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What is the geometry of the
Universe?




QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.




NASA COBE map of C
temperature (199




CMB that we see originates from edge of observable
Universe as it was ~400,000 years after the big bang,
~14 billion years ago
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BOOMERanG map of CMB (200C
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TABLE 5
RESULTS OF PARAMETER EXTR:

Priors / ot ny Qi Qcpmht™ ()
Weakonly.........co..... 1.02 £ 0.06 \ 0.967010  0.02205% 0.13+0.05 (0.51F
LSS i [ L0200 0. 9?+“ 10 0.022+p00 0134043 0.55 -
SNTa i 102441 0. %J_rg :'!, 0.023 +0.004 0.10 £ 0.04 0.737
LSSand SNla........... (0.99+0.03 1.03+010 o pp3+000 0.14+003 0.65%
h=071x008....| O 9318% 0. 9?+8?3 0. uzfg%‘}‘ 0. H+gg§ 0.62*
Flat...oocooveieecee (1,000 0. %tgﬁ 0.021 £0.003 0.13+£0.04 (057
Flatand LSS............. (1.00) 0.98+0:8  0.021 £0.003  0.13£0.01  0.62:
Flatand SNla.......... (1.00) 0.98%005  0.022 £0.003  0.12438] 0.68+
Flat, LSS and SNla... \(1.00) 1. ﬂzfgg,g 0.023 £0.003 0.13£0.01  0.667
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Where did large scale structure (e.g.,
galaxies, clusters, larger-scale
clustering) come from?

explosions Late-time phase transitions

Superconducting >nsmic strings

Cosmic strings te. xtures

Global monopoles o i
Znft pr.ase transitions

Isocurvature CDM per urbatiois Seed models

Primordial adiabatic per*r.ations
.socurvature baryon perturbations

Rolling scale." f1elds Loitering universe



Where did large-scale structure (e.g.,
galaxies, clusters, larger-scale
clustering) come from?

Post CMB:

gravitational |
scale-invari



GEOMETRY

SMOOTHNESS STRUCTURE

FORMATION
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NEXT?27?7?



History of the universe (to scale!)

here be dragons

\

EW symmetry breaking

(from H. C. Chiang)

electron-positron
annihilation
t=5sec

dark matter decoupling

t=1e-10 sec _
neutrino

decoupling
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matter-rad.
equality
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reionization
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matter-lambda
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formation of CMB

t ot

end of inflation t=1e-5sec t = 400 kyr you are here
t=1e-35 sec t=13.7 gyr
[
1 T .
e
< EMOpaque >
<€ >

Transparent to GWs
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FORMATION

STOCHASTIC GRAVITATIONAL WAVE
BACKGROUND with amplitude «E, 2
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use plasma at CMB surface of last scatter

Detection of ultra-long-wavelength GWs from

Inflation
as sphere of test masses.
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Polarization in the CMB

Polarization induced by Thomson scattering

Quadrupole moment in

is polarizedl

Image: M. Hedman

(from H. C. Chiang)

Scalar+Tenzor Perturbations
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Detection of gravitational waves with

CMB polarization
(MK, Kosowsky, Stebbins, 1996; Seljak & Zaldarriaga

Temperature map: Tfﬁ,)
Polarization Map: ﬁ(ﬁ,) —VA+V xB

Density perturbations have
so they cannot produce a [

Gravitational wave
can (and do) pra

:> odel-independent probe of gravitational waves!
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Power spectrum anatomy 101

curvature, baryon density—|

(from H. C. Chiang)

— SLS thickness (~ 860)

damping from photon

acoustic horizon j

max compression

ectrum

max rarefaction
integrated Sachs-

Wolfe effect

P

10

wer s

ratio of quadrupole 10
ment power = T/S _|
= 0.05 in this plot)

Po

inflation
potential

=
=

V V-
_‘

diffusion, sensitive to
matter density

oscillations out of phase:
— TT ~ density extrema,
EE ~ velocity extrema

photon
diffusion

scale oscillation frequency

differs by factor of
sgrt(3): sound vs.
light speed

T

reionization: peak

L
'*¢ "“.- . -.\
‘ﬂ'_ ‘-- “ 0 .
... ——1 gravitational waves

location ~ (SLS horizon) x L " SLS horizon R on small scales
sqri(z_reion/z_rec) ~ 10 4g* — scale (~ 100) decay away
GWB (amplitude ~ 1/a)
5 .""'
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10 10° 10"

Muitipole moment |
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Which experiments have measured what

=~ 10°g
EA: e Temperature spectrum
= L Beaten to death by
g numerous experiments
] = POLAR l HMaQUE
z  f
1k EE and TE polarization
§ N POLAR, PIQUE, COMPASS
, l : WMAP
10 . 1t aad 4 a1 e S . .
1 10 1l.'l2 :I[Ia CBl
Multipole moment | DAS|

200 [ CAPMAP
< 150 ;—
40 E
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z %O F
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50 BB polarization

-100 — Upper limits ~ 2 uK?

_1m - '} L i E L i IJI 4 i 4 4 4 1 I.ll. L 4 '} E L b i i '} (from DASI, CBI, B2K)

2
10 10 10

Multipole moment | T/S < 0.9 from WMAP
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Recall, GW amplitude is o«cE; ¢°

infl

GWs = AT
And from COBE, E; 4<3x10'® GeV

GWSs = unique polarization pattern. Is it detectable?

If E<<101>GeV (e.g., if inflation from PQSB),
then polarization far too small to ever be detected.

But, if E~101-16GeV (i.e., if inflation has
something to do with GUTS), then polarization
signal Is concelivably detectable by Planck
or realistic post-Planck experiment!!!



1065 — —

¢ WMAP 52 Srhuly
> BICEP ,?%/ yfz

10! — * QUIETI

4 QUEST (QUaD)
* Planck
T * QUIET2 ol
[ H T Primordial
i3 inhomopaneitios
&
~. 10
=
x
102~ 1 .I .
Sl

1078 — -
Gravitational
WaAVEE

—————i SPIDER. = o



(Kesden, Cooray, MK 2002;
Knox, Song 2002)

To go beyond Planck, will require
high resolution temperature and
polarization maps to disentangle
cosmic shear contribution to curl
component from that due to
inflationary gravitational waves.
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Another possibility to correct for

cosmic shear
(S1gurdson, Cooray 2005)




Brief aside: Probes of parity

violation in CMB
(Lue, Wang, MK 1999)

Might new physics responsible for inflation
be parity violating?

TC and TG correlations in CMB are

parity violating. 3
Can be driven, e.g., by terms of form ¢ RRR
during inflation or @F I since recombination



Direct Detection of Inflationary
Gravitational Waves?
(T. L. Smith, MK, Cooray, astro-ph/0506422)

Mission concept studies:

*NASA: Big-Bang Observer (BBO)
eJapan: Deci-Hertz Gravitational-Wave
Observatory (DECIGO)

seek to detect directly inflationary gravitational-
wave background at ~0.1-Hz frequencies
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Other possibilities?

* Phantom energy (w<-1) driven inflation
(Baldi, Finelli, Matarrese 2005)

* Pre-big-bang, cyclic, and ekpyrotic

may produce “blue” GW s
signal, without increasi



Conclusions

 IGWB is detectable in many inflation
models

 IGWB probably not directly detec
does not show up in CMB polari

e Large lever arm between
BBO/DECIGO scales
probe of inflation



	Inflationary Gravitational Waves, CMB Polarization, and Direct Detection
	First, brief review of inflation….
	What is the geometry of the Universe?
	NASA COBE map of CMB temperature (1991-1994)
	BOOMERanG (2002)
	Where did large scale structure (e.g., galaxies, clusters, larger-scale clustering) come from?
	Where did large-scale structure (e.g., galaxies, clusters, larger-scale clustering) come from?
	Detection of gravitational waves with CMB polarization
	Another possibility to correct for cosmic shear(Sigurdson, Cooray 2005)
	Brief aside: Probes of parity violation in CMB(Lue, Wang, MK 1999)
	Direct Detection of Inflationary Gravitational Waves?(T. L. Smith, MK, Cooray, astro-ph/0506422)
	Other possibilities?
	Conclusions

