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Cambridge, MA - Almost 14 billion years ago, the universe we inhabit burst into existence in an extraordinary event
that initiated the Big Bang. In the first fleeting fraction of a second, the universe expanded exponentially, stretching
far beyond the view of our best telescopes. All this, of course, was just theory.



SPACE & COSMOS - -~
Che New Jork imes

Space Ripples Reveal Big Bang’s Smoking Gun

By DENNIS OVERBYE MARCH 17, 2014

BE News Sport Weather Capital Future
NEWS sclENCE & ENVIRONMENT —
e L S
e -~ -
17 March 2014 Last updated at 14:46 GMT <5 share [l FRNES ( \ ——~ S N
VR - A\
« . . " . /AR \ N\~ e X\
Cosmic inflation: ‘Spectacular’ discovery =~ -~ \\-=- 1\~

hailed

By Jonathan Amos
Science correspondent, BBC News

Siiddeutsche.de Wissen
Politik Panorama Kultur Wirtschaft Sport Minchen Bayern Digital Auto Reise Video

Home  Wissen = Urknall Urknall - Gravitationswellen belegen inflationdres Universum

M siiddeutsche.de als Startseite einrichten

e 17. Marz 2014, 17:34 Gravitationswellen

Cambridge, MA - Almost 14 billc Signale aus der Geburtsstunde des
e Intared the Big bang. Tn e Universums Von Patrick Illinger

far beyond the view of our best tel




January 30, 2015

Joint Analysis of BICEP2 data and Planck data



SCIENCE

Che New ork Eimes
Speck of Interstellar Dust Obscures Glimpse of Big Bang

By DENNIS OVERBYE JAN. 30, 2015

EE News Sport Weather Earth Future Shop

NEWS SsclENCE & ENVIRONMENT

Home UK Africa Asia Australia Europe Latin America Mid-East US & Canada Business

ls

30 January 2015 Last updated at 20:54 GMT E&

Cosmic inflation: New study says BICEP
claim was wrong Siiddeuische.de Wissen

By Jonathan Amos Politik Panorama Kultur Wirtschaft Sport Minchen Bayern Digital Auto Reise Video
Science correspondent, BBC News ) , .
Home  Wissen Kosmologie - Urknall-Forscher gestehen Irrtum ein

M siddeutsche.de als Startseite einrichten

1. Februar 2015, 22:19 Kosmologie

Urknall-Forscher gestehen Irrtum ein
Von Marlene Weifs




1 he search continues!!
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WMAP Spacecraft

Radiative Cooling: No Cryogenic System

upper omni antenna

back to back

line of sight Gregorian optics,
1.4 x 1.6 m primaries
assive thermal radiator
60K / A p

focal plane assembly
feed horns

secondary
90K reflectors
— thermally isolated
instrument cylinder
300K

warm spacecraft with: _ _
- instrument electronics medium gain antennae
- attitude control/propulsion

- command/data handling deployed solar array w/ web shielding
- battery and power control

AP990422



- -

* WMAP was launched on June 30, 2001
* The WMAP mission ended after 9 years of operation
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94 GHz







Data Analysis

e Decompose temperature
fluctuations in the sky into a
set of waves with various
wavelengths

* Make a dilagram showing the
strength of each wavelength



WMAP Collaboration
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$esa The Power Spectrum, Explained







Outstanding Questions

* Where does anisotropy in CMB temperature come
from®?

* This is the origin of galaxies, stars, planets, and

everything else we see around us, including
ourselves

 The leading idea: guantum fluctuations in
vacuum, stretched to cosmological length scales
by a rapid exponential expansion of the universe
called “cosmic inflation” in the very early universe



Starobinsky (1980); Sato (1981); Guth (1981); Linde (1982); Albrecht & Steinhardt (1982)

Cosmic Inflation

* |n atiny fraction of a second, the size of an atomic
nucleus became the size of the Solar System

* |n 10-3% second, space was stretched by at least
a factor of 1026



Stretching Micro to Macro

Quantum fluctuations on
MICroscopic scales
mum fluctuations cease tom

« Become macroscopic, classical fluctuations




Scalar and Tensor Modes

* A distance between two points in space
dr® = a®(t)[1 + 2¢(x,1)][0;; + hi;(x,t)]da" da?
e (. “curvature perturbation” (scalar mode)
* Perturbation to the determinant of the spatial metric
* hj: “gravitational waves” (tensor mode)

» Perturbation that does not change the determinant (area)

Zhiizo



Helsenberg's
Uncertainty Principle

e You can borrow energy from vacuum, if you
promise to return it immediately

* [Energy you can borrow] x [Time you borrow]| =
constant



Helsenberg's
Uncertainty Principle

* [Energy you can borrow] x [ Time you borrow| =
constant

e Suppose that the distance between two points
increases in proportion to a(t) [which is called the
scale factor] by the expansion of the universe

e Define the “expansion rate of the universe” as

= g | This has units of 1/time]



Fluctuations are
oroportional to H

|[Energy you can borrow] x [ Time you borrow| =
constant
= g [ This has units of 1/time]

Then,

Inflation occurs in 10-3% second - this is such a short
period of time that you can borrow a lot of energy!
H during inflation in energy units is 1014 GeV
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Angular scale
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Residual Amplitude of Waves [uK?]
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Residual Amplitude of Waves [uK?]
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-Xpectations

*|nflation must end

*Inflation predicts n_~1, but not exactly
equal to 1. Usually n_<1 is expected

-The discovery of n_<1 has been the
dream of cosmologists since 1992,
when the CMB anisotropy was
discovered and n_~1 (to within 30%) |
was indicated

Slava Mukhanov said in
his 1981 paper that ns
should be less than 1
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How do we Know that
porimordial fluctuations were of
quantum mechanical origin’
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laving Those Temperatures

YES!!
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Fraction of the Number of Pixels

Testing (Gaussianity

................. Since a Gauss distribution
W band 1 s symmetric, it must yield a
vanishing 3-point function

(6T°) = / N déT P(6T)6T?

— OO

More specifically, we measure
Histogram: WMAP Data

. | this using temperatures at
- Redline: Gaussian Il three different locations ana

4 a3 2 0 1 2 3 4 average.

[Values of Temperatures in the Sky Minus A A n
2.725 K]/ [Root Mean Square] <5T(n1)5T(n2)5T(n3)>

Having Those Temperatures




Non-Gaussianity.

A Powerful Test of Quantum Fluctuations

e [he WMAP data s
temperature fluctu
Gaussian

now that the distribution of

ation

s of CM

3 IS very precisely

e With an upper bound on a deviation of

* With iImproved data provided by the Planck
mission, the upper bound is now



CMB Research:
Next Frontier

Primordial
Gravitational Waves

Extraordinary claims require extraordinary evidence.
The same quantum fluctuations could also generate gravitational
waves, and we wish to find them



Quantum fluctuations and
gravitational waves

* Quantum fluctuations generated during inflation are
proportional to the Hubble expansion rate during
inflation, H

e Variance of gravitational waves is then proportional

: <hwhz‘7> X H2



lensor-to-scalar Ratio

(hijh™)

(¢%)

* We really want to find this quantity!

A

* The upper bound from the temperature
anisotropy data: [WMAP & Planck]



Energy Scale of Inflation
<hwhm> X H2

* Then, the Friedmann equation relates H? to the energy
density (or potential) of a scalar field driving inflation:;

_ V(9)
- 3M2

H2
* For example r=0.2 implies

/4
VI =2x10 (5) T Gev




Has Inflation Occurred?

 \We must see [near] scale invariance of the
gravitational wave power spectrum:

(g ()R (1)) o ™

Ty — 0(10_2>



Inflation, defined

Necessary and sufficient condition for inflation = sustained
accelerated expansion in the early universe

Expansion rate: H=(da/dt)/a

Accelerated expansion: (d?a/dt?)/a = dH/dt + H2 > O
Thus,

In other words:

* The rate of change of H must be slow [n; ~ O]

* [and H usually decreases slowly, giving n; < 0]



CMB Polarisation

Temperature Polarization Temperatura Polarization

HOT SPOT COLD SPOT

« CMB is [weakly] polarised!



Stokes Parameters

N
A Q<0,U=0

Q=0,U<0

Q>0,U=0

Q=0,U>0




WMAP Collaboration

23 GHz

Stokes Q Stokes U



WMAP Collaboration

23 GHz

Stokes Q Soee Stokes U



WMAP Collaboration

33 GHz

Stokes Q Stokes U



WMAP Collaboration

41 GHz

Stokes Q Stokes U



WMAP Collaboration

61 GHz

Stokes Q Stokes U



WMAP Collaboration

94 GHz

Stokes Q Stokes U



How many components”?

¢ CMB TV ~ VO
* Synchrotron: Ty ~ v-3
e Dust: Ty ~ V2

e Therefore, we need at least 3 frequencies to
separate them



Seeing polarisation in the
WMAP data

* Average polarisation
data around cold and
hot temperature spots

* Qutside of the Galaxy
mask [not shown], there
are 11536 hot spots
and 11752 cold spots

P AV erq g I N g -t h em b e a-t S Temperature e Polarization TemperatureCOLD e Polarization
the noise down



Cold Spot
Simulation

Cold Spot
WMAP Data

Hot Spot
Simulation

Hot Spot
WMAP Data

Temperature

Polarization

WMAP Collaboration

Radial and tangential
polarisation arounad
temperature sSpots

* [his shows polarisation

generated by the plasma
flowing into gravitational
potentials

e Signatures of the “scalar
mode” fluctuations in
polarisation

 [These patterns are called
“E modes”



Clat (deg)

Planck Collaboration

Planck Data!
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Seljak & Zaldarriaga (1997); Kamionkowski et al. (1997)

F and B modes

* Density fluctuations

'scalar modes] can
only generate E modes

e (Gravitational waves

can generate both E
and B modes



Physics of CMB Polarisation

Quadrupole

T Anisotropy

HYMSO
Thomson Thomson

—~ [l Scattering —~ 5 ! Scattering

[.inear

By Wayn e Hu No Polarization Polarization

* Necessary and sufficient conditions for generating
polarisation in CMB:

* [Thomson scattering

* Quadrupolar temperature anisotropy around an electron



Origin of Quadrupole

» Scalar perturbations: motion of electrons
with respect to photons

* Tensor perturbations: gravitational waves



(GGravitational waves are
coming toward you!

 What do they do to the distance between particles?



Two GW modes

* Anisotropic stretching of space generates
quadrupole temperature anisotropy. How?



GW to temperature

anisotropy



GW to temperature
anisotropy

¢
®
f
y
®
9
e Stretching of space -> temperature drops

» Contraction of space -> temperature rises




Ihen to polarisation!

* Polarisation directions are parallel to hot
regions



propagation direction of GW

Polarisation directions perpendicular/parallel to the
wavenumber vector -> E mode polarisation



propagation direction of GW

= -
O

.

/// \\\\\\ ///// \\\\\\ ///// \\\\ ///// \\\

Polarisation directions 45 degrees tilted from to the
wavenumber vector -> B mode polarisation



Important note:

e Detfinition of hy and hx depends on coordinates, but
definition of E- and B-mode polarisation does not
depend on coordinates

e Therefore, hy does not always give E; hy does not
always give B

* [he important point is that
. When a linear combination of hy and hy

produces E, another combination produces B




Signature of gravitational

waves In the sky | 7]

BICEPZ2 Collaboration

BICEP2: B signal
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Declination [deg.]

Signature of gravitational
waves In the sky | 7]

BICEP2: B signal
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Amplitude of B-mode [pK?]
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BICEPZ2/Keck Array and Planck Collaboration (2015)
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Tensor—to—Scalar Ratio (r)

Planck and B/CF D?/Keck Co//aborations (2015)

0.4
: \ B-mode limit added:
; r<0.09 (95%CL)
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Planck TT+lowP

Planck TT+lowP+BKP
Planck TT+lowP+BKP+BAO
Natural inflation

Hilltop quartic model

« attractors

-  Power-law inflation ruled out!

Low scale SB SUSY ruled out!
R? inflation

V & ¢ ruled out!

V x ¢* ruled out!

V xo

V x ¢?/3
N.=50

0.98
Primordial Tilt (n

s)
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Current Situation

e Planck shows the evidence that the signa
detected by BICEP?2 is not cosmological, but
IS due to dust

* No strong evidence that the detected signal
IS cosmological

|
wecf'" wdMd The search continues!!
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Now thlnkmg_ qbout M5... “COrE++”




Conclusion

The WMAP and Planck’s temperature data provide
strong evidence for the quantum origin of
structures Iin the universe

The next goal: definitive evidence for inflation by an
unambiguous measurement of the primordial B-mode
polarisation power spectrum

LiteBIRD proposal to JAXA: a focused, primordial B-
mode CMB polarisation satellite in 2025

COrE++ proposal to ESA's M5 call



