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Fluctuations in photons: how about the matter distribution?




A Remarkable Story

* Observations of CMB taught
us that

But, how confident are we”?






Cosmic Miso Soup

When matter and radiation were hotter than 3000 K,
matter was completely ionised. The Universe was
filled with plasma, which behaves just like a soup

Think about a Miso soup (if you know what it is).
Imagine throwing Tofus into a Miso soup, while
changing the density of Miso

And Imagine watching how ripples are created and
propagate throughout the soup






Power Spectrum Analysis

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

* Make a dlagram showing the
strength of each wavelength



WMAP Collaboration
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Origin of Fluctuations

* Who dropped those Tofus into the cosmic Miso
Soup”




Slava Mukhanov
(Munich Univ.)

Werner Heisenberg
(1901-1976)



| eading ldea

- Heisenberg’s Uncertainty Principle:

- [Energy you can borrow] x [Time you borrow] ~ h

- Time was very short in the early Universe =
You could borrow a lot of energy

- Those energies became the origin of fluctuations

 How did quantum fluctuations on the microscopic scales

become macroscopic tluctuations over cosmological

' ?
SIZES ! ”



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

Cosmic Inflation

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

* |n 10-36 second, space was stretched by at least
a factor of 1026
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Stretching Micro to Macro

Quantum fluctuations on
MICroscopic scales
mum fluctuations cease tom

» Become macroscopic, classical fluctuations




Key Predictions of Inflation

* Fluctuations we observe today in CMB and the
matter distribution originate from quantum
fluctuations generated during inflation

scalar
mode

gravitational waves generated during inflation

h .o * Ihere should also be ultra-long-wavelength
] > Starobinsky (1979)

tensor
mode

Y . 16



We measure distortions
N space
« A distance between two points in space
di® = a®(t)[1 + 2¢(x,1)][0;; + hi;(x,t)]da" da’
« {: “curvature perturbation” (scalar mode)
* Perturbation to the determinant of the spatial metric

* Ny “gravitational waves” (tensor mode)

» Perturbation that does not change the determinant (area)

Shi-g



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

* Define the “expansion rate of the universe” as

= g [ This has units of 1/time]
18



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 10-36 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

19



WMAP Collaboration
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Residual Amplitude of Waves [pK?]
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Predicted in 1981,
Finally discovered in 2013
by WMAP and Planck

e[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 a
dream of cosmologists since 1992,
when the CMB anisotropy was first
discovered and n_~1 (to within 30%) b 0. i AP
was indicated Slava Mukhanov said in

his 1981 paper that ns
should be less than 1




An implication of ns<

Accelerated expansion during the early universe

T H1H?>0 wep = <1
a H?

When e<<1, the universe expands quasi-
exponentially.

It €=0, space-time is exactly de Sitter:
ds® = —dt* + e*Ht x>

But, inflation never ends if e=0. When e<<1, space-
time is nearly, but not exactly, de Sitter:

ds2 — _t2 1 62fdt’H(t’)dX2 .



Symmetry of de Sitter Space
ds® = —dt* + e dx?

* De Sitter spacetime is invariant under 10 isometries
(transformations that keep ds? invariant):

* Time translation, followed by space dilation
t-t—ANH, x—e'x

* Spatial rotation, x — Rx

e Spatial translation, X — x—+c¢

e Three more transformations irrelevant to this talk

32



Symmetry of de Sitter Space
ds® = —dt* + e dx?

* De Sitter spacetime is invariant under 10 isometries
(transformations that keep ds? invariant):

* [ime translation, followed by space dilation

) QEYEOVE PPN .cc.cra n 201215

* Spatial rotation, x — Rx

e Spatial translation, X — x—+c¢

e Three more transformations irrelevant to this talk
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Rotational Invariance”
ds® = —dt?* + g2t 12

De Sitter spacetime is invariant under 10 isometries
(transformations that keep ds? invariant):

Time translation, followed by space dilation

) QETTOVE PRGN icoveec i 2512715

Spatial rotation, ~ x — Rx

Spatial translation, x — X +4c¢

Three more transformations irrelevant to this talk

34



Anisotropic Expansion

ds? = —dt?® + e*H? [e_Qﬁ(t)de + 625@)(&@2 + sz)}

 How large can /H be during inflation?

* |In single scalar field theories, Einstein’s equation gives
5 X 6_3Ht

* But, the presence of anisotropic stress in the stress-
energy tensor can source a sustained period of
anisotropic expansion:

35




Inflation with a vector field

e Consider that there existed a vector field at the
beginning of inflation:

A'u — (()7 U(t), 0, O) A1: Preferred direction in

space at the initial time

* You might ask where A, came from. Well, it we have a scalar
field and a tensor field (gravitational wave), why not a vector?

* The conceptual problem of this setting is not the existence of
a vector field, but that it requires Asthat is homogeneous over
a few Hubble lengths before inflation

e But, this problem is common with the original inflation,
which requires ¢ that is homogeneous over a few Hubble
lengths, in order for inflation in occur in the first place! ss



Ackerman, Carroll & Wise (2007); Watanabe, Kanno & Soda (2010)

Observational Conseqguence

* Broken rotational invariance makes the power
spectrum depend on a direction of wavenumber

P(k) = P(k) = Po(k) |1+ g.(k)(k - £)?]

where E is a preferred direction in space

« A model predicts:  g«(k) = —O(1) x 241, N{
* | = [energy density of a vector]/[energy density of a scalar], divided by €

e N~60 is the number of e-fold of inflation counted from the end of inflation



Signatures in CMB

e This "quadrupolar” modulation of the power
spectrum turns a circular hot/cold spot of CMB into
an elliptical one

® » O

oreferred direction, E

 Thisis a local effect, rather than a global effect: the
power spectrum rpea§ured at any location in the sky
is modulated by (k - E)?

38



A Beautitul Story

* In 2007, Ackerman, Carroll and Wise proposed g-
as a powerful probe of rotational symmetry

* |n 2009, Groeneboom and Eriksen reported a
significant detection, g-=0.15+0.04, in the WMAP

data at 94 GHz

. And a beautiful story - a new
observable proposed by theorists was looked for
INn the data, and was found

39



Subsequent Story

* |In 2010, Groeneboom et al. reported that the
WMAP data at 41 GHz gave the opposite sign:

g-=—0.18+0.04, suggesting instrumental
systematics

* The best-fit preferred direction in the sky was the
ecliptic pole

* Elliptical beam (point spread function) of WMAP
was a culprit!

40
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# of observations in Galactic coordinates

Ecliptic Poles

« WMAP visits ecliptic poles from many different
directions, circularising beams

* WMAP visits ecliptic planes with 30% of possible angles



Planck 2013 Data

 We analysed the Planck 2013 temperature data at
143GHz, and found significant g~=—0.111+0.013
[after removing the foreground emission]

* This is consistent with what we expect from the
beam ellipticity of the Planck data

* After subtracting the effect of beam ellipticities, no
evidence for g- was found

43



Kim & EK (2013)
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Naruko, EK & Yamaguchi (2015)

lmplication for
Rotational Symmetry

e g Is consistent with zero, with 95%CL upper bound
of |g+[<0.03

* Comparing this with the model prediction, |g-|
~24IN2, we conclude [<5x10-7

e Thus, 5 .

Y - _9
E ~ E ~el <5 x10 symmetry is tiny, if any!

Breaking of rotational

[cf: “natural” value is either 102 or e3N=g-15011] .



How do we kKnow that
orimordial fluctuations were of
quantum mechanical origin’
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Fraction of the Number of Pixels

Testing (Gaussianity

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

(6T°) = / N déT P(6T)6T?

— OO

More specitically, we measure
Histogram: WMAP Data

. | this using temperatures at
- Redline: Gaussian I three different locations anc

4 3 2 0 1 2 3 4 average.

[Values of Temperatures in the Sky Minus A ~ A
2.725 K]/ [Root Mean Square] (0T (71)0T (72)0T (123))

Having Those Temperatures
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Non-Gaussianity.

A Powerful Test of Quantum Fluctuations

e The WMAP data s

how that the distribution of

temperature fluctuations of CMB is very precisely

(Gaussian

e With an upper bound on a deviation of

o With improved da;

a provided by the Planck

mission, the uppe

- bound IS how

50



Secondary Anisotropies:
Structure Formation seen in the CMB

Gravitational Lensing
* Matter bends light of the CMB

Sunyaev-Zel’dovich Effect

* Electrons in hot, collapsed gas up-scatter low-energy
CMB photons, distorting the black-body spectrum of
the CMB

* Both have been measured, providing the key insights
into how the structures grew out of initial conditions.
Initial conditions to structure formation, using the
CMB data only! 51
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Planck Collaboration

Planck 29—Month Map [100 GHz]

55

From full-sky temperature maps to...



Planck Collaboration

A full-sky lensing potential mép!
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The Sunyaev-Zel’'dovich Effect

 The “thermal” SZ effect (in the non-relativistic [imit)
enables us to map thermal pressure in the universe

/ di n.(0,1) T(6, 1)

k
Yisz(0) = BOT

MeC?

Afterglow Light
Pattern
380,000 yrs.

™ -~
.0 . u .’ 0"
‘ o . 'e .
5 ','..' -
. < “‘
=

v\.§‘
about 400 million yrs.

Big Bang Expansion o8

13.7 billion years



Planck Collaboration

Thermal SZ (tSZ) Eftect

e The unique frequency dependence of tSZ: we can
make a map of Yisz

100 Frequency (GHz)




~ull-sky Thermal Pressure Map
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We can simulate this

Klaus Dolag (MPA/LMU)

219 0\ A BN ERIER R [accepted for publication in MNRAS]

SZ effects in the Magneticum Pathfinder Simulation: Comparison
with the Planck, SPT, and ACT results

K. Dolag!#*, E. Komatsu?® and R. Sunyaev?+*

L University Observatory Munich, Scheinerstr. 1, 81679 Munich, Germany

2 Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild Strasse 1, 85748 Garching, Germany

% Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU, WPI), Todai Institutes for Advanced Study, the University of Tokyo,
Kashiwa 277-8583, Japan

1 Space Research Institute (IKI), Russian Academy of Sciences, Profsoyuznaya str. 84/32, Moscow, 117997 Russia

e Volume: (896 Mpc/h)3

* Cosmological hydro (P-GADGET3) with star formation
and AGN feed back

e 2 x 15263 particles (mpm=7.5x108 Msyn/h) 61



Dolag, EK, Sunyaev (2016)

Local Universe (z=0-0.02)




Dolag, EK, Sur
. & .', ’_'::_‘.‘_ e ..r,_‘-u..}."’ ...’... Y
A T s, AL 3

b 4{.).\‘ P

e L \,

xXcrm
o
(=)

fFrryyJrrrrryyrrry

T———

---------\

p - - - -

A e

g Sy |} D e oy

‘160 Frequericy (GFIz)

63




Dolag, EK, Sunyaev (2016)
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Dolag, EK, Sunyaev (2016)
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Dolag, EK, Sunyaev (2016)
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Dolag, EK, Sunyaev (2016)
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Standard ACDM Model, starting with
inflation producing adiabatic,
Gaussian, isotropic, ns<1 primordial
fluctuations fit all the data from the
initial condition to structure
formation!

mThese results are all solely based on the
i microwave background data

{

Initial Condition Dark Matter [z~2]




Standard ACDM Model, starting with
inflation producing adiabatic,

But, wny not looking at

the large-scale -
structure data directly”? =

mThese results are all solely based on the
i microwave background data

{

Initial Condition Dark Matter [z~2]
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Grieb, Sanchez (MPE), et al.
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What have we learned?

 Theory continues to fit! with the cosmological
parameters consistent with CMB, lensing, and SZ
effect

e \What else can we learn?

/6



A Simple Question

e How do the cosmic structures evolve In an over-
dense region”

77



Simple Statistics

/500 Mpc/h

D|V|de the survey volume mto many sub-volumes Vi,
- and compare Iocally-measured power. spectra W|th
the correspondmg local over-densmes
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Simple Statistics
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Position-dependent P(k)
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Integrated Bispectrum, /B(k)

e Correlating the local over-densities and power
spectra, we obtain the “integrated bispectrum™:

N3
1 cut . ~
= > Pk rr)o(rs)

cut i=1

iBL(k) =

* This is a (particular configuration of) three-point
function! The three-point function in Fourier space
IS the bispectrum, and is defined as

(5((11)5((12)5((13)) — B((h, q2, Q3)(27T)35D(Q1 T Q2 T+ Q3)
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Integrated Bispectrum, /B(k)

e Correlating the local over-densities and power
spectra, we obtain the “integrated bispectrum™:

N3

cut

N3 S Pk, rr)d(rs)

cutz-l

iBL(k) =

* [he expectation value of this quantity is an integral
of the bispectrum that picks up the contributions
mostly from the squeezed limit:

k
iBy(k) = (P(k r.)s Mq&"’q’

k
d2k d3 d3
/ = / & B(k—Q1,—k+Q1+Q3,—Q3)

tek/ng the squeezed //m/t end
then angular averaging” X Wi (Q1)WL(_Q1 — Q3)WL(Q3)
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Power Spectrum Response

* [he integrated bispectrum measures how the local
power spectrum responds to Its environment, I.e., a
long-wavelength density fluctuation

zero bispectrum
positive squeezed-limit
bispectrum

NI | ,
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SDSS-1/BOSS DR10

 OK, now, let’s look at the real data (BOSS DR10) to
see If we can detect the expected influence of
environments on the small-scale structure growth
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Results: x?/DOF = 46.4/38

— mock — mock

I\ _200 Mpc/h —~ S L=120 Mpc/h -~ T

— data \\ — data

2
14

iCy (r)/o}
'iCL (T)/U

r [h™' Mpc]|

Because of complex geometry of DR10 footprint, we use the
local correlation function, instead of the power spectrum.
Power spectrum will be presented using DR12 in the future

. Integrated three-point function, iC(r), is just Fourier transform

ohiB(k ZCL( ) /(;iwl;:; iBL(k)eir'k 89
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Results: xZ/DOF 46.4/38
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. Integrated three-point function, iC(r), is just Fourier transform
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Nice, but what is this good for?

* Primordial non-Gaussianity (“local-type faL”)

* The constraint from BOSS is work in progress,
but the Fisher matrix analysis suggests that the
iIntegrated bispectrum is a nearly optimal
estimator for the local-type fnL

* We no longer need to measure the full
bispectrum, it we are just interested in fy'ocall
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Nice, but what is this good for??

* Primordial non-Gaussianity (“local-type faL”)

Back to the initial

condition!

* We no longer need to measure the full
bispectrum, if we are just interested Iin fylocall
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Nice, but what is this good for?

 \We can also learn about galaxy bias
e Local bias model:
o Og(X)=b10m(x)+(b2/2)[Om(X)]2+...
 The bispectrum can give us b: at the leading
(tree-level) order, unlike for the power spectrum

that has b2 at the next-to-leading order
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Result on bo

 We use the simplest, tree-level SPT bispectrum in

redshift space with the local bias model to interpret
our measurements

e [We also use information from BOSS’s 2-point

correlation function on fos and BOSS’s weak
lensing data on os]

- we find: B2 = 0.41 = 0.41
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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



Measuring GW

 GW changes the distances between two points

d* = dx* =) §;;da’da’
ij e ® ®* e

I .

g
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| |GO detected GW from a binary
blackholes, with the wavelength
of thousands of kilometres

But, the primordial GW affecting
the CMB has a wavelength of
billions of light-years!! How do
we find 1t



Detecting GW by CMB

|sotropic electro-magnetic fields



Detecting GW by CMB

GW propagating In isotropic electro-magnetic fields



Detecting GW by CMB

Space is stretched => Wavelength of light is also stretched
.
@




Detecting GW by CMB

Polarisation
Space is stretched => Wavelength of light is also stretched
.
o
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Detecting GW by CMB
Polarisation

Space is stretched => Wavelength of light is also stretched




Current Situation

* No detection of polarisation from primordial
GW vyet

* Many ground-based and balloon-borne
experiments are taking data now

| .
wec““ wdi¥ The search continues!!
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Conclusions:
From Initial Conditions...

* ns<1 finally discovered. Time-translation
symmetry of space-time Is broken during inflation,
as predicted

* No evidence for breaking of rotational
symmetry, consistent with the simplest model

e Strong evidence for inflation, but not a final word

* Vigorous searches for the primordial GW from
inflation are underway. Fingers crossed for the
final selection of LiteBIRD by JAXA
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Conclusions:
to Structure Formation...

tells us about
the subsequent gravitational and baryonic
evolution of initial fluctuations

* Theory fits!
The large-scale structure of the universe traced by
the distribution of galaxies also tests our theory for

the sulbsequent evolution

e Theory fits!
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Conclusions:
...and Back!!

 Measurements of the three-point function
(bispectrum) of the large-scale structure are not
as scary as before

* They can finally be used to test properties of the
primordial fluctuations, potentially better than
CMB studies could

- The position-dependent power spectrum is a_
powerful, easy, and intuitive way to get this g
job done

[Review: Chi-Ting Chiang, arXiv:1508.03256] 7
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