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The Big Bang

Causal contact?

A Jular scole

« Horizon Problem
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INFLATION

107" to 10
a0 p+3[’<(}

H(t,-t.)
d, =d.¢€

1
i

N = IHI =

1 = In(10-") = 60¢ - folds
\ d. )

« For the inflation we need to
introduce a scalar field

[ = - g: fl___(;’)«'ill P - Vi Q) S = fﬁf A \,-'-'-3.[-
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l .,
- -3V
- * The universo was dominated

- by the scalar field
) -0 -ve

+ Klein-Gordon equation ﬁ 96"' 3H ¢ +V'(g)=0

The equation of motion of the
Vi) homogeneous scalar field

« SLOW ROLL describe the evolution
of the scalar field in the potential

p<<V ¢ <<3H¢
true initial ]
vacuum perturbation H £
0 30 . é E' — - << 1 ,) P Page 6/65
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Dark Energy

Accelerated Expansion
Afterglow Light \
Pattern Dark Ages Development of
400,000 yrs. ' Galaxies, Planets, etc.

£m‘

about 400 million yrs.

Big Bang Expansion
13.7 billion years




D(X,1) = P(1) + Op(X,1)

« The pertubations are

d’k . :
best described in terms Op(x,1) = f )" Exp(ik.x)0¢, (1)

of the Fourier modes

* During the inflation, and before
horizon exit, the fluctuations can still
be regarded as quantum operators

ey A " |
op, =w (Ha, +w, (1)a,

[ai_al.] =0 (k-k"
[(l“al.]=0
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» The statistical average is easy (2 H)
to calculate corresponding to <O¢l 0¢,, )= ' (k, —k,)
the expectation value. R

 Define the power spectrum for L k* 2
the scalar field perturbation aso( j= 2 7>
« To calculate

¢(.¥J)=QE)+O¢(-TJ) (0¢)+3H(0¢)+( ) oq).{

(}5+3H¢3+V'(¢)=0 P i * The solution

2 H
. k 3
- oK.
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* The gauge-invariant curvature perturbation

0
W T 4
¢

* For super-horizon models k<aH

O¢ 3 9
- T — P.=—R
¢ ; - :--lv . r-h
* Spectral index
n(k)—1= 205 - n=1-6¢+2
dInk ’

* We use this very common definition, for many inflationary models.

irsa: 11080154 Page 11/65

P (L) o L]




The vacuum fluctuations are gaussian
The Fourier components are uncorrelatec

Delta Dirac enforcing the independence ¢
the different modes

- = s 2x°
(&) =02 (R) = ;’ P.(k)O* (k, +k, )
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PRIMORDIAL BLACK HOLES (PBHs)

» There are a few phenomenological probes of primordial fluctuations

on very small scales.
» With PBHs we can constrain the desnsity perturbation spectrum on

extremely short scales.

60 e-folds Inflation ends
k,l — “'.““:."1!{1(‘ ' ;ﬂpmzms




(Ck)’o i

9 * The Fourier components are uncorrelatec
o

The vacuum fluctuations are gaussian

(gn Cx:)= o, (R) =

- R__(k)y(kl +k,) * DeltaDirac enforcing the independence c
kK™ - the different modes
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PRIMORDIAL BLACK HOLES (PBHS)

» There are a few phenomenological probes of primordial fluctuations

on very small scales.
» With PBHs we can constrain the desnsity perturbation spectrum on

extremely short scales.

60 e-folds Inflation ends
;\'.F = “'.““:."h'fl(‘ ' ;1%94(15/65




Lifetime of an evaporing
Black Hole M <10"g - Evaporated today

5 o =1

: M)y —
e >
10""sec  \ 10" grams g Q. <107

For PBH formation we require the initial fluctuations to satisfy
P(&R)

5;=(ﬁ‘_p') 2-5 Primordial Black Holes
P, : Gaussian Distribution
204

| I,
They are formed from at
fluctuations far out on

gt g3 11 of the
Aictribhuition

o.s}
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PRIMORDIAL BLACK HOLES (PBHS)

» There are a few phenomenological probes of primordial fluctuations

on very small scales.
» With PBHs we can constrain the desnsity perturbation spectrum on

extremely short scales.

60 e-folds Inflation ends
k = () ( l“:.'h'f?t ' ;H}Qam/ss




Lifetime of an evaporing
Black Hole M <10"g - Evaporated today

<]

M : QPBH 0
T o= M > 10]58 ‘ i
10""sec  \ 10" grams Q.. <107

For PBH formation we require the initial fluctuations to satisfy

P(&R)
0, = 0.-p) 25} Primordial Black Holes
P, : Gaussian Distribution
20f
l ) L
35051 1.55

They are formed from kot

fluctuations far out on

mefposss . 211 of the
Aietribhuition

o.s}
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« Probability density

‘)1

P .‘Iu‘cmdé

I
(0)do =
d V2o, (R)
« Dispersion (mass variance)
' dk -k R
Ua(R)= 23_3 fwb-(kR)Rh(k)T W‘,(kR)=exp( e )
0

4(1+w)” l g s
P.(k) = _P.(k w=— * Inthe radiation epoch
(0 =5 SRR - -

* Press-Schechter Theory

4 i A/3
Q... =21 p(d)dod = erfc| ———
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Lifetime of an evaporing
Black Hole M <10"g ‘ Evaporated today

T M ; o Qppyo <l
10" sec  \10" grams e -

For PBH formation we require the initial fluctuations to satisfy

Qppyi < 107

P(&R)
6’_=(p,--p,) 25f Primorciial Black Holes
P, : Gaussian Distribution
20f
| S .
5 =< () < '8 _
They are formed from  '°f
fluctuations far out on ME
t=lg» tail of the ; Page 20165
Aietribiuition




« Probability density

| =
(0)dod = e 7 ®do
4 V2m0o(R)
- Dispersion (mass variance)
I s dk ~k*R>
O,(R)= zn:fwg(m)ﬁ(k)T Wa(kR)=exp( ER )
]

P(k)=4(l'lﬂﬂ")2 P.(k) ‘ w=l - In the radiation epoch
T (543w)? C 3

* Press-Schechter Theory

- \ 1/3
Q,....=2] p(d)dod = erfc| ————
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 PBHSs can only form in the early universe at the time when the horizon
mass equals the black hole mass.

4 § -
M, = THP(H 'y’ ﬂ M,=M,_(k,R)

« The power spectrum for the primordial curvature perturbation.
n—l
Fo=A L) —_— e
K, A=(08+0.1)2.95%10"
WMAP-7 data(2011) ﬁ

A significant number of PBHs
n >1 can be produced for a “Blue
Spectra”
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« Probability density

‘)1

P .‘la‘qmdé

1
(0)do =
; V2o, (R)
- Dispersion (mass variance)
| dk ~k*R*
Os(R)= znszb'(m)&(k)T Wb(kR)=exp( L )
0

4(1+w)’ | .
P(k)= —P(k W=— In the radiation epoch

* Press-Schechter Theory

p i 173
Q... =21 p(d)dod = erfc| ———
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 PBHSs can only form in the early universe at the time when the horizon
mass equals the black hole mass.

4 § .
My=TPHD R M= My b RY

* The power spectrum for the primordial curvature perturbation.

n -l
P.=A| %
(kﬂ )

WMAP-7 data(2011) ﬁ

A significant number of PBHs
n >1 can be produced for a “Blue
Spectra”
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n =0968+0.012




Lifetime of an evaporing
Black Hole M <10"g ‘ Evaporated today

QPBH.(I <l

: LI —
e >
10""sec  \ 10" grams o Q... <107

For PBH formation we require the initial fluctuations to satisfy

P(éR)
P, =(p:'-pr) 2_5:

i L Primordial Black Holes
P, p Gaussian Distribution

m}

lsc‘}sl :
3 15}
They are formed from o -
fluctuations far out on
s £, 211 of the
Aietrmibiuition

M}
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PRIMORDIAL BLACK HOLES (PBHSs)

» There are a few phenomenological probes of primordial fluctuations

on very small scales.
» With PBHs we can constrain the desnsity perturbation spectrum on

extremely short scales.

60 e-folds Inflation ends
A-| = “.““::1’!1( ' ;ﬂpd(zaless




 PBHSs can only form in the early universe at the time when the horizon
mass equals the black hole mass.

4 _ :
M, = Tnp(H )’ ‘ M,=M,,(k R)

* The power spectrum for the primordial curvature perturbation.
n -1
peall] mmp hoome
K, A=(08+0.1)2.95%10"
WMAP-7 data(2011) ﬁ

A significant number of PBHs
n >1 can be produced for a “Blue
Spectra”
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PRIMORDIAL BLACK HOLES (PBHS)

» There are a few phenomenological probes of primordial fluctuations

on very small scales.
» With PBHs we can constrain the desnsity perturbation spectrum on

extremely short scales.

- o o

k-| = “'.““:."1!{1( ' ;ﬂpd@%s



 PBHSs can only form in the early universe at the time when the horizon
mass equals the black hole mass.

4 e >
My=——pH") ‘ M,=M,_ (k,R)

« The power spectrum for the primordial curvature perturbation.

n -l
P.=A| <
(kﬂ]

WMAP-7 data(2011) ﬁ

A significant number of PBHs
n >1 can be produced for a “Blue
Spectra”
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k, =0.05Mpc™
A=(08+0.1)2.95%10"°

n =0968+0.012




Primordial Black Holes
n=14

M=10"g
R=2%10"" Mpc
k, =0.002
A=232*%10"

o, =0.147288
Q,,,. =0023626

Constraint from CMB
n =1
M=10"g
R=2*10"""Mpc
k, =0.002
A=232*10"

Pirsa: 11080154

. =0.0001384
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 PBHSs can only form in the early universe at the time when the horizon
mass equals the black hole mass.

4 . :
M, = TP(H )’ ‘ My,=M,., (k,R)

« The power spectrum for the primordial curvature perturbation.
n -l
P.=A i) — OO
K, A=(08+0.1)2.95%10"
WMAP-7 data(2011) ﬁ

A significant number of PBHs
n, >l can be produced for a “Blue
Spectra”
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Lifetime of an evaporing
Black Hole M <10"g - Evaporated today

T M ; e Q0 <1
10" sec  \10" grams sl -

For PBH formation we require the initial fluctuations to satisfy

P(éR)
d =(p:-pc') 2_5:

i L Primordial Black Holes
P, . Gaussian Distribution

zn}

Qppyi < 107

| B
They are formed from !
fluctuations far out on
mepoeest t a1l of the
Aietribhiuition

o.s}
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PRIMORDIAL BLACK HOLES (PBHSs)

» There are a few phenomenological probes of primordial fluctuations

on very small scales.
» With PBHs we can constrain the desnsity perturbation spectrum on

extremely short scales.

60 e-folds Inflation ends
A_r = U.llll:.f”{u‘ ' ;Wd(33l65




Primordial Black Holes
n=14

M= lO”’g
R=2*10" Mpc
k, =0.002
A=232%10"

o, =0.147288
Q... =0023626

Constraint from CMB
n =1
M=10"¢g
R=2*%10""Mpc
k, =0.002

Pirsa: 11080154A - 2‘32 * lo-q
ag.=0.0001384
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Lifetime of an evaporing
Black Hole M <10" g - Evaporated today

8 nn <1

: M) e )
o >
10""sec  \ 10" grams . Q. <107

For PBH formation we require the initial fluctuations to satisfy
P(&R)

5j_(p,—p,-) 2—’ Primordial Black Holes
P, : Gaussian Distribution
20f

| B,
They are formed from o5
fluctuations far out on

gt £, 311 of the
Aictribiuition

0.5
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Primordial Black Holes
n=14

M=10"g
R=2*%10" Mpc
k, =0.002
A=232*10"

o, =0.147288
Q.. =0.023626

Constraint from CMB
n =1l
M= 10'5g
R=2%10""Mpc
k, =0.002
e A = 2.32%107°
o.=0.0001384
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Let’s build the non gaussian for PBHs, but we need an expression for the PDF

 This technique leads to the well-known Edgeworth Expansion

x

(5;>Ef5£p(63)dék

=3C

k, =(0;)

k, = (%) =(8);

ky =(8%)=3(0%) (Be), =(0%),

k,=(04)-4(8%) (8), -3(0%) —6(8%) (B¢): ~(0%):
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« Probability density

01

l o
(0)do = — e 7 ®do
4 V2o, (R)
- Dispersion (mass variance)
1 r...s dk ~k*R’
O,(R)= > 3fW¢'(kR)R,(k)7 W‘,(kR)=exp( e )
7T 0

Py(k)= e P.(k) ‘ w= ! . Intheradiation epoch
T (543w)’ T 3

* Press-Schechter Theory

e 1/3
Q... =2] p(0)do = erfc
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Lifetime of an evaporing
Black Hole M <10" g - Evaporated today

8 nn <1

| M >10" ‘
>1U"g :
10" sec  \10" grams Q<107

For PBH formation we require the initial fluctuations to satisfy

P(6R)
Q__(p,--p,) 25 Primorcial Black Holes
P, : Gaussian Distribution
20t
| .
5 = 0 = l i _
They are formed from  '°f
fluctuations far out on ME
t=lreg tail of the 3 Page 39/65
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Primordial Black Holes
n=14

M= lO”’g
R=2*10""Mpc
k, =0.002
A=232%10"

o, =0.147288
Q... =0023626

Constraint from CMB
n =1
M=10"¢g
R=2*10""Mpc
k, =0.002

Pirsa: 11080154A = 2‘32 * 10-"
. =00001384
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Let’s build the non gaussian for PBHs, but we need an expression for the PDF

 This technique leads to the well-known Edgeworth Expansion
<6; > = f‘S;P(‘SR )doy,

k,=(0;).

ko= (5)-0,)

ky=(83)=3(8%) (8e), —(0%),

ko= (08 4(03), 00), ~3(02), ~6(02) (0"~ (00
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Pi

* The reduced cumulants are defined as ﬁ S, (R)=

- Edgeworth Expansion

N

p(v)dv = el [l+o S(R)H( ')+ (
6 24

IIIII : 11080154

?
==
v

o
- -

S.(R) z S.(R)

H.(v)=v' =3v

 Hermite polynomials ﬁ H,(v)=v'-6v'+3

H (v)=v"=15v* +45v° =15
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« An illustrative example is generated by the “local ansatz” for a non-
gaussian curvature perturbation.

(DM; o (Dc; + .[\'L((b(:; - <(b(:; >)

é <(D::.r(; > = <(DN(£(I).’\'U(D;\-'G > =8f ::.-'L(b?; + 6f.-w_q):;

@ <(D::-'(;> = <(D.-\'(;(D.w;(p.-w;(p,w;> = 6Of ::.‘L(D?i + 60f ,:w.q):

3 4
S.(R)= é:l;f“ ; =6f, +8f,0° S.(R)= é(bf‘" ;; =60/, +60f%,0°
NG : (DR-'(; i

+ Where (B2 ) =0



9
@)

* The reduced cumulants are defined as ﬁ 5,(R)=

« Edgeworth Expansion

V2r

p(v)dv = dv e? l+ade;(v)+0§ S“(R)H4(1')+MH6(V) 2
6 24 72

H,(v)=v' =3y

 Hermite polynomials ﬁ H,(v)=v'-6v'+3

H (v)=v"-15v* +45v° =15
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« An illustrative example is generated by the “local ansatz” for a non-
gaussian curvature perturbation.

(DA'»:; = (l)(; + .f\'L((Df} - <(b(:; >)

@ <(Di'(; > - <(Dm;(b.x'(;(p,-\-'t; > =8/ 11,(1): L5 6_]"1\.,_([):;

@ <(D::-'(; > = <(D.\'(;(p.w;(p.-w;q),w;> =60f .i'z.(p?; +60 f iL(D:

D \ Do , ,
s_,(m=< '“'>‘=6.ffu+8fl o SRk g 60fho’

<(I)i_.{; >t- - <(D ;-:v'(; >;
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« We need maintain only the firts terms

e |1+0,— H.(v)+0]

(v)dy =
; 27T 6 2 2

dv = S.(R) : .GJ(R)HNHS}(R)- H,,(-.-)”

« The Edgewoth expansion is a good approximation to the true PDF if

[>> 8,0>>5,0°

- We can obtain the PDF by making a formal change of variable in the
Gaussian Distribution

P(v)dy = av L (E + E.)
\/l +4f,00v+f,,0) J2r
E, =exp _ (1 +2f,0(v+f,,0)F \/1 +4f,0(v+ j:“qag)ells

40° f w



00015F
00010
-
=
0.0005 |-
0.0000
gttt
v
N The distributions are plotted for unsmoothed quantities.
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« We need maintain only the firts terms

L dv T SR, . [S.R),, . S(R?,
p(t)dl-mc l+0, H.(v)+0] 5 H,(v)+ ~ Hh(l)”

« The Edgewoth expansion is a good approximation to the true PDF if

[ >> 8,0>> 85,0

- We can obtain the PDF by making a formal change of variable in the
Gaussian Distribution

P(v)dv = ax : (E_+E))
\/1 +4f, 00+ f,,0) J2r
E.L =exp _ (1 +2f,0(v+f,0)F \/1 +4f,0(v+ j:\,ang)el/S

do0°f,



Omls =7 T T =
' Black = Gaussian
Green = Edgeworth S4
_ Red = Edgeworth S3
0.0010 - Blue = Change of variable b
-
s
0.0005 + -
0.0000 + R
30 35 a0 45 50

vV

Pirsa: 11080154

Sne 8 £

- 0N O

The distributions are plotted for unsmoothed quantities.
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« We need maintain only the firts terms

= S.(R) (S.(R) S.(R)?
j;?e- l+o‘_,_-_;_..H3(v)+o; 47(4 H,(v)+ ';?) Hh(l’))}

p(v)dv =

« The Edgewoth expansion is a good approximation to the true PDF if

| >> 8,0>>85,0°

« We can obtain the PDF by making a formal change of variable in the
Gaussian Distribution

dv |
\/1+4fMa(v+f_.v.La) V2

P(v)dy = (E_+E))

(142,00 + fL,0) Ff1+4f, 00+ fu,a)]|

Page

-1
E, =exp
irsa: 11080154 x 2 p2
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omls - T T =
| Black = Gaussian
Green = Edgeworth S4
_ Red = Edgeworth S3
-
-
0.0005 + -
0.0000 + -
30 35 a0 a5 50

vV

Pirsa: 11080154

- 0N (2

The distributions are plotted for unsmoothed quantities.
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« We need maintain only the firts terms

e K 3 S;(R) H.(v)+0° St)(R)H.;(vH S;;f)' H,,(v)”

27 6 2 2

p(v)dv =

« The Edgewoth expansion is a good approximation to the true PDF if

| >> 8.0>>5,0°

« We can obtain the PDF by making a formal change of variable in the
Gaussian Distribution

dv l (
\/l +4f,00v+f,,0) NGY:

P(v)dv = E_+E))

407 f

(142,00 + £, F 1+ 3/, 00+ f.a))|

Page

E, =exp
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47 = 1 Y s

OD001S5F T T -
' Black = Gaussian
Green = Edgeworth S4
_ Red = Edgeworth §3
0.0010 Blue = Change of variable i
-
e,
0.0005 - -
0.0000 |- -
30 35 a0 a5 50

- 0N O\

The distributions are plotted for unsmoothed quantities.
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Omls - T T g
| Black = Gaussian
Green = Edgeworth S4
_ Red = Edgeworth S3
omlo il Bllt - Chllgcof‘vmbll‘.'
=
s
0.0005 -
0.0000 E
30 35 a0 45 50

V
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The distributions are plotted for unsmoothed quantities.
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« We need maintain only the firts terms

(v)dv = e “ |l+o,——H,(v)+0,
: V21 -6 ‘ \ 24 72

« The Edgewoth expansion is a good approximation to the true PDF if

& = S.(R) : SJ(R)HNHS,(R)- HA””

| >> S.0>> 85,0

- We can obtain the PDF by making a formal change of variable in the
Gaussian Distribution

P(v)dy = | i l_(E + E.)
\/1 +4f, 0+ f,0) N2n
E, =exp _ (1 +2f,0(v+f,,0)F Jl +4f,0(v+ j:\,ang)el/S

40 |
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Fnl=0.009
o =0.147288
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S30 =0079
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« We need maintain only the firts terms

e * |1+0,—= H.(v)+0]

p(v)dv = LA 5(%) - S“(R)H (1*)+S"(R)_H (v)
27 6 24 2

« The Edgewoth expansion is a good approximation to the true PDF if

| >> 8,0>> 8,0

- We can obtain the PDF by making a formal change of variable in the
Gaussian Distribution

P(v)dv = ca 1 (E_+E))
\/1 +4f,00v+f,,0) J2r

40 |

E. =exp (142 £, 00+ f,0)F 1+4f, 000+ f,0))|
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» With PBHs we can constrain the desnsity perturbation
spectrum on extremely short scales.

» The edgeworth series is an exact expression for the PDF in
terms of the cumulants.

» The non-gaussian effects are scale dependent.
» This scale dependent gives new importance to observational

probes at multiple scales.
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The distributions are plotted for unsmoothed quantities.
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» With PBHs we can constrain the desnsity perturbation
spectrum on extremely short scales.

» The edgeworth series is an exact expression for the PDF in
terms of the cumulants.

» The non-gaussian effects are scale dependent.
» This scale dependent gives new importance to observational

probes at multiple scales.
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