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The Science Frontier
discovery areas and principal questions

Discovery areas:

» |dentification and characterization of nearby habitable exoplanets
» Gravitational wave astronomy

* Time-domain astronomy

» Astrometry

* The epoch of reionization

Questions:
How did the universe begin?
What were the first objects to light up the universe and when did they do it?
How do cosmic structures form and evolve?
What are the connections between dark and luminous matter?
What is the fossil record of galaxy assembly and evolution from the first stars to the present?
How do stars and black holes form?
How do circumstellar disks evolve and form planetary systems?
How do baryons cycle in and out of galaxies and what do they do while they are there?
What are the flows of matter and energy in the circumgalactic medium?
What controls the mass-energy-chemical cycles within galaxies?
How do black holes work and influence their surroundings?
How do rotation and magnetic fields affect stars?
How do massive stars end their lives?
What are the progenitors of Type la supermovae and how do they explode?
How diverse are planetary systems and can we identify the telltale signs of life on an exoplanet?
Why is the universe accelerating?
What is dark matter?
What are the properties of the neutrinos?
What controls the masses, spins and radii of compact stellar remnants? NATIONAL RESEARCH COUNCIL

New Worlds, New Horizons in Astronomy and Astrophysics OF THE NATIONAL ACADEMIES




Physics of the Universe

Understanding Scientific Principles

Determine properties of dark energy, responsible for perplexing

acceleration of present-day universe

Reveal nature of mysterious dark matter, likely composed of new types
of elementary particles

Explore epoch of inflation, earliest instants when seeds of structure in
the universe were sown

Test Einstein’s general theory of relativity in new important ways by
observing black hole systems and detecting mergers

NATIONAL RESEARCH COUNCIL 44

New Worlds, New Horizons in Astronomy and Astrophysics OF THE NATIONAL ACADEMES
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Plan of the lectures

® Introduction to the Standard Big-Bang
cosmology and to Inflationary cosmology

® The cosmological perturbations and the
CMB anisotropy

® The DE and DM puzzles




Lecture one:
the standard Big-Bang cosmology

and
the inflationary cosmology




Radiation:
0.005%

Chemical Elements:
(other than H & He) 0.025%

Neutrinos:
0.17%

+ inflationary perturbations
+ baryol/lepto genesis

70%

Cold Dark Matter:
(CDM) 25%

Dark Energy (A):




The Universe has structure

2dFGRS cone diagram: 4-degree wedge

220,000 redshifts 1997-2003




The structure in the Universe

Perturbing around the average energy density
we may define the density contrast

5(x, 1) = p(x,t) —p _ / d’k 51 () ek

Z (2m)?

The power spectrum is defined by

(Ok O = (2m)° Ps(k) 6(k — k')

K Py(k)
272

As(k) ' Py = AE"T(k)

n ~ 1, T'(k) = transfer function
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The Universe is homogeneous and isotropic
on sufficiently large scales

2dFGRS cone diagram: 4-degree wedge

220,000 redshifts 1997-2003




The Universe is homogeneous and isotropic
on sufficiently large scales

irvey. This image covers 100 x 50° around south

pole. Contains about 2 million galaxies. Intensity of each

pixel 1s sc 1es 1n a pixel.




Cosmic Microwave Background




The Cosmic Microwave Background Radiation

2.725 K above absolute zero
mm-cm wavelength

410.4 photons per cubic cm
Perfect black-body spectrum

Nobel prize 1978: Penzias & Wilson

Nobel Prize 2006: Mather & Smoot



The Cosmological Principle:

The Universe is

homogeneous and isotropic
(ON LARGE SCALES)




The Universe is homogeneous and isotropic:
Friedmann-Robertson-Walker metric

ds® = dt® — ;:1_.2{;?_?_:] dl?

dr?

di? =
1 — kr?

+r? (d6* + sin® 0dg¢?)




The geometry of space




Example: geometry of a sphere




Absolute space,

in its own nature,
without relation

to anything external,
remains always similar

and immovable.

Isaac Newton
1686
Principia



Space and time are linked (1905)

Space and time are dynamical (1915)




Spacetime Geometry

Distribution of
Energy (and Pressure) density
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Implication: Hubble’s Law (1929)




Hubble’s law

v=H d (H,=Hubble's constant)
| H, =1007 kms™ Mpc™
=3

106 2 x 108
Distance (parsecs)




Velocity (km/sec)
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h=0.72+£0.03+0.07 Freedman et al. (Hubble Key Project)
h=0.7170 (WMAP 2003)
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It is space which is expanding




How is the Universe expanding?




The scale factor in the Friedman-Robertson-Walker
metric satisfies Einstein equations

Space-time geometry = energy




The Cosmological Principle imposes that the
energy momentum tensor is of the form

T+ = Diag (p,—P,—P,—P)
p = Energy density = P = Pressure

Einstein equations take the form

87TGN k
H*? — —
3 a2

A7 G
—=5 " (p+ 3P)

Energy momentum conservation takes the form

p+3H(p+P)=0




Physics behind:

Take a test particle of unit mass immersed in a
pressureless fluid of given energy density

4
r=arg, M = gpr?’

1., GyNM

—7
2 r

Energy conservation of a test particle:
the value of the binding energy tells if the Universe
will recollapse or expand for ever




The Golden Rule of the expansion

is equivalent to

k
a?H?

0 B 3H?
0 Pe = STG N

Today p. ~ 10*eV cm ™3

Q-1

Q

6k H!




The Geometry of space

A measurement of the total energy
density of the Universe implies a
measurement of the geometry of space




Various types of fluids:

Suppose P = wp = px g~ 3(14w)

Relativistic w=1/3=pprxa *=a"xa

Nonrelativistic w~0= pypoxa ®

Cosmological 0

w~—-1=pxa
constant

Curvatureterm w=—1/3=pxa ~




Dynamics is determined by energy content

87TGN
—|—?: 3 p,p:Zpi(a)

a(t)and H(t) depend on energy content

a(t) measurable by redshift

1+ 2z =ap/a isa proxy for the scale factor

H?(2) = H} |Qn(1+2) + Qe+ 2)° + Qu(1+2)" 5 4 (1= Q) (1 +2)*




In HEP units:

10 cm ~ 10** GeV ™!

(Hyo/Km/sec/Mpc) = 0.75
1

2
10~ %eV
10796 GeV*




Time evolution

2 1

3

RD MD

1 2
a oxX t2 a ox t3

The expansion is decelerated




scale factor a

|
_Newton ; 4,G |
e —=———(p+3p)

o Einstein « 3 ]

decelerated
a<(

p+3p>0
accelerated

a>0

—/ p+3p<0

fluid with w=p/p < -1/3

time

scale factor a

time




a(t)/ a,

0,=0.9, 0,=0.1
1.5
0,=0.7, 0,=0.3
0,=0.0, 0,=1.0
1
0.5
0-....1....1....1.... i e L e
~20 -15 _-10 -5 0 5 10

time (billions of years from today)










Brief History of the Universe

LHC dipole RHIC-event (STAR) Sky from WMAP Hubble Deep Field

masses hadrons nucleosynthesis 3K radiation galaxies
geometry &

fluctuations l i l i l f thaL

12 18

-6 0 3]
10 s 10 s 10 s 10 s
inflation radiation ?




At high temperatures, the Universe is expected
to be Radiation Dominated

IF equilibrium holds, then

PR

Jx

2

T
~ . T* (T
59T (T>m)

Z 9b+£ Z gt

bosons fermions




Me\/)2

1

o ~ 10~ 1% sec

No Big Bang at the LHC




Entropy Density

pr+Pr  4pr 21°
S — B e— —g*T
T 3T 45

If expansion is adiabatic:

S = s x V = constant = ¢, (Ta)® = constant

1
1/3

1" o<

9




Only particles with 72 < 7" should be counted,

1. . ¢, 1s a function of temperature

MSSM__ .

BBN QCD

+ :, e ).
e transition transition
| annihilation ,

//.

102
T [MeV]




Equilibrium holds only if the time-scale for
interaction is smaller than the time of the Universe

Tt = (1/nov) >ty ~ H™ ' ~t ~ (M, /g *T?)

n~T° o~a?/T? v 12T <K (ozz/gi/Q)Mp

T < 10'* GeV




Shortcomings
of the standard

Big-Bang
cosmology




Flathess Problem

Going back in time




Flatness Problem = Entropy Problem

2 2 2
o1 _ kM kM kM

2T~ (agT)2T?2 ~ S2/372

IF entropy is conserved

S =S80~ (ToHy ')° ~ 10 = [Q — 1|y, ~ 107

The flatness problem is equivalent to
ask why there is so much entropy in
our visible Universe

Educated guess: break adiabaticity




The flateness problem is more a

fine-tuning problem
about the initial conditions




The Particle Horizon

It is the maximum distance travelled by light in an
expanding Universe within a given time t

dt’
a(t’)

Ry (t) = a(t) /0 t




Standard Cosmology and the Horizon Problem

/ / ‘
[ H'xa® (RD)
[ H=1 xa?/2 (MD)




Hydrogen Recombination & Last Scattering Surface

~ Recombination

Matter is ionized at temperatures higher than
the hydrogen ionization energy of 13.6 eV

3/2
nenp — (meT> / e—Eion/T
ng 2T

The Universe becomes transparent to photons when

(Oeyne) t ~t, 0oy = 8ma?/3m?2, Trg ~ 0.26 eV




Big Bang

A TS
A R RS R AR B LAT T

J gL zachati nt G oy

FRESENT
13.7 Billion Years
after the Big Bang
The cosmic microwave background Radiation's
"surface of last scatter”is analogous to the

||'l_:ll'|'[ camin | thrﬂ-ugh the clouds o our
eye on a cloudy day.

We can only see

the surface of the
cloud where light
was last scattered




Cosmic backqround radiation

looking out in space is looking back in time

transparent

universe

asuaniun snbedo

age=300,000 yrs




Z Aom, (ilfo)Yem(ﬂ)
Im
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1
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(ensemble averages)




Horizon at Last Scattering

Comoving distance between us
and the last scattering surface

dr =dt/a

o dt 7O
/ —:/ dr = (19 — TL.s)
trs @ TLS

Angle subtended by a given
comoving length scale
A
0 ~
(T0 — TLS)

Sound Horizon

TLS

OHoR >~ Cs (




Our Hubble
radius at
decoupling

Universe

expansion
(z=1100)

Our
observable
universe
today

Super-Horizon mode detected
in the CMB anisotropy

Tgec=0.3 eV
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WMAP 5yr ¢
Acbar ©

Boomerang
CBl ¢
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100
Multipole moment 1
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Why is the Universe so
homogeneous and isotropic

if, back in time, it was a collection
of separated Universes?




The Inflationary Cosmology

tiny fraction
of a second
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Inflationary Cosmology

/it (rD)
[ 5t a2 (D)

H L xa™(n< 1)

end
inflation 10g a

= q > 0 < Inflation




Suppose there is a period during which the Hubble rate is
constant (pure de Sitter epoch)

a 4
H = constant = — = a = az-eH*(t ti) = az-eN

a

N = number of efolds

1
In conformal time a(7) = ~ - (1 < 0)
T




Flathess Problem




Flatness Problem = Entropy Problem

Adiabaticity is broken when the inflation energy
density is released under the form of
relativistic degrees of freedom

phase transition

Aend Tend

3N
= NN
o T > 0(60)




Inflation does NOT change the global structure of space,
but LOCALLY it makes it flat

IFN>60=Q =1+0 (2%




How to get Inflation

Inflation

For a review,see
D.H. Lyth and AR.,
Phys. Rept. 314

Potential (1999) 1

¢

Friedmann equation: slow roll

N\ 8r 1
H2=(Z2) = == |22+ V(6| =~ const.
(2) =5 [ +veol

Scalar field equation of motion:

/5f+3(2)¢:+v’(¢)=0




How to get Inflation

Slow Roll Parameters

e (¢) Parameterizes equation of state:

mp) [H ’(fﬁ)r _ Mpy [V'(fﬁ)
ar | H(¢)| — 167 | V(9)

£ =

Inflation «——— €(¢) <1

Second slow roll parameter:

=0 (0] = 5[] i [0




Slow-Roll parameters are small and vary slowly with time




The total number of efolds

/t %f dt H (1)

b dt
dp— H
/@ 65

bf H
/ dolt
oy ¢
(slow — roll)
o H2
i o

(slow — roll)
¥




2

Example: V(¢) = %ng

V() ~ My = ¢; ~ (M7 /m)

N ~ 47Gn¢; ~ (M, /m)*

In fact it turns out that (M,/m) ~ 10°




The number of efolds
till the end of inflation

PAN

din H? B din H? dt dlna
4 dnk dt dna) \ dnk




Standard scenario = one-single field (slow-roll) models

. large fiel.d | ‘// V o~ Ar g
e.g. chaotic inflation .

. small field L\/ Vo Vo g

e.g. new or natural inflation

. hybrid inflation
e.g., Susy or Sugra models




Lecture two:
the cosmological perturbations
and CMB anisotropy

WMAP 5yr ¢
Acbar <

Boomerang
CBI ©

100 500 1000 1500
Multipole moment 1




The Universe is NOT

homogeneous and isotropic










/§‘¢ “quantum fluctuations during inflation”

>

log a




The Millenium Simulation Project:
http://www.mpa-garching. mpg.de/galform /virgo/millennium /




Particle production in
an expanding Universe

¢O¢

space

PE_ - 99

expands




Strong gravitational field—> particle production
(Hawking i radiation)




Take now perturbations of the inflaton field:
heuristic explanation of why the inflaton field is perturbed

o(x,1) ¢o(t) + 0(x, 1)

. : 25
5é + 3HS % V'8¢ =0

bo + 3H o + V' (o) 0= ¢o+3Hdo+V"dy =0

0 doT(x)
p(x,t) = ot +7(x))

The inflaton field has different classical values at
different points in space




All massless scalar fields are excited during Inflation
Linear Theory

oo(T) + do(x,7),
a(1)oo(T),
dt

a

/!
ug+(k2 a)uk:()

a

k2
(061 + 3H b6y + —5 00 = 0)

Oscillator with time-dependent frequency




a) For modes with wavelengths inside the horizon:

Aohys <K H ' = k/a> H = (—k71) > 1

a'ja=2/1"= (k1) > 1=k*>d /a

esz

oy

u% + ]{Tzuk =0=up = A(k‘) + B(l{?)

or:

Set of independent plane waves: locally Minkowski,
no curvature seen by the waves




b) For modes with wavelengths outside the horizon:

Aohys > H ' = k/a < H = (—k7) < 1

a'la=2/T"= (k1)< 1=k*<d"/a

a//

uy — g = 0= ur = C(k)a(r) = dop, = C(k)

Superhorizon perturbations do not evolve in time




Exact solution exists:

(

1_/w> + B(k)S

Choose the boundary conditions in the far UV such that the solution
is a plane wave propagating with positive frequency (Bunch-Davies vacuum)

(—kr)>1 = A(k) =1, B(k) =0
e—félm' i
uk(T) — (1 — kT) ;

—ikT i
5 -
< (%)




Power Spectrum

0|(6o(x, 1)) = / i

(2m)°




Perturbations of a (nearly) massless scalar field
are born as plane waves with wavelengths below the horizon.
As inflation proceeds, their wavelenghts are stretched
outside the horizon and get frozen

The Mode Function




All massless scalar fields during a period of exponential
inflation (pure de Sitter) are quantum mechanically
excited with a power spectrum which is constant

and flat on superhorizon scales

(independent from the wavelength)

Perturbations are GAUSSIAN:
it is linear perturbation theory
and all oscillators evolve independently from each other




/§‘¢ “quantum fluctuations during inflation”

>

log a




Have to include gravity

Klein-Gordon
~ equation




Counting degrees of freedom

|) 9uv is a symmetric tensor, has 10 degrees of freedom, but we can
perform a coordinate transformation z" — z' + dx" and there
remain |0-4=6 physical degrees of freedom

2) Helmholtz’s theorem: u; = 0;v +v;, V-0 =0, v
there remain 2 vector degrees of freedom

=0

©,J

3) Tensor perturbations have 6 degrees of freedom, but they are traceless anq
transverse, i, = 0, 9'h;; = 0 , there remain 2 physical degrees of freedom

6-2-2=2 scalar degrees of freedom




We are only interested in slicings: t —t+ 6t =1t

f = fol?)
f(t) — f:o(N)
f(t) = fo(t)dt — fol(t)

5f — foot

5f — 6f — fobt




Take the gravitational potential in the metric:

ds® = [(1+2®)dt* — a*(1 — 2¢)dx?]

~ 2

ds” =ds* = a%(t)(1 — 2¢) = a?(t)(1 — 29))

~

(1) ~ a®(t) + 2aadt = ¢ = + Hot

Y — Y+ Hot
d — & — Hot — (0t)




Including gravity

ds® = [(14 2®)dt* — a*(1 — 2¢)dx”]

Need to define a gauge invariant quantity
upon general coordinate transformations

t o 46t
v — Y+ Hot,
op — Odp— pot

Comoving curvature
perturbation

Gravitational
potential




Physical significance of the
comoving curvature perturbation

|) The curvature perturbation on slices of uniform energy density

4
(==l PR= 5V

2) The energy density perturbation on flat slices

0p

= H




How to get Inflation

Inflation

For a review,see
D.H. Lyth and AR.,
Phys. Rept. 314

Potential (1999) 1

, Inflation
Q

Friedmann equation: slow roll

.\ 2
H‘l—( ) = ?Tz [ / +V(¢5)] o~ const.
a Smm

Scalar field equation of motion:

/’{ +3 (H) GV (@) =0 a(t) el M= eV
a




How to get Inflation

Slow Roll Parameters

e (¢) Parameterizes equation of state:

mp) [H ’(fﬁ)r _ Mpy [V'(fﬁ)
ar | H(¢)| — 167 | V(9)

£ =

Inflation «——— €(¢) <1

Second slow roll parameter:

=0 (0] = 5[] i [0




Slow-Roll parameters are small and vary slowly with time




Comoving curvature perturbation generated by
the one-single (slow-roll) field driving inflation

Quantum fluctuations on spatially flat
hypersurfaces during inflation

")
P /) k=aH
-(#7)
Qb k=aH

log Ry ; log 4

Curvature perturbation generated
during inflation

1 H 2k O\
2(27TMP61/2> <CLH> ’

n¢ 1+ 2n — Ge

dinP; dnH; dlng}

1= _ L det (29— €)= 2 —
¢ dnk _ dnk  dnk €+ (20— 2€) = 2n — Ge




Example:

3H)p = —V' = ¢ ~mM,,e ~1/N

H
N ~ -~ 1070 = m ~ 102 GeV
veM, M,

G




Tensor perturbations

ds* = dt* — a*(6;; + hyj)dx"da?

M#% 1 y
Ly = TP / d4x\/7—g§(90h7;j30h”

Massless scalar /)
field Vg




Comments:

|) The amplitude of the tensor modes is
proportional to the energy density of the inflaton field

2) For one-single field models of inflation
there exists a CONSISTENCY RELATION




The standard slow-roll
scenario predicts:

A (nearly) exact power law

spectrum of (nearly) Gaussian
super-Hubble radius

scalar perturbations (seeds of structure) &
tensor perturbations (gravitational waves)
in their growing mode

in a spatially flat universe




/§‘¢ “quantum fluctuations during inflation”

>

log a




The comoving curvature perturbation is constant

on superhorizon scales if the fluid is adiabatic
IT FOLLOWS FROM ENERGY CONSERVATION

S(V,T")=0 = 8p+3H(6p+6P)—3p(p+ P)=0

P
5P — 5Pnonad + _510
P

Go to a uniform energy density slice:  0p =0, ( = —v

If the fluid is adiabatic, then P = P(p) and 0 Phonaq = 0




Adiabatic vs isocurvature perturbations

Curvature (adiabatic) perturbations are there if:
0p; 0p;
fO = ﬁ for every ¢ and j
Pi Pj
Hop, Hopm 5P7 5sz

P~y Pm 4p- 3Pm

5,0 oP
— = —=P=P
5 P (p)

Isocurvature perturbations are present if
some of the following combination is
nonvanishing:

_ J4 5:0J>_
S, — —3H _ 95 3¢, — ¢
. (m ) =36 6)




Example: take two fluids

C:Z%Q

P2 pP2p B
p- IO-Q (CZ Cl )

The comoving curvature perturbation is not conserved on superhorizon
scale if an isocurvature component is present




The curvature perturbation may come from fields
different from the inflaton

o coupled fields during slow-roll during inflation

Starobinski & Yokoyama; Sasaki & Stewart; Mukhanov & Steinhardt; Linde,
Garcia-Bellido & Wands.... (1995)

ecurvaton decay after inflation

weakly-coupled, late-decaying scalar field
Enqvist & Sloth; Lyth & Wands; Moroi & Takahashi (2001)

e inhomogeneous / modulated reheating or preheating

inflaton decay-rate modulated by another light field
Dvali, Gruzinov & Zaldariaga; Kofman (2003); Kolb, A.R. & Vallinotto (2004)

einhomogeneous end of inflation
Lyth, A.R.(2006)




Curvature perturbation from
isocurvature fields during inflation (curvaton)

Take a scalar field o(x, t) other than the inflaton field; it does not dominate
the energy density during inflation

Its potential is V(o) = 3m?0?

During inflation it is quantum mechanically excited: dp, ~ m?6do and
0ps ., b0
Po o

When it decays into radiation, its fluctuations are transferred to radiation

( ~

oo H
o

o




Inflation provides
the initial seeds

for the cosmological perturbations
we see in the Universe




Inflation provides the initial conditions
for the gravitational potential

Einstein equations indicate that, on superhorizon scales,

Y =>, 0p=—29

The gravitational potential inherits the
flat spectrum generated during inflation




Hydrogen Recombination & Last Scattering Surface

~ Recombination

Matter is ionized at temperatures higher than
the hydrogen ionization energy of 13.6 eV

3/2
nenp — (meT> / e—Eion/T
ng 2T

The Universe becomes transparent to photons when

(Oeyne) t ~t, 0oy = 8ma?/3m?2, Trg ~ 0.26 eV




Big Bang

A TS
A R RS R AR B LAT T

J gL zachati nt G oy

FRESENT
13.7 Billion Years
after the Big Bang
The cosmic microwave background Radiation's
"surface of last scatter”is analogous to the

||'l_:ll'|'[ camin | thrﬂ-ugh the clouds o our
eye on a cloudy day.

We can only see

the surface of the
cloud where light
was last scattered
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(ensemble averages)




T T T TTI | | I I I lIlIlIll

Acoustic
Peaks

Damping—_

Sachs—Wolfe Tail
Plateau
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10 100 1000
Multipole ¢




The total CMB anisotropy

7o

Ak,n,n) = (A0+4<I>+4V-n)+4/ (D + )

0 Integrated

Sachs-Wolfe
effect

Sachs-Wolfe ~ Doppler
effect effect

® and v are gravitational potentials




CMB anisotropy
at

scales larger than
the horizon
at last scattering




/] logars

/ y

H —1 X 122 (RD)
| =t a?2 (MD)




Horizon at Last Scattering

Comoving distance between us
and the last scattering surface

dr =dt/a

o dt 7O
/ —:/ dr = (19 — TL.s)
trs @ TLS

Angle subtended by a given
comoving length scale
A
0 ~
(T0 — TLS)

Sound Horizon

TLS

OHoR >~ Cs (




Last scattering PHOTON

TRAJECTORY




Sachs-Wolfe Plateau

For modes beyond the horizon at last scattering and adiabatic conditions:




2 [dk, 1
Cp ==
I

(55 G )52 (e (no — us))

$ WMAP 5yr ¢ E
5000 3 Acbar ¢ 7
— . Boomerang < 1
& ¥ CBl ¢ A
5. 4000 [ .
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CMB anisotropy
at

scales smaller than
the horizon
at last scattering




/] logars

/ y

H —1 X 122 (RD)
| =t a?2 (MD)




Acoustic peaks

e At recombination, baryon-photon fluid undergoes “acoustic oscillations”
A coscskn + Bsincgkn

e Compressions and rarefactions change the temperature 7,

o Peaks in AT, corresponds to extrema of compressions and rarefactions

z=1000 recombination

observer




Acoustic peaks

_ Doppler
7
_ adiabatic
_ total

- A 7z—=




Dynamics of the photon-baryon fluid
(electrons are kept in equilibrium through the
Coulomb scatterings with protons)

The photon distribution satisfies the Boltzmann equation

;l_f = C[f](Thomson scatterings)
4

f(z',p,n',n) =2 [eXp { T(n)(1 +%(mi,nin) } N 1] .

[OJAN NOJAN . 0 0
N — 4+ 4An'— —4— =
on o ox" A ox" on




By integrating over the solid angle, we get:
Energy continuity equation

| a0
= [ — AR’

1
T | Arx

Velocity continuity equation

v, + Zﬁjﬂf’f + Ao+ 0 = —7 (v =0

/')/

y aQ (. . 1.
my = [ (- 50) A

Momentum continuity equation for baryons

4




Acustic Oscillations of the photon-baryon fluid
(beneath the horizon)

R . 107,
o +H1+R Yt ITE R

(85— 40") + 0 (A — ) — V2 (A — 4) =

redshfit Hubble drag pressure infall
cs =1/4/3(1+ R)

+0'® =

Pattern of oscillations:

1+ RO (B0 —40) = Acoskrs(n)] + B sinlkr (1)
[t e o + 2

i = " dnfeu)




To study the solutions we have to see if the
modes enter the horizon before or after
matter-radiation equality

radiation

matter

vacuum




First, fix the initial (adiabatic) conditions

1
—§Ao [(00) — Einstein equation]

41) = constant |[continuity equation]

—6P cos(won) —8—/ dn'®(n") sinfwo(n — 1)),

kes, co =1/v/3(1+R,), =&




Time behaviour of the gravitational perturbation

3H (ch + ci>) + V2o —47Gpya®dp

b+ 3HD + (271 + H2) @ 4GNS P

Using 6P = cZdp

D 9
®,,, = constant for all scales = —§C 1—0(1)7(0)

sin(kn/v/'3) — (kn/v/'3) cos(kn/v/3)
(kn/V/3)3

¢, = 32,(0)




For modes which enter the horizon when the
Universe is MD

Ao — 4 = 2,(0) cos(wom) — £ 2(0)

5

For modes which enter the horizon when the
Universe is RD

Ag — 41 = 6P.,(0) cos(won)

wo = Cs k
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Position of the first peak

Modes caught in the extrema of their oscillation at recombination will
have enhanced fluctuations, yielding a fundemental scale or frequency
related to the Universe sound horizon

2

Hyperbolic (open)
—— Flat (Euclidean)
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Microwave ANiISOTROPY PROBE




Precision Cosmoloqy
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The Future

® CMB polarization

® Non-Gaussianity




Planck a4 -
Vg

o Lunch inApril 29,2009  [#8° T

® Fully sky imaging from L2 in nine frequency
bands (30-587 GHz)

® Polarization may be sensitive to r ~ 0.1
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CMB anisotropy is polarized

Polarization




CMB Polarization

For a plane wave along the z-direction, symmetric trace-free
(STF) correlation tensor of electric field defines (transverse)
linear polarization tensor:

—<<?EE—>E> ) - < 0 o )

Under a rotation in the (x-y)-plane

Q+iU— (Q+ilU)e T = (Q +1iU) is spin 2




E- and B-modes
Pab(n) V<aV5>PE + Gfa \V4 b)VcPB
Q + iU 00(Pr — Pg)
dsn —sin~ ® §(0p — icosecdy)(sin® On)

Expand in spin-weight harmonics

Prgy =Y EE ; ;;: Epm(Bem)Yem(n) = (Q £iU) =Y (Egn F Bem)+2Yem(n)
Im '

fm

If parity is respected, only three correlations: cr, cp, c/*®
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CMB Polarization from scalar perturbations

Thomson scattering of radiation quadrupole produces linear polarization,
which is conserved by free-streeming, but suppressed during reionization

Due to Doppler effect, eletron scatterers see the photon-baryon fluid
temperature anisotropy carrying a nonvanishing quadrupole

0T (xp,n) =n-[v(z) — v(xo)] ~ Arn;n;0;v;(zo)

Polarization

(Q +iU) oT / dQ' (m - n')*T(n’) x dr,sm'm? 9;v;(LS)

scattering matrix P = —3/40p(m-n')*, m = e; + ie,




Physics of CMB Polarization: scalar perturbations

A single plane wave of scalar perturbation has:

O x Yy (k) = dQ o sin® 0 and dU = 0 as k along 2

Scatter Modulate

Plane-wave scalar quadrupole Electric quadrupole (m = 0) Pure £ mode

Only E-mode which traces baryon velocity perturbation




TTTTTTTm I T TTTTTI

II[I]IIII[I]IIII[II

o
X
e
33
QAN
S~
L
I—N
Q
~—
+
=

llllIIIllllllllllll[lllllllll

AN | I I N |

10 100 500
Multipole moment [




CMB Polarization from tensor perturbations

Take a gravity wave propagating along the z-axis. The frequency shift in the
temperature is given by

1 1

ininjhz('iit) =3 sin? Pet2i¢ ] etk x

dQ o< (1 + cos® ) cos 2¢, and dU = — cos 0 sin 2¢

Scatter

Plane-wave tensor quadrupole Electric quadrupole (|m| = 2)

Both E- and B-modes with roughly same amplitude




Testing the energy scale of Inflation

CMBpol: approved by NASA on Feb. 18, 2008,
http://astro.fnal.gov/cmb/, Weiss document

large-field

small-field

094 095 0.96 097 098 099 1.00

Mg

[0(0 +1)Cpre/27]Y? ~ 0.024(Eine /10 GeV) pK




Observation of the B-mode polarization
from inflationary gravity waves requires




Non-Gaussianity




Characterizing the cosmological perturbations

— The WMAP data are telling us that
primordial fluctuations are very close to
being Gaussian.

— It may not be so easy to explain that
CMB is Gaussian unless we have a
compelling early universe model that
predicts Gaussian primordial
fluctuations: Inflation




What if we discover
in the future

that perturbations
are non-Gaussian?




. free (i.e. non-interacting)
Gaussian “ field, linear theory

» Collection of independent harmonic
oscillators (no mode-mode coupling)

» NG requires more than linear theory

“... the linear perturbations are so surprisingly simple that a
perturbation analysis accurate to second order may be
feasible ...” (Sachs & Wolfe 1967)




Why do we expect some NG,
i.e. some Non-Linearity !

The observed sky is NG: astrophysical sources (point
sources and galactic emission, low level contaminaton of
galactic foreground leads to detectable NG, but
negligible effects in the angular power spectrum)

Secondary anisotropies (lensing, SZ, .etc: known to exist)

Variance of the noise is spatially variable, increasing the
variance of the NG estimator

Gravity itself is nonlinear

Primordial contribution




How large is the predicted value of NG ?

It depends on the primordial contribution: it is the
contribution generated either during or after inflation,
when the comoving curvature perturbation becomes

finally constant (in time) on super-horizon scales

It is the real science driver




Phenomenlogical approach:

(@) = Gy(0) = = (¢

The expanding parameter is roughly fn1.(g4

The non-linear parameter is usually
momentum dependent

It is not directly connected to the measurable
> quantity, the CMB anisotropy




Second scenario: Inflation is non-standard (DBI, ghost inflation,....
Third scenario: inflation does not take place, instead ekpyrotic,....

» Single field inflation with » K-inflation, DBI-inflation,...
canonical kinetic term equﬂ l/c ~100

local,equil

N = 0(8 M )N 0.01 * Break in slow-roll...

« Multi-field inflation * DBI-multi-field inflation

local 1 equll/local ~1 / c
NL ~ ¢ 7 +nlevol

~0.01 « Curvaton-like models

local (p/ pcurvaton )dec > 1

* New ekpyrotic

> -1)" n,>1)

N. Bartolo, E. Komatsu, S. Matarrese and A.R,,
Phys. Rept. 402, 103 (2004)




The Bispectrum

(€7, €z, Cr,) =0 (E1 + kg + Eg) B (k1, k2, k3)

Equilateral

Bg(k‘l, ks, kg) X fNL [P(]ﬁ)P(kg) + perm.]
k1 < ko, k3 D. Babich et al.,, (2005)
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Afny, ~ 2, (ideal experiment) Phys. Rept. 402, 103 (2004)

N. Bartolo, E. Komatsu, S. Matarrese and A.R,,




Lecture three:

the Dark Puzzles




Radiation:
0.005%

Chemical Elements:
(other than H & He) 0.025%

Neutrinos:
0.17%

+ inflationary perturbations
+ baryol/lepto genesis

70%

Cold Dark Matter:
(CDM) 25%

Dark Energy (A):




Dark Energy




Velocity (km/sec)
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h=0.72+£0.03+0.07 Freedman et al. (Hubble Key Project)
h=0.7170 (WMAP 2003)
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Distance-Redshift Relation

F = defines luminosity distance, know L, measure F'

4ﬂd%

47Td2L area of 25 centered on source at time of detection

dr?

2 + r2d9? | = area = 47m2 2

ds® = dt* — a*(t)

Energy redshifted: (1 + z)
Time interval redshifted: (1 + z
Flux redshifted: (1 + z)?




Distance-Redshift Relation

Light travels on geodesics

d32=0¢/\/1cirw:/%:/ffiga2

a(t)H," d

r dr' -
J'O m ) IO \/(1—Qo)(1+ 2’)2 +QM (1+ 5’)3 +Qw(1 +5’)3(1+W) T

Program:

*measure d; (viad,’=L/4xF)andz

» input a model cosmology (€2;) and calculate a, r
« compare to data

 need bright “standard candle”




Distance-Redshift Relation

2

1 z

— 1 —gq) = —in 4302 —1—
i z+( QO)2‘|‘< Jo + 34§
—(a

k 23

04
22 )¢ TOE)

fa)/H?, jerkj = (d /a)/H®




Early

No Hydrogen /Hydrogen

Spectra: /
SNT - SN 11
Si/ No Si ~3 mos. spectra
/ \ He dominant/H dominant
SN la| He poor/He rich
1985A
1989B
Supernova SNIc| |SNIb SN 11b| “Normal” SNII
19831 983N 19931 : :
Taxonomy 1983V / iosaL  logrk  Laght Curve decay
after maximum:
Linear / Plateau
Core collapse.
Believed to originate Most (NOT all)
trom deflagration or H is removed during
detonation of an cvolution by
accreiing whire dwarf. tidal stripping. SN 1L [SN 1P
Core Collapse. 1980K  1987A
Outer Layers stripped 1979C 1988 A
by winds ( Wolf-Rayet Stars)
y : 19691,

or binary interactions
Ib: H mantle removed
Ic: H & He removed

Core Collapse of
a massive progenitor
with plenty of H .







Monastic Chronicles re: Supernova 1006:

“in 1006 there was a very great famine and a comet
appeared for a long time ....”

“at the same time a comet, which always announces
human shame, appeared in the southern regions,
which was followed by a great pestilence...”

“three years after the king was raised to the throne, a
comet with a horrible appearance was seen in the
southern part of the sky, emitting flames this way and
that...”

Georq Busch (German painter) in 1572:

“It is a sign that we will be visited by all sorts of
calamities such as inclement weather, pestilence,
and Frenchmen.”




Supernova Cosmology Project
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Type la supernova
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Einstein-de Sitter:
spatially flat
matter-dominated model
(maximum theoretical bliss)
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Taking sides:

GOO (FRW) — 8T GT()()

|) Modify the RHS of Einstein equations
a) Cosmological constant
b) Not constant (scalar field)

2) Modify the LHS of Einstein equations
a) Beyond Einstein (mod. of gravity)
b) Just Einstein (BR of inhomog.)




/0% of the energy density of the Universe
is in the form of dark energy

i>0sw=P/p<—1/3




How do we know DE exists?

Assume FRW model of cosmology: [7° — 877Gp/3 — k/a2

Assume energy and pressure content: 0 = O)f 1+ P~ T PA T+ 7

Input cosmological parameters
Compute observables: dy(z), da(z), H(z)
Model cosmology fits with PA , but not without PA

All evidence for DE is INDIRECT : the observed Hubble rate
is not the one predicted through all the previous steps




Modify the RHS:
CC/Quintessence

® Many possible Ti(¢)

contributions?
Requires m;~ 103 eV

® Why then is the total
so small?

Perhaps some unknown
dynamics sets the total

CC to zero, but we are
not there yet




_Q‘,\
_l_x_._;_;_]_x_;_:_;_J_J_<.;l_;__4_;__L
—30 —=20 20 =15; =1

log(a/a,




Modify the LHS:
non-standard gravity




Degravitation

)GW =871},

All these class of theories predict the presence of extra
longitudinal degrees of freedom of the graviton which
becomes strongly coupled at some distance




Anthropic/Landscape

® Many sources of vacuum ® Although the are
energy exponentially
uncommon, they are
String Theory has many preferred because...
vacua > 10°%
More common values of
Some of them the CC results in an
correspond to a inhospitable Universe
cancellation leading to
the observed small
cosmological constant

Galaxies require
(Weinberg)
A <1078 Mg,
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Evidence for Dark Energy

Hubble Diagram (SNe)

Baryon acoustic cw 12 R R Ena s =
. . ',.9_, Q 1 : g 3
oscillations S5 osf ] X8
3 €2 06 i 38 =
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. N — ] ] ®
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Age of the Universe 9 e 120701 02 03 0.4 05 06 07 08 09 1 L
supernova redshift z

Structure formation




Observational strategy

weak strong
supernova : - .
. lensing lensing lensing

Growth of = " ~
structure O +2H6, —4nGps, =0

weak I
clusters -
lensing

Test gravity

millimeter
accelerators
scale




PATH OF LIGHT
AROUND
DARK MATTER

Redshift




Cosmological Perturbations are
sensitive to energy content
and to modified gravity

D(a) = growth function, D(a) = a in MD

Perturbations can be probed at different epochs:
) CMB,z ~ 1100
2) 21 cm,z ~ 10-20
3) Ly-alpha forest, z ~ 2-4
4) Weak lensing, z ~ 0.3-2
5) Galaxy clustering, z ~ 0-2




687% cl

3 | Inner contours fix m,

WL
WL+ CMB

\—WL+CMB+SN

T L
0.26 0.28

1‘

fy dIna’ [Q’]& (a')—l]

gla) =6, /a=c¢

D. Huterer, E. Linder, 2005




Acoustic Baryonic Oscillations
opM  0pB + 0pDM

PM PB + PDM

0
+ 2O (k) cos(krs)
Vi




Acoustic Baryonic Oscillations

Angular scale
0.5° 0.2°
T T

WMAP
Acbar 3
Boomerang
cBl

I 1 1 1 1
20 10 60 80 100
Comoving Separation (h-' Mpc)

| | A
500 1000 1500
Multipole moment (

Each overdense region is an overpressure that launches a spherical
sound wave.Wave travels outward at sound speed. Photons decouple,
travel to us and are observable as CMB acoustic peaks. For matter,
sound speed plummets, wave stalls, total distance travelled 150 Mpc
imprinted on power spectrum.

DE enters in the determination of the angular distance




Main current/future BAO surveys

SDSS/2dFGRS SDSS/AAT
WiggleZ AAT(AAOmega)
FastSound Subaru(FMOS)
BOSS SDSS

HETDEX HET(VIRUS)
WFMOS Subaru

ADEPT Space

SKA SKA

Now
2007-2011
2009-2012
2009-2013
2010-2013
2013-2016
2012+
2020+

Done
Running
Proposal
Proposal
Part funded
Part funded
JDEM

Long term




Vhat’s Ahead

2008 2010 2015

Lensing CFHTLS SUBARU DES, VISTA DUNE LSST

DLSSDSS ATLAS KIDS Hyper suprime JDEM
Pan-STARRS

FMOS LAMOST DES, VISTA,VIRUS WFMOS LSST

SDSS ATLAS Hyper suprime JDEM

Pan-STARRS

CSP ESSENCE DES LSST

SDSS CFHTLS Pan-STARRS JDEM

CMB WMAP 2/3 WMAP 5 yr

Planck Planck 4yr
Roger Davies




Dark Matter




The Dark Universe

obsew

expected
from stars

ALWIE)

- O

" "~ MB33 rotation curve




A
Predicted by Newton law

Distance

The Andromeda Galaxy (M31)




What we should see
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The cornerstones of structure formation

Initial seeds provided by primordial inflation: spectrum
of perturbations nearly flat and nearly gaussian

Density perturbations grow because of the gravitational
instability. They grow like the scale factor at the linear
level

In the CDM scenario, the first objects to collapse and
form dark matter haloes are of low mass

Merger trees: a halo that exists at a given time will have
been constructed by the merging of smaller fragments
over time

When haloes merge, their cores survive as distinct
subhaloes for some time. In group/cluster scale haloes,
these will mark the locations of the galaxies




The Millenium Simulation Project:
http://www.mpa-garching. mpg.de/galform /virgo/millennium /




The structure in the Universe

Perturbing around the average energy density
we may define the density contrast

5(x, 1) = p(x,t) —p _ / d’k 51 () ek

Z (2m)?

The power spectrum is defined by

(Ok O = (2m)° Ps(k) 6(k — k')

K Py(k)
272

As(k) ' Py = AE"T(k)

n ~ 1, T'(k) = transfer function




Matter perturbations

They can be found from the (00) Einstein equation
(Poisson equation)

For modes well inside the horizon
during the MD period, matter perturbations grow

V20 = —4AnGna*6p, =

0Pm
2Pm - (Ha)?® xa xa’ =a
Pm

For modes well inside the horizon
during the RD period, matter perturbations are frozen

V0 = —47TGNa25,0m:——H2a2p P
2 Py Pm

0P,
Prm

0

x (py/pm)(Ha)?®xa ' xa*xa'=a




5k‘|‘2H(§k = 417G p ok = Ok X a

k=10" h/Mpc
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Power spectrum for CDM

matter-radiation equality
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GROWTH OF DENSITY PERTUBATIONS IN A DARK MATTER DOMINATED UNIVERSE
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(5) "
P galaxies




Galaxies form early in
rare peaks




Dark Matter halo: 10'* Mg

Dark Matter Galaxies

The Millenium Simulation Project:




The dark matter
halo mass function

A successfull theory of structure formation must be able to
predict the number density of dark matter haloes as a function of their mass
(systems with ~ 200 mean density)

dF
aM

aM

|dF'/dM| is the fraction of volume occupied
by virialized object of mass between M and M + dM




Informations on the DM
halo mass function from

Optical detection of their member galaxies

X-ray emission from hot electrons confined by the
gravitational potential wells

SZ effect whereby hot electrons up-scatter the CMB
photons leaving an apparent deficit of low-frequency CMB
flux in their direction

Weak lensing (clusters selected as peaks in a smoothed two-
dimensional shear map)

Systematic, not statistical uncertainties, provide the limiting
factor in cosmological measurements: none of these
technique measure mass directly, but some proxy quantity as
galaxy counts, X-ray flux and/or temperature or the SZ
decrement (e.g. X-ray selection requires the intra-cluster gas
to be heated to a detectable level, bias effects; weak lensing
techniques may miss a fraction of the real mass)




AseLc 2029 MS1137

Fig. VI-5: Galaxy clusters as viewed in three different spectral regimes: top left, an
optical view showing the concentration of vellowish member galaxies (SDSS), top right,
Sunyaev, Zel’ dovich flux decrements at 30 GHz (Carlistrom, et al. 2001), bottom, x-ray
emission (Chandra Science Center). These images are not at a common scale.




® The DM halo mass function will be accurately tested by
planned large-scale galaxy surveys, both ground (e.g. Large
Synoptic Survay Telescope, Galaxy And Mass Assembly,
volume comparable to horizon size) and satellite (e.g. the
ESA EUCLID) based (optical, weak lensing, X-ray emission,
SZ effect are complementary)
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Why the halo mass function is so relevant ?

dn/dV dz is exponentially sensitive to the
Dark Energy through the growth function

X-ray cluster cosmology white paper, arXiv: 0903.5320




Why the halo mass function is so relevant ?

Rare events are an excellent probe of non-Gaussianity in
the primordial power spectrum: &(z) = ®,(z) + fn.®?

fnr, = 100, 50, 10
T 100

e i 2 e DR ST L e P

1014 1o 410 101

10
M/ Mg Matarrese et al. (2000)

Cosmic Inflation Probe (CIP), a galaxy survey
measuring 10 million galaxies at 3<z<6, would offer
il an opportunity to use this formula to constrain
| (note that the scale measured by CIP is smaller than
that measured by CMB by a factor of ~10!)




Why the halo mass function is so relevant

The High-peak bias model, based on the knowledge of the
halo mass function, correctly predicts that high-mass

haloes are positivey biased: (@) - (5—p)
P galaxies P/ mass

Mo & White (96)
————-Sheth, Mo & T




How dark matter mass is distributed
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At present the knowledge of the halo mass function
comes mainly from N-body simulations




~ The smoothing procedure

5(x, R) = / B’ W(x — x|, R) 6(x')

Smooth out the perturbation on a sphere of radius R

S =0%(R) = (6%(x,R)) = /OO dInk A2(k)|W (k, R)|”

— OO




Window function / filter

Top-hat in momentum space
W(k,R)=0(k;—k), kf =R*

One may not identify a well-defined mass

>C sin x
V = 127TR3/ dx ( — COS :1:) is not defined
0

X




Window function / filter

Top-hat in real space

3
A1 R3
(sin(kR) — kR cos(kR)

(kR)?

W(x, R) = (R — r)

W(k,R) = 3

47 R?
M=pV, V=2
3
N-body simulations use
this window function
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The spherical collapse model

According to Birkhoff’s theorem, a spherical density overdense
perturbation departs from the background evolution and behaves
in exactly the same way as part of of a closed Universe

A ~ 178 corresponds
to a linear contrast . ~ 1.68

turn-around




Press-Schecther theory (1974)

It deals with the clustering problem
in the following way:

® |dentify the preferential sites for halo formation in
Lagrangian space: at any given cosmic time haloes
will form preferably in those regions where the
initial linear density field is larger than some critical

value




Press-Schecther theory
and the collapse barrier

® [t is assumed that initial linear perturbations are
gaussian distributed:

1 2
1 _ 6—5 /(2S)
e 215

® Virialized objects at a given radius form if the
density contrast is larger than the collapse barrier 0.

Fps(R) /;O do Ilpg (6,5(R)) = %Erfc (V\(/g)>

Oc 1.68(1 4+ 2) — 1.68 D(z) for ACDM
% dc./0(R)

C




Cloud-in-cloud problem

In the hierarchical models, the variance o*(R) diverges at small radii:
all mass in the Universe must be finally contained in virlialized objects:

F(R=0)=1

instead

Fps(R = 0) = 1/2

The PS procedure misses the cases in which, one a given smoothing
scale 7 , the smoothed density contrast (5(R) is below threshold,
but still it happened to be above threshold at some scale
R’ > R .The missing factor of two is put by hand




The excursion

set method

Bond, Cole, Efstathiou, Kaiser (1991)




The smoothed density contrast performs a random walk

d>k -
| Gy e WO ) e

O(R™' —k)

&

/ A3k oW (k, R) Cikex
Ok

(2m)3 OR

2 dgk —1\ —ik-x
R (27‘(‘)3 5k5D(R—k )6

95(R,) 95(Rs)
OR, R,

(6k O) = (2m)% Ps(k) 6(k — k')

) = f(R1)0p(R1 — Ro)










The smoothed density contrast performs a random walk
as a function of the pseudo-time S

MARKOVIAN DYNAMICS & NO MEMORY EFFECTS:
the conditional probability depends on the latest step

95(S)
95

n(S)
(n(S1)n(S2)) 0(S1 — S2)

S= ()= (P R) = [ kAT Wk R

— OO




The normalization of the PS theory is not correct
because it does not discard multiple crossings




The problem of finding the probability of
halo formation can be matched
into the so-called

FIRST-PASSAGE TIME PROBLEM

find the probability that a particle subject
to a random walk passes for the first time
through a given point

Very well-known problem for markovian dynamics;
application in chemical kinetics, biology, etc.
(for a textbook, see Redner, 2001)




A markovian random walk
with diffusion coefficient D:

(6°(8)) =D S

satisfies a Fokker-Planck (diffusion) equation

oIl D 9211
S 2 052
with boundary conditions:
5(S=0) = 6p(6)
II(6.,5) = 0 (absorbing barrier)




The probability is given by

I1(5,S) = 21 = (6—52/(2DS) _ 6—(256—5)2/(21)5) )
T

The first-passage time probability is
inferred from the survival probability

dSTI(5,S) = 1 — F(S)

|

D=1

5(3
ar _ _/ s _ 2 520
0S  \/27w83/2

The PS prediction is recovered with the missing factor of two




e

f(v) = 20*(dF/dS)

Tinker et al., 2008
|
v=20./8 =0./0°

At large masses, the PS theory underestimates the dark
matter halo mass function by a factor ~ 10;
at small halo masses it overestimates it by a factor ~ 2




The diffusing

barrier




The collapse is not spherical

In fact, the formation of dark matter haloes does not take place through
a spherical collapse, but through an ellipsoidal collapse along each
of the principal ellipsoidal axes under the action of external tides

VZ-V]- b = {)\z} (Z = 1, 2, 3) such that 0 = ()\1 + Ao + )\3)

The collapse barrier must be fuzzy to encode the
randomness of the initial conditions
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Robertson et al., 2009

For each halo identified, the center-of-mass of the halo particles is computed
from their positions in the linear density field at z ~ 100 and use the window-
smoothed field to compute the overdensity within the lagrangian radius R
about this location. This overdensity is then linearly extrapolated to z=0




- Spherical Collapse, 6 = 1.686
. Ellipsoidal Collapse,d =6 [1 +B(0°/8 )]
ec c ) c

« Sheth et al. (2001) Barrier

1 L | 1 L L 1 | L 1 L 1 | L I 1 L
1.0 1.5 2.0

Robertson et al., 2009

The distribution of the smoothed linear overdensity is
approximately log-normal in shape with a width

Sp ~0.30(M)




The scatter in the collapse barrier reflects the intrinsic
scatter in the linear overdensity of collapsed regions
introduced by the smoothing process

(B (B2 = (e —1)(B)
(B)
0.36,0(M) =0.36,9

The collapse barrier moves stochastically with
a diffusion coefficient

Dp ~ (0.3 56)2 ~ (.25

It encodes in an effective way the properties of the ellipsoidal collapse model (like the shear)
M. Maggiore, C. Porciani, R. Sheth and A.R., in prep.




The first-passage time problem becomes the well-known
problem of the " diffusing cliff”

The first-passage time problem of two particles with diffusion
coefficients D =1 and Dp = 0.25 is mapped into a one-
degree problem of a stochastic particle with effective coefficient

Dg=14+Dpg =1.25







The Density Proflle of Cold Dark
o Matter Halos |
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The Halo Model

Pin(k) + Pop(k
dn _
dM — [R360(kR
an Ut O

2

dn _
dM 36p(kR)b(M)| Py (k
/ anr b oPkh 1
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Fic. 6.—Same as Fig. 5, but for the ACDM model. The symbols show
&(r) computed from a (100 Mpc)® (open circles) and a (640 Mpc)® ( filled
squares) N-body simulation. The dotted curves show &,;,(r) from the linear
theory (bottom curve) and the nonlinear &(r) (top curve) given by the fitting
formula of Ma (1998)
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Despite the
Dark Puzzles,

the future is
brighter




