
Local Non-Gaussianity,
Exponential tails, and
Trapped vacuum bubbles

A. Escrivà, V. Atal and J. Garriga 2306.09990

Jaume Garriga
Dept. FQA and ICCUB
University of Barcelona



PBH may form from…

q Collapse of adiabatic fluctuations

q Other mechanisms (isocurvature, cosmic strings, domain walls, Q-balls , phase 
transitions, etc)

q Implosion of inflationary relics (such as domain walls and vacuum bubbles)
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PBH from relic vacuum bubbles
Localized vacuum bubbles may be produced by tunneling
from the inflationary “valley” into a neighboring “lake”

The vacuum bubble then grows, and stretches conformally during inflation. 

After inflation,  it “implodes” once its co-moving size falls within the 
ambient Hubble radius

Kleban and Norton ‘23

Schwarzschild"singularity"
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T � � R = 2GMbh, T � �� ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H�1 = 2GMbh

Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two
di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H�1,
and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t2/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric
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with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and � is the

Bubble"
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FIG. 2: Causal diagram showing the formation of a black hole by a small vacuum bubble, with mass

Mbh ⌧ Mcr, in a dust dominated spatially flat FRW. At the time ti when inflation ends, a small

bubble (to the left of the diagram) with positive energy density ⇢b > 0, initially expands with a

large Lorentz factor relative to the Hubble flow. The motion is slowed down by momentum transfer

to matter, turning around due to the internal negative pressure and the tension of the bubble wall,

and eventually collapsing into a Schwarzschild singularity. At fixed angular coordinates, the time-

like dashed line at the edge of the dust region represents a radial geodesic of the Schwarzschild

metric (see Appendix B). Such geodesic approaches time-like infinity with unit slope. The reason

is that a smaller slope would correspond to the trajectory of a particle at a finite radial coordinate

R, while the geodesic of a particle escaping to infinity has unbounded R. The thin relativistic

expanding shell of matter produced by the bubble is not represented in the figure. This shell

disturbs the homogeneity of dust near the boundary represented by the dashed line.

For �Hi/⇢b ⌧ 1, the first term in (20) dominates, and the turning point occurs after a small

fractional increase in the bubble radius

�R
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⇢b

Hi ⌧ 1, (35)

which happens after a time-scale much shorter than the expansion time, �t ⇠ (�/⇢b) ⌧ ti.

For 1 ⌧ �Hi/⇢b ⌧ (RiHi)3/2 we have
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(may or may not form a PBH) Schwarzschild"singularity"

1
Spherical dom

ain
wall in

dust
cosm

ology

R
=

2GM
S

R
=

0 R
=

2GM
bh , T �

�
R

=
2GM

bh , T �
��

⇢ =
�2GM

⇢ =
const. r =

0 r =
r
0 ⇢ =

⇢
0 t =

0
t =

t
i H �

1
=

2GM
bh

Consider
a

spherical dom
ain

wall embedded
in

a
spatially

flat
m
atter

dom
inated

universe.
Two

di↵erent tim
e-scales are relevant to

the dynam
ics of such

a
wall. One is the cosm

ological scale t ⇠
H �

1
,

and
the

other is the
acceleration

tim
e-scale

due
to

the
repulsive

gravitational field
of the

dom
ain

wall

t
� ⇠

(G�) �
1
.

For R
⌧

t
� , the

repulsive
field

can
be

ignored.
In

this case, for t ⌧
R

⌧
t
� , the

dom
ain

wall is

conform
ally

stretched
by

cosm
ological expansion.

Eventually, when
the wall falls within

the horizon, it

quickly
shrinks under its tension

and
form

s a
black

hole of radius R
S =

2GM
⇠

t 2
/t

� ⌧
t.

Here, we will be prim
arily

interested
in

the opposite lim
it, where R �

t
� . In

this case, the wall repels

the
m
atter around

it while
its size

grows faster than
the

ambient expansion
rate.

As we
shall see, this

leads to
the form

ation
of a

worm
hole. The dust which

was originally
in

the interior of the wall goes into

a
baby

universe, and
in

the
ambient FRW

universe
we

are
left with

a
black

hole
rem

nant cysted
in

a

spherical region
of of vacuum

.

Before
we

consider the
e↵ect of the

dom
ain

wall, let us first discuss the
m
atching

of Schwarzschild

and
a
dust cosm

ology.

1.1
M

atching
Schwarzschild

to
a
dust

cosm
ology

Consider the Schwarzschild
m
etric

ds 2
=

� ✓
1� 2GM

R ◆
dT 2

+ ✓
1� 2GM

R ◆
�
1

dR 2
+

R 2
d� 2

.

(1)

In
Lem

aitre coordinates, this takes the formds 2
=

�d� 2
+ 2GM

R
d⇢ 2

+
R 2

d� 2
.

(2)

where �
and

⇢
are defined

by
the relations

d�
=

±dT � s
2GM
R ✓

1� 2GM
R ◆

�
1

dR,

(3)

d⇢
=

⌥dT
+

s

R2GM
✓

1� 2GM
R ◆

�
1

dR.

(4)

Subtracting
(3) from

(4), we have

R
= 

3
2 (� +

⇢)
�
2
/3

(2GM
) 1

/3
,

(5)

where
an

integration
constant

has
been

absorbed
by

a
shift

in
the

origin
of the

⇢
coordinate.

The

expression
for T

as a
function

of �
and

⇢
can

be found
from

(3) as:

±T
=

4GM
�

� 1
3

✓
R2GM

◆
3
/2

+
s

R2GM �
tanh �

1
s

R2GM
�

�
�

⇢,

(6)

with
R

given
in

(5).
A

second
integration

constant has been
absorbed

by
a

shift in
the

T
coordinate.

Since
the
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etric

(2) is synchronous, the
lines of constant spatial coordinate

are
geodesics, and
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T � � R = 2GMbh, T � �� ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H�1 = 2GMbh

Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two
di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H�1,
and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t2/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric

ds2 = �
✓

1 � 2GM

R

◆
dT 2 +

✓
1 � 2GM

R

◆�1

dR2 + R2d�2. (1)

In Lemaitre coordinates, this takes the form

ds2 = �d�2 +
2GM

R
d⇢2 + R2d�2. (2)

where � and ⇢ are defined by the relations

d� = ±dT �

s
2GM

R

✓
1 � 2GM

R

◆�1

dR, (3)

d⇢ = ⌥dT +

s
R

2GM

✓
1 � 2GM

R

◆�1

dR. (4)

Subtracting (3) from (4), we have

R =

3

2
(� + ⇢)

�2/3

(2GM)1/3, (5)

where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of � and ⇢ can be found from (3) as:

±T = 4GM

�

�1

3

✓
R

2GM

◆3/2

+

s
R

2GM
� tanh�1

s
R

2GM

�

� � ⇢, (6)

with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and � is the

FIG. 3: Formation of a black hole by a large vacuum bubble, with Mbh � Mcr , in a dust dominated

spatially flat FRW. In this case, the bubble does not collapse into the Schwarzschild singularity.

Instead, at the time tcr ⇠ Min{tb, t�} the size of the bubble starts growing exponentially in a baby

universe, which is connected by a wormhole to the parent dust dominated FRW universe. Initially,

a geodesic observer at the edge of the dust region can send signals through the wormhole into the

baby universe. This is represented by the blue arrow in the Figure. However, after a proper time

t ⇠ 2GMbh, the wormhole “closes” and any signals which are sent radially inwards end up at the

Schwarzschild singularity.

FIG. 4: A space-like slice of an inflating bubble connected by a wormhole to a dust dominated flat

FRW universe.
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Supercritical size 
will form a PBH, with a ¨baby universe¨ inside

J. Garriga, A. Vilenkin, J. Zhang. 2015

Inside the bubble: an observer sees an inflating Universe
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PROVA PARCIAL, 2 de novembre.

Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.

b- Sigui S
0
el SRI de la primera fletxa i S

00
el de la segona. Determineu els intervals de temps

�t
0
i �t

00
que transcorren en aquests dos SRI entre que la cua de la fletxa corresponent entra

en el cercle i la punta arriba a la poma.

c- Determineu les components de la velocitat ~u
0
de la segona fletxa en el SRI S

0
de la primera.

d- Si en S
0
tenim un fotó que viatja en la direcció k̂

0
= (1,

p
3, 0)/2, quina serà la direcció del

fotó en el sistema S?

e- Si l’energia d’aquest fotó a S
0
és E

0
= 1eV , quina serà la seva energia al sistema S

00
?

HlakeRend ⌧ 1

Q.2. [2 punts] Una part́ıcula de massa M inicialment en repòs en un sistema S es desintegra en una

part́ıcula de massa m i un fotó. Trobeu la velocitat de la part́ıcula de massa m i l’energia del fotó.
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PROVA PARCIAL, 2 de novembre.

Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.

b- Sigui S
0
el SRI de la primera fletxa i S

00
el de la segona. Determineu els intervals de temps

�t
0
i �t

00
que transcorren en aquests dos SRI entre que la cua de la fletxa corresponent entra

en el cercle i la punta arriba a la poma.

c- Determineu les components de la velocitat ~u
0
de la segona fletxa en el SRI S

0
de la primera.

d- Si en S
0
tenim un fotó que viatja en la direcció k̂

0
= (1,

p
3, 0)/2, quina serà la direcció del

fotó en el sistema S?

e- Si l’energia d’aquest fotó a S
0
és E

0
= 1eV , quina serà la seva energia al sistema S

00
?

HlakeRend � 1

Q.2. [2 punts] Una part́ıcula de massa M inicialment en repòs en un sistema S es desintegra en una

part́ıcula de massa m i un fotó. Trobeu la velocitat de la part́ıcula de massa m i l’energia del fotó.

PBH mass function can be broad (power law) or narrow (spike)

Decelerating
FLRW

Decelerating
FLRW

Electrodinàmica
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.

b- Sigui S
0
el SRI de la primera fletxa i S

00
el de la segona. Determineu els intervals de temps

�t
0
i �t

00
que transcorren en aquests dos SRI entre que la cua de la fletxa corresponent entra

en el cercle i la punta arriba a la poma.

c- Determineu les components de la velocitat ~u
0
de la segona fletxa en el SRI S

0
de la primera.

d- Si en S
0
tenim un fotó que viatja en la direcció k̂

0
= (1,

p
3, 0)/2, quina serà la direcció del

fotó en el sistema S?

e- Si l’energia d’aquest fotó a S
0
és E

0
= 1eV , quina serà la seva energia al sistema S

00
?

HlakeRend � 1

t = const.

Q.2. [2 punts] Una part́ıcula de massa M inicialment en repòs en un sistema S es desintegra en una

part́ıcula de massa m i un fotó. Trobeu la velocitat de la part́ıcula de massa m i l’energia del fotó.



• Local type non-Gaussianity

• Exponential tails in the PDF for are a consequence of the singularity at 

• Trapped vacuum bubbles  

Single field model:

V. Atal, J. Garriga and A. M. Caballero. 2019
V. Atal, J. Cid, A. Escriva, J. Garriga. 2019
S. Pi, M. Sasaki 2023

Starobinsky type, with a barrier

PBH scales

Enhancement of 
curvature perturbation
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.

b- Sigui S
0
el SRI de la primera fletxa i S

00
el de la segona. Determineu els intervals de temps
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0
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00
que transcorren en aquests dos SRI entre que la cua de la fletxa corresponent entra

en el cercle i la punta arriba a la poma.
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg
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tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues
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fotó en el sistema S?

e- Si l’energia d’aquest fotó a S
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tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues
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Q.2. [2 punts] Una part́ıcula de massa M inicialment en repòs en un sistema S es desintegra en una

part́ıcula de massa m i un fotó. Trobeu la velocitat de la part́ıcula de massa m i l’energia del fotó.
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg
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i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.
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Q.2. [2 punts] Una part́ıcula de massa M inicialment en repòs en un sistema S es desintegra en una

part́ıcula de massa m i un fotó. Trobeu la velocitat de la part́ıcula de massa m i l’energia del fotó.

From        formalism

Electrodinàmica
Departament de F́ısica Quàntica i Astrof́ısica (FQA)

Curs 2022-2023

PROVA PARCIAL, 2 de novembre.

Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.
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0
és E

0
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Q.2. [2 punts] Una part́ıcula de massa M inicialment en repòs en un sistema S es desintegra en una

part́ıcula de massa m i un fotó. Trobeu la velocitat de la part́ıcula de massa m i l’energia del fotó.



“Exponential tail” is just the Jacobian near the singular point 

normalized Not normalized!
The singularity indicates the 
presence of an alternative 

channel for PBH production, 
which restores unitarity.

Singular point
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.

b- Sigui S
0
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Q.2. [2 punts] Una part́ıcula de massa M inicialment en repòs en un sistema S es desintegra en una

part́ıcula de massa m i un fotó. Trobeu la velocitat de la part́ıcula de massa m i l’energia del fotó.
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Departament de F́ısica Quàntica i Astrof́ısica (FQA)
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg

de l’eix x a gran velocitat ~v = (3/5, 0, 0)c. Una fletxa idèntica, de la mateixa longitud pròpia L0,

viatja al llarg de l’eix y amb velocitat encara més gran ~u = (0, 4/5, 0)c. El blanc és una poma

situada a l’origen de coordenades. A l’instant t = t0, les cues de les dues fletxes entren dintre d’un

cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,

i es troben per tant a ~x1 = (�R, 0, 0) i ~x2 = (0,�R, 0) respectivament. A pesar de que les fletxes

tenen la mateixa longitud pròpia i van a diferent velocitat, es dóna el cas que les puntes de les dues

fletxes arriben simultàneament al blanc, a l’instant t = t1.

a- Determineu el radi R i l’interval de temps �t = t1 � t0 en termes de L0.
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Q.2. [2 punts] Una part́ıcula de massa M inicialment en repòs en un sistema S es desintegra en una

part́ıcula de massa m i un fotó. Trobeu la velocitat de la part́ıcula de massa m i l’energia del fotó.
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Q.1. [10 punts] En cert sistema de referència inercial S, una fletxa de longitud pròpia L0 viatja al llarg
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cercle de radi R (amb R > L0), pintat de color vermell sobre el pla (x, y), amb la poma al centre,
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0
és E

0
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Large backward fluctuations prevent 
the inflaton from overshooting the 
barrier, leading to the formation of 
localized false vacuum bubbles!

PBH scales

Two coexisting channels 
for PBH production

From false vacuum bubbles We can explore 
this numerically

Enhancement of 
curvature modes

Large adiabatic fluctuations (the standard one)



Adiabatic channel Solving the MS equation numerically

BBKS: considering very large peaks -> spherically symmetric, 
For a Gaussian random field the typical shape is given by

Albert Escrivà

The dispersion in the shape 
from the mean profile is small
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Shape dispersion of the non-Gaussian high peak



We need the threshold and mass to estimate the PBH abundance…

PBH mass near the critical regime

Find the value of the amplitude such that

A.Escrivà, C.Germani, R. K.Sheth (2019)

Albert Escrivà
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Departament de F́ısica Quàntica i Astrof́ısica (FQA)
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Let’s move to the bubble channel->Numerical formation of bubbles

We need to solve the KG field equation taking into account a radial 
dependence

We need initial conditions for bubble formation...

In general, we can consider:

When the numerics is closer to 
the attractor regime



Atractor regime

Albert Escrivà



Initial conditions for bubble formation

Power spectrum for the field perturbation

(like in the adiabatic channel)

Albert Escrivà



Dynamics of bubble formation

Albert Escrivà



Comoving size of the bubbles
Reminiscent to the critical collapse in gravitational
collapse phenomena, but gravity does not play a roleWe find a critical regime for the bubble 

size!

Albert Escrivà



Ratio of PBH abundance between the two channels

Similar abundance
in both channels

Using the 
naïve analytical 

estimate

Albert Escrivà

Using the 
numerical results

(Bubbles more
abundant)



Comparison between analytical and numerical

Adiabatic channel

Bubble channel

The analytical estimate deviates 
for large non-gaussianity

(expected, since we don’t have 
attractor regime)

Albert Escrivà



Inflaton field at the “end of inflation”

Corresponding curvature fluctuation with delta N formalism

Albert Escrivà



Surrounding fluctuation of type II

Fluctuation of type II->Areal radius non-monotonic increasing function

Fluctuations of type II are exceedingly suppressed in the adiabatic channel

But in the bubble channel, they actually give the dominant contribution

Bubble channel

Adiabatic  channel

Albert Escrivà



Qualitative picture

Albert Escrivà

Fluctuations type I-> dominant 
contribution

Fluctuations type II-> dominant 
contribution



Mass function from both channels

Quantum drift cut-off for very 
small bubblesBubble channel

Adiabatic channel

Albert Escrivà



Summary:

● The dynamics of vacuum bubble formation has been clarified. We find a critical regime 
for the size of the bubbles.  

● The log-relation for NG curvature fluctuation is quite accurate in predicting the bubble 
channel of PBH production for  fnl < 2.6.

• Bubbles are more abundant than expected from the analytic log-relation. The bubble 
channel is dominant for fnl > 2.6.

● An adiabatic fluctuation of type II surrounds (and dominates the mass) of PBHs 
generated from the bubble channel.

● The presence of an alternative channels for PBH production in models with local-type 
non-Gaussianity can easily be inferred from unitarity considerations.

● The mass function for the bubble channel is highly monochromatic.




