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“Conformal GUT inflation, Dark matter and Standard
Model”
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“The non-linear Universe as a particle detector”

(15 min.)

[JGRG30 (2021) 120727]



PRIMORDIAL NON-GAUSSIANITIES:
THE NON-LINEAR UNIVERSE AS A PARTICLE DETECTOR

JGRG30
December 2021, 7th, from Madrid, Spain

Lucas Pinol
Instituto de Física Teórica (IFT) UAM-CSIC

Millenium simulation
Planck 2018

[Fumagalli et al., Lucas Pinol, 2019]
Phys. Rev. Lett. 123, 201302
[Garcia-Saenz, Lucas Pinol, Renaux-Petel 2020]
J. High Energ. Phys. 2020, 73 (2020)

[Lucas Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048

Based on:

[Aoki et al., Lucas Pinol, 2021 soon]
ArXiv:2112.xxxxx

Clouds: a non-linear process

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

Non-linearities in the sky

Planck CMB intensity maps

Sources of non-Gaussianity:

Foreground

Late-time evolution: lensing, etc.

Early-time evolution: gravity, interactions, etc.

Initial conditions:

Primordial non-Gaussianities from inflation

Gaussian Non-Gaussian if 

(but no diamonds)



PRIMORDIAL BISPECTRUM

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

the primordial curvature perturbation

Shape function

Power spectrum

PRIMORDIAL BISPECTRUM

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

Ex: Single-field inflation 

Shape function

Power spectrum

51

(from )

[Maldacena 2003]

(attractor)

the primordial curvature perturbation



PRIMORDIAL BISPECTRUM
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The curvature perturbation

Ex: Single-field inflation 

Shape function

Power spectrum

Shape templates

(attractor)
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squeezed

flattened
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equilateral
flattened

(-)
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squeezed

flattened
(+)

equilateral
flattened

(-)
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More model-dependent but typically

Detection of in the near future 

Multiple primordial degrees of freedom

But can we do better?

BISPECTRUM IN MULTIFIELD INFLATION

Example: super-Hubble interactions of light fields



The squeezed limit as a cosmological collider

Remember the single-field result:
consistency relation

[Chen, Wang 2009]

[Arkani-Hamed, Maldacena 2015]

[Arkani-Hamed, Baumann, Lee, Pimentel 2018]

[Noumi, Yamaguchi, Yokoyama 2013] (one extra heavy field , perturbatively coupled)

BISPECTRUM IN MULTIFIELD INFLATION

Two-field result:

ICAP Meeting, December 2020, 17th                                                                                            
Lucas Pinol

10

Boltzmann suppression for heavy particles

Oscillatory pattern: massive particle

so

Small coupling between the two fields : [Noumi, Yamaguchi,
Yokoyama 2013]

The squeezed limit as a cosmological collider

the reduced mass

Two-field result:

BISPECTRUM IN MULTIFIELD INFLATION
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Boltzmann suppression for heavy particles

Oscillatory pattern: massive particle

so

Small coupling between the two fields : [Noumi, Yamaguchi,
Yokoyama 2013]

BISPECTRUM IN MULTIFIELD INFLATION

The squeezed limit as a cosmological collider

the reduced mass

Two-field result:

BISPECTRUM IN MULTIFIELD INFLATION

Probing other regimes

Large coupling,  Multifield instability Large flattened NGs:

[Fumagalli, Garcia-Saenz, Lucas Pinol, 
Renaux-Petel, Ronayne 2019]
Phys. Rev. Lett. 123, 201302



BISPECTRUM IN MULTIFIELD INFLATION

Probing other regimes

Large coupling,  Multifield instability Large flattened NGs:

[Fumagalli, Garcia-Saenz, Lucas Pinol, 
Renaux-Petel, Ronayne 2019]
Phys. Rev. Lett. 123, 201302

Higher-order correlation functions are boosted in similar configurations 

etc.

BISPECTRUM IN MULTIFIELD INFLATION

Probing other regimes

Large coupling,  Multifield instability Large flattened NGs:

[Fumagalli, Garcia-Saenz, Lucas Pinol, 
Renaux-Petel, Ronayne 2019]
Phys. Rev. Lett. 123, 201302

Higher-order correlation functions are boosted in similar configurations 

etc.

Clear sign of transiently unstable degrees of freedom:



BISPECTRUM IN MULTIFIELD INFLATION

Probing other regimes

Large mass, Single-field effective theory for 
(including the instability with )

BISPECTRUM IN MULTIFIELD INFLATION

Probing other regimes

Large mass, Single-field effective theory for 
(including the instability with )

Speed of sound:
Dictated by the bilinear coupling

Single-field effective interactions
Dictated by the multifield cubic interactions

[Achucarro, Gong, Hardeman, Palma, Patil 2012] [Garcia-Saenz, Lucas Pinol, Renaux-Petel 2019]
J. High Energ. Phys. 2020, 73 (2020)

[Lucas Pinol 2020] J. Cosm. & Astro. Phys. 04(2021)048Later extended to any number of heavy fields:



but undetermined

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

THE EFT OF INFLATION

[Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 2009]

Bottom-up approach: unknown natural values of the coefficients

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

Previously known

Scalar curvature of the field space
Derivative of the
scalar curvature

Bending radius of the trajectory: 

derivative of the potential

THE EFT OF INFLATION

[Garcia-Saenz, Lucas Pinol, Renaux-Petel 2019]
J. High Energ. Phys. 2020, 73 (2020)

In our top-down approach we DERIVE those coefficients



BISPECTRUM IN MULTIFIELD INFLATION

I extended previous works for any number of kinetically coupled scalars:

Most generic cubic action for perturbations at lowest order in derivatives

Probing more than one extra field [Lucas Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048

BISPECTRUM IN MULTIFIELD INFLATION

I extended previous works for any number of kinetically coupled scalars:

Most generic cubic action for perturbations at lowest order in derivatives

Probing more than one extra field [Lucas Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048

single-field (recovering Maldacena)

two fields

boundary terms (they contribute!)



BISPECTRUM IN MULTIFIELD INFLATION

I extended previous works for any number of kinetically coupled scalars:

Most generic cubic action for perturbations at lowest order in derivatives

In the case of heavy fields, integrating out procedure still possible:

Probing more than one extra field [Lucas Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048

BISPECTRUM IN MULTIFIELD INFLATION

I extended previous works for any number of kinetically coupled scalars:

Most generic cubic action for perturbations at lowest order in derivatives

In the case of heavy fields, integrating out procedure still possible:

Probing more than one extra field [Lucas Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048

Depends on:

The whole geometry of the target space (Riemann tensor)

Third derivative of the potential

New many-field bilinear interactions

Primordial NGs sensitive to the whole geometry and interactions!



BISPECTRUM IN MULTIFIELD INFLATION
Probing more than one extra field

I extended previous works for any number of kinetically coupled scalars:

Most generic cubic action for perturbations at lowest order in derivatives

In the case of heavy fields, integrating out procedure still possible

We can probe many-fields interactions in the squeezed limit

[Lucas Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048

BISPECTRUM IN MULTIFIELD INFLATION
Probing more than one extra field

I extended previous works for any number of kinetically coupled scalars:

Most generic cubic action for perturbations at lowest order in derivatives

In the case of heavy fields, integrating out procedure still possible

We can probe many-fields interactions in the squeezed limit

[Lucas Pinol 2020]
J. Cosm. & Astro. Phys. 04(2021)048

[Aoki, Lucas Pinol, Renaux-Petel,
Yamaguchi 2021] ArXiv:2112.xxxx

Stay tunedInteresting features:

Several extra massive fields lead to modulated oscillations

Light fields or light and heavy also lead to characteristic signals

Theory described with mixing angles for flavour and mass eigenstates



Lucas Pinol (IFT) - JGRG30 - December 7th 2021

CONCLUSION

Primordial NGs contain much more information than a single number

We expect the Early Universe to be much richer than single-clock inflation

Depending on the mass spectrum and interactions of primordial field content, NGs
are of different amplitudes and shapes

It is crucial to think about experiments to constrain better the squeezed bispectrum
(e.g. 21-cm radio-astronomy from the far side of the Moon?) 

Formidable opportunity to use
the non-linear Universe as a

particle detector 

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

OBSERVATIONAL CONSTRAINTS

Planck 2018

GENERALISATION TO N FIELDS
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INTEGRATING OUT HEAVY ENTROPIC
FLUCTUATIONS
AN EFFECTIVE THEORY FOR THE OBSERVABLE CURVATURE 
PERTURBATION

Equation of motion for :

Integrate out the heavy
perturbation

A HIERARCHY OF SCALES
WHEN ENTROPIC FLUCTUATIONS ARE HEAVY

Hierarchy of scales

Energy of the experiment

Like in the Fermi theory:
Integrate out the heavy W, Z bosons and

consider contact interactions for fermions

E

time



Equation of motion for :

When is heavy

Integrate out the heavy
perturbation

A HIERARCHY OF SCALES
WHEN ENTROPIC FLUCTUATIONS ARE HEAVY

Hierarchy of scales

Energy of the experiment

Like in the Fermi theory:
Integrate out the heavy W, Z bosons and

consider contact interactions for fermions

E

time

v

Equation of motion for :

When is heavy

A HIERARCHY OF SCALES
THE QUADRATIC EFFECTIVE ACTION

v

Effective single-field action for the curvature perturbation

With a speed of sound

Integrate out the heavy
perturbation

Hierarchy of scales

Energy of the experiment

Like in the Fermi theory:
Integrate out the heavy W, Z bosons and

consider contact interactions for fermions

E

time
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The only new parameter is A, 
and depends on the UV physics

THE CUBIC EFFECTIVE ACTION 
FULL RESULT P(X) cubic lagrangian:

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

RECOVERING THE EFT OF INFLATION

The only new parameter is A, 
and depends on the UV physics

Slow-varying result:

Non-Gaussianities

THE CUBIC EFFECTIVE ACTION 



HYPERINFLATION
LINEAR PERTURBATIONS

We compute

Unstable, growing
sub-Hubble perturbations 

Stable, decaying
super-Hubble perturbations

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

HYPERINFLATION
LINEAR PERTURBATIONS

We compute

Unstable, growing
sub-Hubble perturbations 

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

Stable, decaying
super-Hubble perturbations

stable unstable stable

Entropic
mass crossing

Hubble
crossing

!
This tachyonic instability is only transient for each k-mode

Remember in the e.o.m. for , the mass term is deep under the horizon

on super-horizon scales



stable unstable stable

Entropic
mass crossing

Hubble
crossing

HYPERINFLATION
LINEAR PERTURBATIONS

We compute

Unstable, growing
sub-Hubble perturbations 

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

Stable, decaying
super-Hubble perturbations

!
This tachyonic instability is only transient for each k-mode

Remember in the e.o.m. for , the mass term is deep under the horizon

on super-horizon scales

HYPERINFLATION
LINEAR PERTURBATIONS

with

Lucas Pinol (IFT) - JGRG30 - December 7th 2021

Excluded
by CMB

,
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“On the primordial correlation of gravitons with gauge
fields”

(15 min.)

[JGRG30 (2021) 120728]
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[Chair: Norihiro Tanahashi]

Masashi Kimura

Rikkyo University

“Metric Backreaction of the Blandford-Znajek Process”

(15 min.)

[JGRG30 (2021) 120729]
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[Chair: Norihiro Tanahashi]

Daniele Gregoris

Jiangsu University of Science and Technology

“Understanding Gravitational Entropy of Black Holes: A
New Proposal via Curvature Invariants”

(15 min.)

[JGRG30 (2021) 120730]



Daniele Gregoris
(Jiangsu University of Science and Technology)

Based on: arXiv:2109.11968 [gr-qc] 
with Yen Chin Ong

UNDERSTANDING GRAVITATIONAL ENTROPY OF BLACK HOLES: A NEW 
PROPOSAL VIA CURVATURE INVARIANTS

GRG IN JAPAN 30 2021 online workshop

danielegregoris@libero.it

MANY DIFFERENT APPROACHES TO THE CONCEPT OF ENTROPY

From thermodynamics: entropy as the arrow of time, 
entropy cannot decrease in time (Clausius);

From statistical mechanics: as a measure of 
disgregation and as a quantification of the number of 
different possible microscopic realizations of the 
same macroscopic system (Maxwell, Botzmann, 
Gibbs);

From information theory: from a probabilistic
perspective (von Neumann, Shannon);

Can we assign a notion of entropy
to the gravitational field?



HAWKING: BLACK HOLE ENTROPY IS GIVEN BY THE HORIZON AREA +
NEVER DECREASE AREA THEOREMS

THIS IS THE THERMODYNAMICAL
APPROACH TO ENTROPY

BEKENSTEIN: BLACK HOLE ENTROPY AS (SHANNON) INFORMATION
ENTROPY

REMARKABLY THE SAME RESULT AS HAWKING WAS OBTAINED: BLACK 
HOLE ENTROPY IS HORIZON AREA

COMPLETELY DIFFERENT PHYSICAL 
ARGUMENTS WERE USED



BLACK HOLE ENTROPY IS THE 
ENTROPY OF THE PURE

GRAVITATIONAL FIELD, AND IT 
SHOULD NOT BE CONFUSED WITH 
THE ENTROPY OF A MATTER FIELD

OUTSIDE THE EVENT HORIZON

SCHWARZSCHILD IS AN EMPTY 
SPACETIME, BUT NEVERTHELESS IT 
COMES WITH A NONZERO ENTROPY

WHEELER: IN GENERAL RELATIVITY 
WE CAN HAVE MASS WITHOUT 

HAVING MATTER

ADDING COSMOLOGICAL MOTIVATIONS: THE WEYL CURVATURE 
HYPOTHESIS BY ROGER PENROSE 

IT CONJECTURES THAT THE WEYL TENSOR SHOULD BE A GOOD MEASURE
OF GRAVITATIONAL ENTROPY;

IT IS EXPECTED THAT THE BIG BANG SINGULARITY SHOULD COME WITH
ZERO WEYL CURVATURE, WHEREAS BIG CRUNCHES AND BLACK HOLE
SINGULARITIES DUE TO GRAVITATIONAL COLLAPSE SHOULD HAVE LARGE
WEYL CURVATURE;

DURING THE COLLAPSE OF A STAR OF MASS M, ENTROPY INCREASES BY A
FACTOR OF 1020 (M/M

o
)1/2

SINCE WEYL CURVATURE QUANTIFIES TIDAL DEFORMATIONS, THIS IS JUST
THE STATEMENT THAT WE EXPECT BLACK HOLE AND BIG CRUNCH
SINGULARITIES TO EXHIBIT VERY MESSY AND CHAOTIC CURVATURE
BEHAVIOR, PERHAPS LIKE THOSE IN THE BKL DESCRIPTION.

RIEMANN CURVATURE CAN BE DECOMPOSED INTO WEYL AND RICCI
CURVATURE. RICCI CURVATURE IS GIVEN BY EINSTEIN EQUATIONS ONCE
THE MATTER CONTENT IS KNOWN, WHILE WEYL CURVATURE CAN BE
NONZERO ALSO IN VACUUM.



IMPLEMENTING THE WEYL CURVATURE HYPOTHESIS IS NOT A SIMPLE 
TASK 

IMPLEMENTING THE WEYL CURVATURE HYPOTHESIS IS NOT A SIMPLE 
TASK 



FORMULATION OF THE QUESTION WE WANT TO ANSWER:

OUR ANSWER: YES



PHYSICAL CONSIDERATIONS

OPEN PROBLEMS



Session B3b 14:30–16:00
[Chair: Norihiro Tanahashi]

Chun-Hung Chen

The Institute for Fundamental Study, Naresuan University

“  On the Dolan-Ottewill method for solving quasinormal
modes”

(15 min.)

[JGRG30 (2021) 120731]
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[Chair: Norihiro Tanahashi]

Ratchaphat Nakarachinda

Naresuan university

“Effective thermodynamical system of Schwarzschild–de
Sitter black holes from Renyi statistics”

(15 min.)

[JGRG30 (2021) 120732]
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[Chair: Norihiro Tanahashi]

Emmanuel Frion

Helsinki Institute of Physics

“Testing the Equivalence Principle with Black Hole
Shadows and Photon Rings”

(15 min.)

[JGRG30 (2021) 120733]
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[Chair: Norihiro Tanahashi]

Alejandro García-Quismondo

Institute for the Structure of Matter (IEM-CSIC)

“Investigating an alternative Hamiltonian derivation of
the Ashtekar-Olmedo-Singh black hole solution ”

(15 min.)

[JGRG30 (2021) 120734]
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[Chair: Atsushi Nishizawa]

Anzhong Wang

Baylor University

“Testing Gravitational Theories with Broken Lorentz
Symmetry by Gravitational Wave Observations”

(15 min.)

[JGRG30 (2021) 120802]































Session C1a 10:00–12:00
[Chair: Atsushi Nishizawa]

Nami Uchikata

ICRR Univ. of Tokyo

“Parameter estimation on superspinar binaries using
gravitational waves”

(15 min.)

[JGRG30 (2021) 120803]
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[Chair: Atsushi Nishizawa]

Tatsuya Narikawa

ICRR, The University of Tokyo

“Gravitational-wave constraints on the GWTC-2 events
by measuring the tidal deformability and the spin-

induced quadrupole moment”
(15 min.)

[JGRG30 (2021) 120804]
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[Chair: Atsushi Nishizawa]

PRITI GUPTA

KYOTO UNIVERSITY

“Impact of tidal resonances in extreme-mass-ratio
inspirals”

(15 min.)

[JGRG30 (2021) 120805]
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[Chair: Atsushi Nishizawa]

Norichika Sago

Kyoto University

“Oscillations in the EMRI gravitational wave phase
correction as a probe  of reflective boundary of the

central black hole”
(15 min.)

[JGRG30 (2021) 120806]



Oscillations in the EMRI gravitational 
wave phase correction as
a probe  of reflective boundary of 
the central black hole
Norichika Sago (Kyoto U./Osaka City U.)
Collaborator: Takahiro Tanaka
Reference: PRD 100 064009 (arXiv:2106.07123)
2021.12.8 JGRG30

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

New era of BH observation

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

Credit: Caltech/MIT/LIGO LabCredit: EHT Collaboration

Event Horizon Telescope
Supermassive BH in M87

Ground-based GW detectors
BBH mergers

EHT and GW observatories are new windows to observe BHs.



BH in GR or ECO?
More accurate observation of BHs raises a natural question as

Other possibilities are discussed:

BH mimicker?
Ex) gravastars, 

boson stars, 
wormholes...

BHs with Planck-scale structure near the horizon?
Ex) fuzzball, firewall, ...

(Here I refer these objects as exotic compact objects (ECOs).)

We consider GWs from extreme mass ratio inspiral (EMRI) to test 
the possibility of an alternative scenario.

[Cardoso & Pani (2017)]

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

Setup: circular equatorial EMRI

BH ECO

Not pure ingoing wave (reflected wave included) 
on the boundary slightly outside the  BH horizon.

BH EMRI (BH) ECO EMRI (modified)

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

(Outside)
Kerr spacetime

(Inside) ECO



Field equation (radial Teukolsky equation)

Asymptotic solution

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

(BH EMRI case)

pure ingoing near the horizon pure outgoing at infinity

The solution is given as

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)



(ECO EMRI case)

replace the boundary condition to pure outgoing at infinity

The solution is given as

Change the boundary condition near the horizon:

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

Energy flux (ECO EMRI case)

(at infinity)

(near the horizon)

Correction of the flux

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)



Correction of the energy flux

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

[NS and Tanaka (2021)]

Correction of the energy flux

Period of the oscillation

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

[NS and Tanaka (2021)]

is the position of the 
boundary in the tortoise 
coordinate.



Effect on GW phase
Cycle of GW: (l,m)=(2,2)

Here we take into account
modes

(leading order) of the flux.

Correction of GW cycle

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

Correction of GW phase

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

[NS and Tanaka (2021)]



Search for the best fit parameters

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

: LISA noise curve
[Robson et al. (2019)]

Match between waveforms for BH and ECO EMRI cases

Fix the parameters of the modified waveform for ECO EMRI.

Change the parameters of the BH EMRI waveform.
: fiducial time,  

Search the best fit parameters so that the match is maximized.

Search strategy

Modulation in GW phase

The non-oscillatory part of the GW phase correction is suppressed 
for the best fit parameters.

The oscillatory part remains.
To test the ECO EMRI model by searching the oscillatory part.

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)



Side peaks due to the oscillatory modulation

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)

[NS and Tanaka in preparation]

Time scale of
modulation

Best fit

Best-fitted match is reduced by 10%.
The secondary peaks appear on the both sides of the largest one.

Signature of the reflective boundary near the horizon!

Summary
We investigated the orbital evolution and the GW of a 
circular equatorial ECO EMRI, and evaluate the effect of 
the reflection near the horizon.

We found that the correction in the GW phase is 
divided into two parts: 
oscillatory part and non-oscillatory part

Non-oscillatory part can be suppressed by adjusting the 
parameters (masses, fiducial time and phase).

The oscillatory part in the GW phase may be a smoking 
gun of ECOs.  Further investigation required.

[C1a5] Norichika Sago (Kyoto U./Osaka City U.)



Session C1a 10:00–12:00
[Chair: Atsushi Nishizawa]

Alejandro Torres-Orjuela

TianQin Center for Gravitational Physics

“Detecting the motion of gravitational wave sources”

(15 min.)

[JGRG30 (2021) 120807]















Session C1a 10:00–12:00
[Chair: Atsushi Nishizawa]

Lu Yin

Sogang University

“Gravitational waves from the vacuum decay with LISA”

(15 min.)

[JGRG30 (2021) 120808]



Gravitational waves from the 
vacuum decay with LISA

Lu Yin
CQUeST

Sogang University

Based on: arXiv:2106.07430
Bum-Hoon Lee, Wonwoo Lee, Dong-han Yeom30th Workshop on General Relativity and Gravitation in Japan(JGRG30)

06-10 Dec, 2021

Gravitational waves from the 
vacuum decay with LISA

Lu Yin

Based on: arXiv:2106.07430
Bum-Hoon Lee, Wonwoo Lee, Dong-han Yeom

30th Workshop on General Relativity and Gravitation in Japan(JGRG30)
06-10 Dec, 2021

Scalar field                                         scalar with gravity field



Outline

• The bubble collision in first-order phase transition

• Comparing the Gravitational Waves from bubble collision 

with LISA sensitivity

• Summary



Phase transition in the early Universe

• The cosmic phase transitions are of 
central interest in modern cosmology.

gravity               particle physics            cosmology

phase transition

Electroweak and QCD phase transition Phase transition 

Gravitational wave form bubble collision



Daniel Cutting et al.
https://www.youtube.com/watch?v=uTz9lsvSr5A

the scalar field that is changing phase shown in blue, 
and the energy density of gravitational waves is shown in red. 

Numerical simulation for bubble collision

Gravitational wave form bubble collision



The potential in tunneling

Sf = 0.1

Vf = 0.0001

L

Notice:

Vf correspond to the released energy

If L Vf, the potential can use thin wall limit.

The small Vf correspond to the production of 
large bubble

Scalar field                                                                            Scalar field with gravity

Comparing the GW produced by different Euclidean action

Vacuum bubble nucleation rate:

Coefficient in the vacuum decay amplitude:



Numerical calculation for the potential in bubble collision

t t

Numerical calculation for the potential in bubble collision



t t

Numerical calculation for the potential in bubble collision

t

The collision moment with gravity 
will be late

The S+G oscillation more quickly

The oscillation of the potential after bubble collision

t t

t t



The velocity of bubble wall

t

Outline

• The bubble collision in first-order phase transition

• Comparing the Gravitational Waves from bubble collision with LISA sensitivity

• Summary



The energy scale and detectable of GWs in 
the early Universe 



The calculation of GW spectra

Spectra in bubble collision time

Spectra in present time

= 1                = 0.3

The GW spectrum from bubble collision

/ = 50                                           / = 100
/ = 12.5                                        / = 25

/ = 800                                          / = 1500
/ = 200                                          / = 375



Summary

• For the bubble collision in first-order phase transition, the scalar 
field with gravity will have higher oscillation frequency than only 
scalar case.

• The velocity of bubble wall will be higher in the small difference of 
2 local minima free energy (small Vf).

• The GW sensitivity from Scalar+Gravity field will be higher than 
only scalar case, and it is easier to be observed by LISA.
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“Axion Cloud Decay due to the Axion-photon Conversion
with Background Magnetic Fields”

(15 min.)

[JGRG30 (2021) 120812]
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“Reheating after relaxation of large cosmological
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Benliang Li
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“The Underlying Mechanisms of Time Dilation in
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(15 min.)
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dimensional RN black holes”

(15 min.)

[JGRG30 (2021) 120815]



















Session C1b 10:00–12:00
[Chair: Hayato Motohashi]

Shin'ichi Hirano

Nagoya University

“Black holes in effective field theory extension of GR
with parity violating terms and scalar field”

(15 min.)

[JGRG30 (2021) 120816]































Session C1b 10:00–12:00
[Chair: Hayato Motohashi]

Kazufumi Takahashi

YITP, Kyoto University

“Perturbations of stealth black holes in modified
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(15 min.)

[JGRG30 (2021) 120818]

















Session C2a 15:30–16:45
[Chair: Tsutomu Kobayashi]

Reginald Christian Bernardo

Institute of Physics, Academia Sinica

“Towards well-tempered dark energy and teleparallel
gravity”

(15 min.)

[JGRG30 (2021) 120819]



Towards well-tempered dark energy
and teleparallel gravity
[2107.08762 & 2108.02500]
Reggie Bernardo with Jackson Levi Said, Maria Caruana, Stephen Appleby
Institute of Physics, Academia Sinica

08December2021@JGRG30

Reggie Bernardo
Towards well- 2

Outline

1. Motivation
2. Well-tempered cosmology

o Self-tuning fields, degenerate states, Fab Four

3. Recent teleparallel gravity extensions
o Teledeski gravity
o The well-tempered recipe
oDynamics in a well-tempered de Sitter model

4. (In progress) Observational status



Reggie Bernardo
Towards well- 3

The effort to understand the Universe is one 
of the very few things that lifts human life a 
little above the level of farce, and gives it 
some of the grace of tragedy."

- S.W.

The Cosmological Constant Problem

Reggie Bernardo
Towards well- 4

Our Universe



The Cosmological Constant Problem

Reggie Bernardo
Towards well- 5

Our Universe

Steven Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1.
Antonio Padilla, Lectures on the Cosmological Constant Problem, arXiv:1502.05296.

Self-tuning fields

Reggie Bernardo
Towards well- 6

footnote 8, page 11



Well-tempered cosmology

Use to design a low energy vacuum state s.t.

Result: Screen with theory constants of order unity.
Price: E.g., in KGB, 

Reggie Bernardo
Towards well- 7

Vacuum State : vs 

S. Appleby and E. V. Linder, The Well-Tempered Cosmological Constant, JCAP 07 (2018) 034 [1805.00470].

Recent teleparallel gravity extensions

TEGR: Teleparallel Equivalent of GR
Teledeski: Teleparallel Analogue of Horndeski gravity

Well-tempered Teledeski models: 2107.08762 & 2108.02500

Reggie Bernardo
Towards well- 8

couplings



Well-tempered cosmology

overconstrain the dynamical system

Utilize degeneracy:
o , Fab Four
o , Well-tempering

Reggie Bernardo
Towards well- 9

Dynamics in a Well-tempered de Sitter model
, is ten(!) orders of magnitude > de Sitter vacuum

Reggie Bernardo
Towards well- 10

Figure 1. Results of numerical integration in well-tempered model with with theory constants of order unity.



Dynamics in a Well-tempered de Sitter model
, is ten(!) orders of magnitude > de Sitter vacuum

Reggie Bernardo
Towards well- 11

Figure 2. Results of numerical integration in well-tempered model with with theory constants of order unity.

(In progress) Observational status

Reggie Bernardo
Towards well- 12

A well-tempered dark energy?

Consider an example:

where , , 



(In progress) Observational status

A well-tempered dark energy?
Preliminary: w/ CC + BAO + SNe

wtdS(X):
theory constants

Reggie Bernardo
Towards well- 13

(In progress)
Observational status

Best fit Hubble function and SNe apparent magnitudes
for well-tempered de Sitter models wtdS(X) and CDM.

Reggie Bernardo
Towards well- 14



(In progress)
Observational status

15

Reggie Bernardo
Towards well-

Best fit scalar field and its first derivative
for the well-tempered de Sitter models and CDM. 

Reggie Bernardo
Towards well- 16

Outlook

Well-tempered cosmology
o Screening an arbitrary large with to obtain a late-time, low energy state
o Can be achieved in models with scalar field potentials: Horndeski/Teledeski

(In progress) Is dark energy well-tempered?

References
[1] Steven Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1.
[2] Antonio Padilla, Lectures on the Cosmological Constant Problem, arXiv:1502.05296.
[3] S. Appleby and E. V. Linder, The Well-Tempered Cosmological Constant, JCAP 07 (2018) 034 [1805.00470].
[4] RCB, J. Levi Said, M. Caruana, S. Appleby, Well-Tempered Teleparallel Horndeski Cosmology: A Teleparallel
Variation to the Cosmological Constant Problem, arXiv:2107.08762.
[5] RCB, J. Levi Said, M. Caruana, S. Appleby, Well-Tempered Minkowski Solutions in Teleparallel Horndeski Theory,
arXiv:2108.02500.



Extra slides

Phase transition in a well-tempered model

, is ten(!) orders of magnitude > de Sitter vacuum

Reggie Bernardo
Towards well- 18

Figure 3. Phase transition in well-tempered model with with theory constants of order unity.

asymptotic
solution
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Based on: Chin. J. Phys., DOI - 10.1016/j.cjph.2021.05.022 (2021)
Article in Press
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q

Primordial black holes from confinement *
Michael Zantedeschi, MPI

work with Gia Dvali and Florian Kühnel

The same force responsible for the confinement of 
hadrons can explain dark matter

Key:

Inflationary fluctuations produce quarks which 
are diluted by inflationary expansion

q

By the end of inflation
     being the number of e-folds

Mechanism

inflationary
expansion

Quarks are confined at energy scale 

Coloured flux tubes (strings) connecting 
them form
Collapse cannot be immediate due to
causality

⇤c & mquarkString stability

Eventually quarks enter in casual contact and 
accelerate relativistically toward each other

Configuration Schwarzschild radius is

Rg ' l2Pl ⇤
2
c t � ⇤1

c

Primordial black hole forms

Dark matter

q q

q q

���� ���� ���� ���� ����
��-�

��-�

��-�

���
��-�� ��-�� ��-� ���

fPBH =
⌦PBH

⌦DM
/ ⇤3

c M
1/2
PBH

Filled areas correspond to pheno. costraints

100 % of dark matter @ 

Naturally explains supermassive black 
holes in galactic centres

Lighter black holes can be maximal-
ly spinning due to impact parameter           
induced by the string fluctuations

Compatible with QCD if during fomation

generic in string theory (moduli)

Formation generates unique gravitational - 
waves signal

interesting for NANOGrav and LISA

* arXiv.2018.09471

d / eNe

Ne

⇤c

horizon ' t

d  horizon

Rg

MPBH ⇠ 1017g

fPBH / M
1/2
PBH

⇤c & mquark

⌦GW is flat
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Institute of Cosmos Sciences

Universitat de Barcelona

Numerical simulation of
Primordial Black Holes with
non-GaussianitiesAlbert Escrivà 

JGRG30
8th December, 2021

Based on:

A. Escrivà, N. Kitajima, Y. Tada, S. Yokoyama and C. Yoo. In preparation

There is some missing matter in the Universe with an unknown
composition

The existence of dark matter can be explained through compact 
objects like Black Holes with a primordial origin

Motivation

B. Carr and F. Kühnel 
2020

Golden Age 
for PBH scenario



Some fluctuations generated during inflation could be sufficiently
large (rare events) and collapse during radiation epoch in the very
early Universe

These rare fluctuations will have roughly spherical symmetry
(spherical peaks)

But , the effetc of non-gaussianities could be important!

Motivation

J. M. Bardeen, J. R. Bond, N. Kaiser and A. S. Szalay 1986

N. Kitajima, Y. Tada, S. Yokoyama and C. Yoo. JCAP 10 (2021) 053

It was found an analytical criterion using the critical averaged
compaction function, useful to determine the threshold of PBH 
formation

Our aim is to numerically check this estimation for the model
considered previously and compare it with the simulations

Motivation

applied in the context of 
non-gaussianities

A. Escrivà, C. Germani and R. K. Sheth. 
Phys. Rev. D 101, 044022 (2020)

N. Kitajima, Y. Tada, S. Yokoyama and C. Yoo. JCAP 10 (2021) 053



PBHs could be formed by sufficiently large cosmological perturbations 
collapsing after re-entering the cosmological horizon. Assuming 
spherical symmetry, such regions can be described by the following 
approximate form of the metric at super-horizon scales (gradient 
expansion approach)

The curvature profile characterize the cosmological perturbation

Basics on primordial black hole formation

Shibata,Sasaki. ArXiv:grqc/9905064

We consider
perturbations at super-
horizon scales

Mechanism: hydrodynamic collapse

Threshold
:

Collapse of the perturbation:

Dispersion of the perturbation:

Spherical Collapse of cosmological perturbations leading to PBH formation

Perfect fluid



The compaction function is an essential magnitude to characterize the
cosmological perturbation, in particular its peak.

The peak of the compaction function is considered as the threshold for
PBH formation

The peak of the compaction function must be greater than a given
threshold to form a PBH

Condition for PBH formation

Shibata,Sasaki. ArXiv:grqc/9905064

At Super-horizon scales

the lengthscale of the 
perturbation is
precisely given by:

We focus on PBH type I

We consider the inclusion of the non-gaussian term with a 
monochromatic power spectrum

Non-gaussian template

Local-non gaussianity

Assumption on the 
correspondence of the 
peaks

Doubted if



Analytical estimate for the threshold

Analytical estimate for the threshold of PBH formation (radiation fluid)

A. Escrivà, C. Germani and R. K. Sheth. 
Phys. Rev. D 101, 044022 (2020)

I.Muso, G. Franciolini, V. de Luca and A. Riotto
Phys. Rev. D 103, 063538 (2021)

We perform numerical simulations using pseudospectral methods
A. Escrivà. Phys.Dark Univ. 27 (2020) 100466

With a bisection method we obtain the thresholds

Numerical results

We have found formation 
of PBH type I for:



Numerical evolution:Supercritical

MOVIE(not available in PDF format)

Numerical evolution:Subcritical

MOVIE (not available in PDF format)



Diagram result

Compare with the analytical estimations

compute the relative 
deviation



o We have found the existence of PBH formation of type I in a new 
region in terms of the non-gaussian parameter, in contrast with the
previous analytical results.

o The analytical estimation of the average of the critical compaction
function seems to fail for the profiles considered. One should take this
into account when considering "rare" profiles.

o Although that, the estimation using the q-procedure directly seems
more robust (at least for the profiles considered)

Conclusions
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Lagrangian
Legendre trans. 
(straightforwardly)

Hamiltonian
Primary 
constraints

Constraints 
analysis

Conditions for 
Lagrangian
(complicated)

Theory 
desired

In configuration 
space

Hamiltonian
Auxiliary 
constraints

Constraints 
analysis

Conditions for 
Hamiltonian
(simplified)

Theory 
desired

In phase space

Lagrangian
Inverse 
Legendre trans. 
(perturbatively)
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