?
T=1010K t-12 > EY= 2 MeV t 12
@t =1sec -> EY >m,= 0.5 MeV ->
electron-positron pairs:

 ——

pte «—— n+v
ptv+— n+te’
->1n,/n, = exp(-[m,-m_ |/kpT)
m,-m,~ 1.3 MeV @ freeze out 1/5
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Q* zOO1 -> counting baryons_> QB z002_004

BBN+CcMB-T] = 5 x10 19 > QB ~0.03-0.05




Coincidence #3 :

Amplitude of fluctuations
in The Universe

—> AT/T =107 d®r=10 Mpc)

Measurements:  Temperature fluctuations vs galaxy fluctuations






On scales larger than few arcminutes, the millimeter sky is dominated by CMB
temperature fluctuations. In fact the sky is not dark, but quite bright!

A significant fraction of these CMB photons encode a wealth of information about its
interaction with the local matter distribution (eg lensing, SZ, ISW or RS effects).

On smaller scales, the millimeter sky is dominated by high redshift star forming galaxies.
This provides a complementary tool to optical/IR view of the universe:
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N PRIMARY & SECONDARY CMB ANISOTROPIES
Sachs-Wolfe (ApdJ, 1967)

AT/T(n)=[1/48y(n) + vn + @ (n)]!
Temp. F. = Photon-baryon fluid AP + Doppler + N.Potential (SW)

GNICK L IWGE ,y 9V 9 [ |EE (FSA\) gecouble220L Ske ueeqeq [0 266 [ul2 bicinie:

SZ- Inverse Compton Scattering

CD- -> Polarization CDf

|

+ Integrated SaChS'WOlfe (ISW) & Rees-Sciama (Nature, 1968) non-linear

) f Ldr do/dr (n)
In EdS (linear regime) D(z) = a, and therfore d®/dt=0

Not in A dominated or low density universe !
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| . .
Where does Structure in the Universe come From?
How did galaxies/star/molecular clouds form?

time
Overdensed region
o o ©
Initial
overdensed /
seed background Collapsed region

IC + Gravity+ Chemistry = Star/Galaxy (tracer of mass?)

dust




J I+ mpeglib = O x

mpeglib o x|




QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.
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.Where does Structure in the Universe come From?

Perturbation theory:

p=p,(1+0) Ap=(p-pp)=p0

With: 0 +H O’ - 3/2 Qm H20 =0 inEds linear theory: O = a 9
Gravitation potential:

O=-GM/R = AD=GAM/R=GM/R o

in EdS linear theory: 8 = a 8,=> A® =GM (§/ R) = GM (5,/ R,) !!

A¢ is constant even when fluctuations grow linearly!




Rms fluctuations

AT/T=(SW)= AD /c?

AD = GM (8/ R) /2 - AT/T=G p,, 4/3 © (R/c)* S

-

AT/T=Q_ /2 (HOR/C)2 O ~ Q_/2 (R/3000Mpc) 5

<AT/T>~ 107 for (R~10 Mpc, <5>~1)



Coincidence #4 :

Concordance: Evidence for
Dark Matter

Q =02

Measurements: dynamics vs P(k)



Spectrum of fluctuations

Given IC spectrum: P (k) = <6*> =k (HZ)
Transfer function:

Tz(k): F[k,F] : [ = Qoh e-[Qb(HthQo)0.0ﬁ]

scale invariant

Lenght A

transparent

(CDM) ~ 0.1 (2, h) h/Mpc
= 30 Mpe/h /(Q,h)y \T

inflation HZ
IC
< 1-
2 T *
E <
L]
L
=
p= kb = Hubble radius at ML
— reak
o,
=
<]

a infl a_enter a equ a decoup g now

a=scale factor=t %

—



Earique Gaztafiaga

Ay
A
e e




P(k) th Mpe)

10

Power srectavH

W33 1994

L I||l|| T TTIllll 1 | IIIII LI IIIIIII LI II]FIII =

| CHBE G adary i
Mﬁ I'“T:ﬂ'

| | IIIIII|

| S |Ill|l|

N =
[ 4...;'.&1_5 & :
; | ] t; :
e K
= Jnurr_ﬁ'r"MX:\uf\T\lmﬂ Ll
0.001 0.01 0.1 | 10
{ance somles K (h MPC_I) swall scake,
[ r 5

Pl) = < CARIL: rk::_i >

j{auﬂ’idn "?C.l‘lﬂ EFE S’-mt‘.\

DM from P(k)



Coincidence #5:

Cosmic aceleration:
Evidence for Dark Energy

—> (= -0.5

Measurements: SN Ia vs Flat universe
or
CMB vs P(k)
SN Ia vs P(k)
SNIa vs ISW
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YPE I-A SUPERNOVAE 1

=5 Or —Qa = - 3"/a?/H?
Using 42 high redshift Type la SNe and 18 low redshift SNe, both the Supernova Cosmology Project (Pelmuter
et al 1999) and the High-z Supernova Search Team (Ries etal 1998) found that the peak luminosities of distant
supernovae appear to be $0.2$% magnitude fainter than predicted by a standard decelerating universe :

Type la Supernovae

' -- cosmobgical constant
Supernory o Open - no cosme. constant
Cosmolagy 5 At | Standard - standard mode
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0.4
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What is Dark Energy? ‘

HTodu :u Ems-oﬁCI I::y thing

A - Change the matter contend

B - Change the theory of gravitation

C - Both It’S

causes:

A -a’’>(0 + transition to a’’<0 at z > 1 (ie for A case)

B - Older universe (than 1/H, eg in EdS)
C - Larger volumes dV/dz (than EAS) as z increases (in the past)

D - Stops growth of structures (at z <1?, because a’’>0)




Dark Energy

Q. +Q. =1
H2=(a’/a)* =H,2 (Q,, a3+ Q a?) “r 1

Let’s assume: p =p,a>+p, where p, is a constant

H2=(a’/a)’=H.2 (.. a3+ a2+ =0 +Q.+0
0 m k A m k A
Q,=pA/ Pe

Deceleration qy=-a, /Hp?= Q. /2-Q, <0?

First Acoustic peak =>€, =0 Q,~1-Q =~ 0.7-0.8=>
Qo= - 0.5 ! In agreement with SNIa results find q,=-0.5!

Age of universe: 14 Gyr 1n good agreement with oldest stars.




.Where does Structure in the Universe come From?

How did galaxies/star/molecular clouds form? fime

Overdensed region
o o ©
Initial
overdensed /

seed

background Collapsed region

Perturbation theory:

p=p,(1+0) Ap=(p-pp)=p0

with{ O~ + H O’ - 3/2 QmH28=O
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.Where does Structure in the Universe come From?

Perturbation theory:

p=p,(1+0) Ap=(p-pp)=p0

With: 0 +H O’ - 3/2 Qm H20 =0 inEds linear theory: O = a 9
Gravitation potential:

O=-GM/R = AD=GAM/R=GM/R o

in EdS linear theory: 8 = a 8,=> A® =GM (§/ R) = GM (5,/ R,) !!

A¢ is constant even when fluctuations grow linearly!




N PRIMARY & SECONDARY CMB ANISOTROPIES
Sachs-Wolfe (ApdJ, 1967)

AT/T(n)=[1/48y(n) + vn + @ (n)]!
Temp. F. = Photon-baryon fluid AP + Doppler + N.Potential (SW)

GNICK L IWGE ,y 9V 9 [ |EE (FSA\) gecouble220L Ske ueeqeq [0 266 [ul2 bicinie:

SZ- Inverse Compton Scattering

CD- -> Polarization CDf

|

+ Integrated SaChS'WOlfe (ISW) & Rees-Sciama (Nature, 1968) non-linear

) f Ldr do/dr (n)
In EdS (linear regime) D(z) = a, and therfore d®/dt=0

Not in A dominated or low density universe !






Z2MASS

Data Compilation

EG, Manera, Multamaki _(astro-ph/ 0407022) 1 -

B APM ]

Coverage: z=0.1-1.0 -
Area 4000 sqrdeg to All sky

Bands: X-ray,Optical, IR, Radio

Sytematics: Extinction & dust in galaxies.

"N NVSS+HEAO

N\

A"

Wac
(Dust model);

ACDM
0,=0.7 ° |

(Nolta et al., astro-ph/0305467)

Z (redshift) !

and Boughm & Crittenden (astro-
ph/0305001). Radio Galaxies (NVSS)
+ X-ray HEAO (both at z =0.8-1.1)

(Fosalba & EG astro-ph/05468)
z=0.15-0.3

(Fosalba, EG, Castander, astro-
ph/0307249) z=0.3-0.5

wrea /b

b

catalog, Band

0.15
0.3
0.5
0.9

0.70 £ 0.32

0.35 £ 0.17

0.26 £0.14
(0.216 £ 0.0Y96
(0.043 = 0.015

1.1
1.0
1.0
2.4
-2

2MASS, infrared (2pum)
APM, optical (b;)
SDSS, optical (r)
SDSS high-z, optical (r+colors)
NVSS5+HEAQ, Radio & X-rays

TABLE I: Compilation of observed cross correlation wyg /b
F . (= . P . . 0
(averaged for 8 ~ 4 107.) of WMAP anisotropies with
different catalogs. Error in wre /b includes 20% uncertainty
in b.

SDSS team (Scranton et al 0307335)

(Afshordi et al 0308260) z=0.1




Data Compilation

EG, Manera, Multamaki
(astro-ph/ 0407022)

Marginalized over:

-h=0.6-0.8

-relative normalization of P(k)
Normalize to sigma8=1 for CM

Bias from Gal-Gal correlation

With SNla:

Q, =0.65+/-0.15
Q_=0.25 +/- 0.05

Another set of coincideces:

->Why 1s (2, becomin
domin}gmt just today? 8

->Gravity needs to be tested
on these same (mm scales).
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detection: 3/100,000
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Precision Cosmology

Perimutter, et al_ {1999)
Jafie etal. (2000
Bahcall and Fan {1998)

Mo Big Bang

E:{pmds f_l:l{ BVEL
recollapses eventaally

How can we do better?

We need to understand the

systematics. We need to build

better resolution CMB maps
and deeper and wider galaxy
samples with redshift.

THE
DARK ENERGY
SURVEY



Dark Energ SU.WEY i -
DES/Spain ’

Photometric redshifts
CCDs more sensitive on red (z-band)

5000 sqr degrees to z=1 matches SPT CMB data

measured

Key projects (systematics!):

-Cluster Abundaces (SZ effect)

Flux

-Galaxy clustering evolution (Acustic peaks)
-Weak and strong lensing (Cluster mass)

-SNla

QuickTime™ and a
IFF (Uncompressed% decompressor
are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.
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DE: Dark Energy Instrument
(@Fermilab

IFAE &IEEC/CSIC

3556 mm « CCD testing -> SNAP/LSST

* FEElec & DAQ
 Simulations: science
» Data (Grid/Pipes)
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Equation of Esta for Dark Energy: p=wp

PpE = 0‘3(W+1)
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1000

Our first DM 1Gpc (& 10°
points) simulations for DES

E00 —




CONCLUSION

Classical cosmological test are built around a few
but remarkable order of magnitude coincidences.

We are now entering a new era of “precission
cosmology” and we face the much harder task of
understanding systematic errors in our
experiments and in our theories!
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