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Goals of A01 and members

To identify ambitious, scientifically motivated directions for probing 
the origin of the Universe beyond current observational 
pipelines and near-term feasibility.

ns(k), r, fNL, . . . . .

Members
PI : Yuko Urakawa (KEK, IPNS)
CoI : Tomo Takahashi (Saga), Takahiro Nishimichi (KSU), Yuichiro TADA (Fukui)



Scopes of A01

- ML/AI (incl. LLM)
- Quantum computation

- Numerical simulations

Physics of Inflation

Computational 
science

Late time evolution

- Quantum nature 
- Basic problems in QFT 

- Cosmological colliders

- Beyond ΛCDM (DM/DE)

- LSS from Non-standard IC
- Change of Phys const.

✔



Cosmological colliders

Collider 
experiment

Collision of particles Resonance-like structure in 
collider signals 

Cosmology

Heavy particles during inflation
(~1013GeV)

Statistical properties of 
primordial perturbations

Searching for Non-Gaussianity → New probe of HEP beyond accelerator exp.

eg.  ATLASeg. LHC (~103GeV)
CERN

Cosmological observables

Deviation fron Gaussian 

Heavy particles Imprints Detector

Yuko Urakawa
copyright: Kogai



3pt fn. from spinning particle

Arkani-Hamed & Maldacena (15)
M, s(spin)

k1 k2 k3 k4 →0

k3/k1, k3/k2 << 1

M, s

k1 k2 k3 �̇bg
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Particle creation

<δΦδΦδΦ> ∝ Ps[k1・k3)]

1) Cosmic microwave background <δTδTδT> 

2) Galaxy number count <δn δn δn> 

3) Galaxy shape correlation <(shape) (shape)> 

PLANCK18, Bartolo et al. (17), Franciolini et al. (18), 
Bordin & Cabass (19),…. 

Moradinezhad et al(181 ,182) ,…

Schmidt et al(15, 16), Kogai, Matsubara, Nishizawa, Y,U,.(18) 

Kogai, Akitsu, Schmidt, Y,U,.(20), … 



Challenge

Figure 5: Correlation between the cosmological collider templates studied in this work, together with
the standard local, equilateral and orthogonal templates. The correlation (defined as (3.11)) measures the
similarity of their observable CMB bispectrum predictions. Free parameters in each template have been
fixed to their best-fit values for this plot. Here we also summarize our acronyms for templates.

This value lies in [�1, 1] by construction. A strong correlation (+1) or anti-correlation (-1)

between the two shapes implies that they probe similar forms of the CMB bispectrum, and

their fNL estimates are highly correlated. Such shapes are di�cult to distinguish from the CMB

bispectrum analysis only. We also note that it is possible to have two very distinct shape functions

with a strong correlation under this metric, since the projection from the primordial perturbations

to the CMB anisotropies can wash out the di↵erences.

Figure 5 shows the correlation between cosmological colliders templates and the standard local,

equilateral and orthogonal templates. Note that the templates were evaluated at their best-fit

parameters, and any change in the parameters can have a significant impact on the correlation

values shown here; refer to Section 4 for detailed analysis. We also take this chance to introduce

the acronyms of the new templates which will be used later. Many of the templates studied in

this work are not strongly correlated with any of the standard templates.

3.2 CMB bispectrum estimator

Mode expansion Direct numerical computation of (3.6) is prohibitively expensive due to the

number of terms appearing in the sum: O(`5max) for `max . 2500 for Planck. Existing formalisms

19

Different patters of PNG are correlated.

Sohn et al. (24)

see also  Cabass et al. (24)

strong correlation (+1) or anti-correlation (-1) 



Scale dependent bias 

Gaussian at the onset of structure formation
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Detailed shapes of galaxies

Galaxy shapes (n-th moment)

CFHT

Mathematically, we can characterize the galaxy shapes in more detail.

Quadrupole HexadecapoleOctuple 32-poles

・・・
Decomposition

Current observations target this.



Spin sensitive cosmological colliders

Bias
Number density
Observables

Quadruple shape

PNG

(Scalar)

(2nd moment)

2nth pole shape
(n-th moment)

Kogai, Akitsu, Schmidt, Y.U. (21)

spin l particles during inflation 

exclusively in nth 
moment galaxy 

shape
(When non-linear 

effects are negligible)



Other contaminations for spin-2?

At small scales, non-linear structure formation becomes important.

Finding the imprint of heavy spin-2 is not impossible but rather challenging.

Tidal force( )!" = − $ . %
 Non-linear  ( )!&'( = !"
Weak lensing
Light spin 2
( )!&)(* = %$$

Noise (LSST)

Heavy spin 2
( )!&)(* = +$$$,  -* = .

Large scale Small scale
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Kogai, Akitsu, Schmidt, Y.U. (21)

→B01

We need a more detailed understanding of bias physics.



Spin-4 particle search from 24-pole galaxy shapes
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Small scalesLarge scales

Contamination of non-linear effects

 Light spin4 ( =0.5)!&)(/
 Heavy spin4 ( =5000)!&)(/

3D shape fn.
w/heavy spin 4

・No-linear bias effect
　→ Good to search for higher spin particles
・Imprints of light particles at large scales
・Imprints of heavy particles at small scales
   (Competition w/non-linear effects)

w/light spin 4

Statistics along line 
of sight2D projected shape Redshift

Existence of higher spin particles → Prediction of string theory 

Higuchi bound M2 > 12 H2 (for spin 4)

Kogai, Akitsu, Schmidt, Y.U. (21)

→B01

We need a more detailed understanding of bias physics.



Quantum nature of primordial perturbations

- Cosmological structure is widely believed to have been generated 
during inflation from quantum fluctuation of the inflaton. 

Possible way-out (even if contriving)?

- In most models of early Universe, the quantum coherence was lost 
right after the horizon crossing during inflation.  

Polarski and Starobinsky (1995)

Off diagonal of reduced density matrix typically falls off exponentially

[ζ(x), πζ(y)] = iℏδ(x − y)
↑ ~ decaying mode, difficult to detect its imprints

Kiefer, Lohmer, Polarski, Starobinsky (1996),….



Bell test

CHSH inequality

Alice Bob

Measurements A, A’
±1 ±1 ±1 ±1

eg.Sx, Sz 

1) Locality: no influence faster than light

2) Freedom of choice: settings independent of hidden variables

3) Realism: outcomes exist before measurement

Measurements B, B’

B = AB +AB0 +A0B �A0B0, (2.38)

where

A2 = A02 = B2 = B02 = I, (2.39)

and where Alice’s operators commute with Bob’s operators,

[A,B] = [A,B0] = [A0, B] = [A0, B0] = 0. (2.40)

A standard algebraic identity gives

B2 = 4I� [A,A0][B,B0]. (2.41)

Thus, if Alice’s two local alternatives commute,

[A,A0] = 0, (2.42)

or if Bob’s two local alternatives commute,

[B,B0] = 0, (2.43)

then

B2 = 4I, (2.44)

and hence, for any quantum state ⇢,

|Tr [⇢B]|  2. (2.45)

Therefore, in the projective dichotomic case, local noncommutativity is necessary for a

CHSH violation. It is not su�cient by itself, since the state and the choice of measurement

angles also matter, but without local incompatibility there is no CHSH violation.

The same statement can be expressed in a form more directly applicable to cosmological

observations. Suppose that Alice’s two outcomes A and A0 are not exclusive quantum

measurement choices, but are instead jointly readable from a single local record. Then

there exists a joint probability distribution for the two local outcomes,

PA(a, a
0), a, a0 = ±1. (2.46)
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Bell operator

If               >2, while 1) &2) hold, 3) does not hold    Quantum nature

B = AB +AB0 +A0B �A0B0, (2.38)

where

A2 = A02 = B2 = B02 = I, (2.39)

and where Alice’s operators commute with Bob’s operators,

[A,B] = [A,B0] = [A0, B] = [A0, B0] = 0. (2.40)

A standard algebraic identity gives

B2 = 4I� [A,A0][B,B0]. (2.41)

Thus, if Alice’s two local alternatives commute,

[A,A0] = 0, (2.42)

or if Bob’s two local alternatives commute,

[B,B0] = 0, (2.43)

then

B2 = 4I, (2.44)

and hence, for any quantum state ⇢,

|Tr [⇢B]|  2. (2.45)

Therefore, in the projective dichotomic case, local noncommutativity is necessary for a

CHSH violation. It is not su�cient by itself, since the state and the choice of measurement

angles also matter, but without local incompatibility there is no CHSH violation.

The same statement can be expressed in a form more directly applicable to cosmological

observations. Suppose that Alice’s two outcomes A and A0 are not exclusive quantum

measurement choices, but are instead jointly readable from a single local record. Then

there exists a joint probability distribution for the two local outcomes,

PA(a, a
0), a, a0 = ±1. (2.46)

– 7 –



at initial time

coarse-graining w/causal region

Salopek&Bond(90)

scale of interest

scale of interest

Copyright: Y. Aoki (KEK press)

Separate Universe approach ~ Mosaic art



Condition for separate universe [Classical]

The action remains invariant under the spatial Diff. 
xi ! x̃i(t,x)
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【Locality】
The Lagrangian density (before solving gauge constraints) is determined 
by a local function of coarse-grained field       , i.e.,

allowing only the tiny influence among them, which is mediated by the spatial gradient
terms suppressed by ✏ ⌧ 1. This effect can be taken into account order by order through
the perturbative expansion of ✏. Especially, in the limit ✏ ! 0, it was shown that the evo-
lution of each causal patch can be determined completely independently of other patches,
considering scalar field systems [2, 7].

Having considered that the inflationary Universe provides a natural laboratory to ex-
plore new physics in extreme high energy, it is crucially important to establish a convenient
computational tool to compute the primordial perturbations for a general model of inflation.
For this purpose, in this paper, we show the general condition that ensures the validity of
the separate Universe approach, (?), and the �N formalism.

2.2.1 Spatial Diff invariance

First, we require that

• [sDiff] The theory which describes the coarse-grained fields {'a(t, x)} should remain
invariant under the d-dim spatial diffeomorphism (Diff),

x
i ! x̃

i(t, xi). (2.8)

The d-dim spatial Diff invariance is a sub group of (d+ 1)-dim Diff invariance. Variations
of the spatial Diff invariant theory are summarized e.g., in Ref. [8]. The foliation preserving
Diff invariance is preserved in the Horava-Lifshitz (HL) gravity [9], which is known to be
power-counting renormalizable. The violation of the (d + 1)-dim Diff invariance leads to
the appearance of the additional scalar degree of freedom in the gravity sector, dubbed
Khronon.

In a (d+ 1)-dim Diff invariant theory, using the time component of rµT
µ
⌫ = 0, which

is ensured by the time Diff, we can show the existence of the constant solution for the
curvature perturbation in the uniform density slicing, which turns out to coincide with the
uniform expansion slicing in the large scale limit [5, 6]. It is intuitively natural that the time
Diff implies the existence of a conserved quantity. However, this argument cannot apply
to a theory where the (d+ 1)-dim Diff invariance is violated, since the energy conservation
does not hold. Meanwhile, it is known that the curvature perturbation is also conserved
at large scales e.g., in non projectable version of the HL gravity [10]. We show that the
constant solution also exists, when the (d + 1)-dim Diff invariance is broken down to the
d-dim Diff invariance.

2.2.2 Locality condition

As emphasized above, in general relativity, the causality is crucial to verify the separate
Universe approach and the gradient expansion. In the absence of the (d + 1)-dim Diff
invariance, there is no clear notion of the causality. Therefore, instead, we require

• [locality] After solving all the constraint equations except for the Hamiltonian and
momentum constraints, the effective dynamics of the coarse grained fields {'a} is
described by the Lagrangian density given by a local function of {'a} as

L(x) = L [{'a(x)}] . (2.9)
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【sDiff】

1) All the large scale fluctuations, incl. GWs.
2) Contributions of all integer spin fields 

Validity of separate universe (☆)

including…

Tanaka & Y.U. ( JCAP 2021, PRL 2024) 



From classical to quantum
Effective action after coarse-graining the hard modes (~ subhorizon modes) 

Quantum fields

How to formulate these conditions of SU for quantized system?
What is locality in q-system? 
How to deal with gauge constraints (especially MC) in q-system? 

These aspects are closely related to  

- IR physics in QED, scattering of gravitons 
         (IR triangles, Faddeev-Kulish, etc…)　

Kuramoto, Tanaka & Y.U. (in prep) 

Strominger + (13,….)

- Edge modes and potentially Entanglement entropy/SSB etc…　
…. potentially

- Spontaneous symmetry breaking (in cosmology)
Donelly & Freidal (17)

→C04 (?)



Scopes of A01

- Quantum nature 
- Basic problems in QFT 

- ML/AI (incl. LLM)
- Quantum computation

- Numerical simulations

Physics of Inflation

Computational 
science

Late time evolution

- Beyond ΛCDM (DM/DE)

- Cosmological colliders

- LSS from Non-standard IC
- Change of Phys const.

✔

✔



Beyond gradient expansion

Pattison et al.(2017, 2021), Ezquiaga et al.(2020). 
Figueroa et al. (2020),….  

Figure from Pattison et al.(2017)

- Significant diffusion effect

- Deviation from Gaussian (Heavy tail)?

- Interesting ballpark for PBH formation 

Two brunches of PBH formation Adiabatic brunch
Bubble brunch (Baby universe)

Garriga, Vilenkin, and Zhang(2016)
Blau, Guendelman, and Guth(1987)

	{

Extremal case 
→ trapped



Baby Universe
Blau, Guendelman, and Guth(1987)
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(4.27) one can show that

1—(1——,y )z
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So if y &2 (or equivalently if A. &X ), then /3D changes
sign when z =zD, where

ZD
]

( 1
& y2)1/3

(5.19)

00

FIG. 4. Special values of z as a function of y. The value of z
which maximizes the potential energy is denoted by z, and the
value at which PD changes sign is denoted by zD. The variable z
has been defined so that Ps changes sign at z= l.

tions will be called "monotonic. " The value of z starts at
zero and then increases without bound. The time reversal
of a monotonic solution is a distinct solution, while the
time reversal of either a bounded or a bounce solution is
indistinguishable from the original solution.
As a prelude of constructing spacetime diagrams for

the bubble solutions, we will add some extra landmarks to
Fig. 3. We will discuss these landmarks one at a time,
and will show them on Fig. 6.
We begin by locating the values of z for which /3s and

/3D change sign. Assuming that rr &0 we rewrite Eq. (5.1)
as

21——,y
MD ——M

] y2
(5.20)

a result which is plotted in Fig. 5. It can be seen (or
shown analytically) that MD &Ms for 0 & y & 2.
Figure 6 also indicates the location of the horizon
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M= MD

If y & 2 (or equivalently if ir &X ) then PD is always pos-
itive. Figure 4 shows zD as a function of y, and one can
see (and it can be shown analytically) that zD &z for
0&@ &2. The mass MD defined by E(MD)= V(zD) is
given by

3
(5.16)z'v'iE

/

Thus, Ps ——0 for z= 1, Ps &0 for z& 1, and Ps &0 for
z&1. The mass Ms defined by E(Ms)=V(z =1) is
given by

—8 0

A /

Ms ——M(1——,y )' (5.17)

This formula is illustrated in Fig. 5. Similarly, using Eq.
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FIG. 5. Special values of the bubble mass M as a function of
y, shown in units of M = 1/2G+. Here M,„denotes the
minimum mass necessary for the solution to cross the maximum
of the potential. The minimum mass necessary in order to cross
the line Ps =0 is denoted by Ms, and the mmimum mass neces-
sary to cross the line pD ——0 is denoted by MD.

FIG. 6. Graph of the potential-energy function V(z), for
y = 1.3, shown with important landmarks. Part (a) shows a
wide range of the variables, while part (b) shows a blow-up of
the region around the peak of the potential. The figure shows
the line z= 1 at which Ps changes sign, and the line z =zD at
which PD changes sign. Broken horizontal lines indicate the
values of E corresponding to M„, Mq, and MD. The
Schwarzschild horizon (r =2GM) and the de Sitter horizon
(r =g ') are shown as broken lines. The solutions discussed in
the text are shown, and are labeled by the letters A —E.
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(a) (b)
FIG. 9. Spacetime diagrams for a trajectory of type C.

These are bounce solutions of low mass, and they exist provided
that ~ &g . These solutions, as well as those illustrated in Figs.
10 and 11, have the possibility of producing an inflationary
scenario.

Note that the trajectory enters both regions II and IV of
the de Sitter diagram, and since it is timelike it must
therefore reach both the lower and the upper boundaries.
However, one must remember that these boundaries are
not physical. They correspond to r = ao, and an infinite
proper time is required to reach them. Note also that the
upper left-hand corner of the de Sitter space diagram de-
scribes a region of inflating de Sitter space which has all
the properties of an inflationary universe. The diagram is
drawn for an absolutely stable de Sitter space, but in ap-
propriate particle theory models the false vacuum which
permeates the de Sitter region would decay after an enor-
mous amount of expansion. The latent heat released by
this decay would reheat the region, producing a huge re-
gion of spacetime which would be indistinguishable by lo-
cal measurements from a flat Friedmann-Robertson-
Walker universe. Thus, if an initial configuration resem-
bling a spacelike hypersurface in Fig. 9 could somehow be
produced, then an acceptable inflationary scenario would
result.
D. This is again a bounce solution, but this time in the

mass range MD &M &M„. In this case the sign of 13D
becomes positive before the trajectory crosses the de Sitter
horizon, which indicates that it passes through region III
rather than region I of the de Sitter diagram. A diagram
of this spacetime appears in Fig. 10.
E. These are the monotonic solutions, for which r be-

gins at zero and grows without bound. These trajectories
occur only for M &M„. The spacetime picture is shown

in Fig. 11. Here we have used the symmetry
T~T+const to ensure that the bubble materializes at
t=O in both the Schwarzschild and de Sitter coordinates.
The initial value of Ps is positive, indicating that the tra-
jectory in the Schwarzschild diagram must initially move
toward the right. The sign of Ps reverses at the point
marked Q in the diagram. The radius then grows beyond
the Schwarzschild horizon with Iiis negative, which im-
plies that it enters region III. In the de Sitter diagram the
configuration begins with PD positive and r=O, which
implies that it is in the region III. The sign of PD changes
at the point marked P, after the radius has surpassed the
de Sitter horizon. Like the worm-hole configuration of
type B, these configurations allow the possibility of
Schwarzschild observers in either region I or region III.
The observer in region I again sees only the earliest stages
of the evolution of the bubble. The observer in region III
finds himself between a Schwarzschild horizon at
R =2GM and a receding bubble wall at large values of R.
He can in principle remain at a constant value of R if he
chooses, he can catch up with the receding bubble wall
and enter the de Sitter region, or he can allow himself to
into the black hole. The inflationary region is in the
upper left-hand corner of the de Sitter diagram. As dis-
cussed in the case of trajectories of type C, the decay of
the false vacuum in this region can give rise to an accept-
able inflationary scenario. However, we will see in Ap-
pendix D that solutions of this type exist even if X=O,
and thus one cannot assume that these solutions are neces-
sarily inflationary.
Since the monotonic solutions of type E seem the most

interesting, we include several additional diagrams to help
illustrate the nature of these configurations. Figure 12
shows a single spacetime diagram for the entire manifold,
with several spacelike hypersurfaces indicated by the
letters a—d. One can choose the coordinates of such a di-
agram to be the usual Kruskal-Szekeres coordinates in the
Schwarzschild region, but one must then make a coordi-
nate transformation on the Gibbons-Hawking coordi-
nates of the de Sitter space in order for the two halves of
the diagram to fit smoothly together. Figure 13 is an at-
tempt to picture this succession of spacelike hypersur-
faces. We have suppressed one dimension, and have then
embedded the resulting two-dimensional surface into a
three-dimensional space in order to display its curvature.
Note that hypersurface d corresponds to two disjoint
spaces: one is a Schwarzschild space with a black-hole

(a)
FIG. 10. Spacetime diagrams for a trajectory of type D.

These are bounce solutions for values of the mass larger than
those in Fig. 9. For ~ ~g, all bounce solutions have this form.

(a)

FIG. 11. Spacetime diagrams for a trajectory of type E.
These are the monotonic solutions.
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FIG. 12. The entire spacetime for the case of a monotonic
bubble solution. Several constant V hypersurfaces are indicated
for future reference by the letters a—d.

singularity at r=0, while the other is a closed universe
which contains both de Sitter and Schwarzschild regions.
It is the de Sitter region of the closed universe which in-
flates and which might ultimately produce the
Friedmann-Robertson-Walker universe observed today.
In Fig. 13 one sees plainly how the two paradoxes dis-

cussed in the Introduction are avoided. The first paradox,
concerning the volume of the false-vacuum region, is
resolved when we consider the unusual geometric struc-
ture. The false-vacuum region inflates as expected, but it
does not move outward into the true-vacuum region. In
fact the domain wall is constantly accelerating in the
direction of the false-vacuum region, but the false-vacuum
region is inflating so quickly that the motion of the wall
does not prevent its volume from increasing exponentially.
The solution to the second paradox, concerning the radius
of curvature of the domain wall, is also apparent in the

V

figure. Observers next to the wall on either side would see
its radius of curvature increase. The observer in the de
Sitter region attributes this growth to the general inflation
of his space; the observer in the Schwarzschild region, on
the other hand, attributes it to the higher pressure of the
true vacuum forcing the wall into the false-vacuum re-
gion, which lies at larger values of R.
Our method of derivation guarantees that the solutions

of types A E fo—rm an exhaustive set of solutions to the
false-vacuum bubble equations of motion. On this point
we are apparently in disagreement with Berezin, Kuzmin,
and Tkachev, ' who show a diagram (the second part of
their Fig. 3) which does not resemble any of ours, and
which we believe illustrates an impossible geometry.
For completeness we give in Appendix C the equations

which determine the trajectories of the domain wall as
seen in both the Kruskal-Szekeres and Gibbons-Hawking
coordinates. This appendix also contains a discussion of
the asymptotic behavior of those trajectories for which
r~ oo as r~ oo (i.e., trajectories of types C, D, and E).
There are also some interesting special cases of these

solutions, which are discussed in detail in Appendix D.
First we examine the limit in which the surface energy
density o ~0, and find that in this limit the domain-wall
velocity approaches that of light, except at certain turn-
around points. We then investigate a bounce solution
which survives in the limit M~O, and we find it to be
identical to the bounce solution found by Coleman and De
Luccia. The special case 7=0 is not relevant to infla-
tion, but it is interesting because it illustrates the gravita-
tional repulsion of domain walls which was emphasized
by Ipser and Sikivie. ' For +=0 and M=O there is a cu-
rious solution, found earlier by Ipser and Sikivie, which
can be described as an inhomogeneous closed universe in
which all of the energy density is concentrated in a
domain wall which divides the universe in two. The
repulsive gravity of the domain wall causes this universe
to expand indefinitely.

VI. DISCUSSION AND CONCLUSIONS

FIG. 13. The evolution of type E solutions. The three-
dimensional spacelike hypersurface indicated in Fig. 12 are de-
picted by suppressing one dimension and embedding the result-
ing two-dimensional surface in a three-dimensional space. The
de Sitter region is indicated by shading. In d one sees that the
nascent inflationary universe (i.e., the de Sitter region) has de-
tached from the original spacetirne, and is now contained in an
isolated closed universe which also contains a Schwarzschild re-
gion.

In this paper we have analyzed the behavior of a spheri-
cally symmetric region of false vacuum which is separated
from an infinite region of true vacuum by a domain wall.
Several issues of cosmological interest may be viewed in a
new light because of these results.
First there are the implications for the early universe.

While some theories ' predict an early universe which is
very homogeneous, other approaches describe an early
universe which is highly chaotic. An important feature of
the inflationary mechanism is that it allows for the possi-
bility of such highly chaotic initial conditions. In a
chaotic theory it is plausible that a region which inflates
might be surrounded by regions that do not inflate, and
one would like to understand the evolution of such a sys-
tem. Assuming that our idealized spherically symmetric
problem is indicative, one would expect that the inflating
region would appear from the "outside" (i.e., from region
I of the Schwarzschild manifold) as a black hole, and
essentially all of the inflation would take place in the
causally disconnected region III. The inflating region
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for future reference by the letters a—d.
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In Fig. 13 one sees plainly how the two paradoxes dis-

cussed in the Introduction are avoided. The first paradox,
concerning the volume of the false-vacuum region, is
resolved when we consider the unusual geometric struc-
ture. The false-vacuum region inflates as expected, but it
does not move outward into the true-vacuum region. In
fact the domain wall is constantly accelerating in the
direction of the false-vacuum region, but the false-vacuum
region is inflating so quickly that the motion of the wall
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figure. Observers next to the wall on either side would see
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Sitter region attributes this growth to the general inflation
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the other hand, attributes it to the higher pressure of the
true vacuum forcing the wall into the false-vacuum re-
gion, which lies at larger values of R.
Our method of derivation guarantees that the solutions
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r~ oo as r~ oo (i.e., trajectories of types C, D, and E).
There are also some interesting special cases of these

solutions, which are discussed in detail in Appendix D.
First we examine the limit in which the surface energy
density o ~0, and find that in this limit the domain-wall
velocity approaches that of light, except at certain turn-
around points. We then investigate a bounce solution
which survives in the limit M~O, and we find it to be
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Luccia. The special case 7=0 is not relevant to infla-
tion, but it is interesting because it illustrates the gravita-
tional repulsion of domain walls which was emphasized
by Ipser and Sikivie. ' For +=0 and M=O there is a cu-
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which all of the energy density is concentrated in a
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dimensional spacelike hypersurface indicated in Fig. 12 are de-
picted by suppressing one dimension and embedding the result-
ing two-dimensional surface in a three-dimensional space. The
de Sitter region is indicated by shading. In d one sees that the
nascent inflationary universe (i.e., the de Sitter region) has de-
tached from the original spacetirne, and is now contained in an
isolated closed universe which also contains a Schwarzschild re-
gion.

In this paper we have analyzed the behavior of a spheri-
cally symmetric region of false vacuum which is separated
from an infinite region of true vacuum by a domain wall.
Several issues of cosmological interest may be viewed in a
new light because of these results.
First there are the implications for the early universe.

While some theories ' predict an early universe which is
very homogeneous, other approaches describe an early
universe which is highly chaotic. An important feature of
the inflationary mechanism is that it allows for the possi-
bility of such highly chaotic initial conditions. In a
chaotic theory it is plausible that a region which inflates
might be surrounded by regions that do not inflate, and
one would like to understand the evolution of such a sys-
tem. Assuming that our idealized spherically symmetric
problem is indicative, one would expect that the inflating
region would appear from the "outside" (i.e., from region
I of the Schwarzschild manifold) as a black hole, and
essentially all of the inflation would take place in the
causally disconnected region III. The inflating region

In summary 
Interior of bubble eternally inflates, while it’s seen as BH from outside

Recall Nomura-san’s talk



Development of Numerical schemes

Trapping happens as a rare process → Baby Universe (?) 

Saha, Tada, Y.U (2026)
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Please go to the poster by Saha

W/Saha…. (In prep)



Heavy non-Gaussian tail
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Two brunches of PBHs?

Please go to the poster by Saha



Scopes of A01

- Quantum nature 
- Basic problems in QFT 

- ML/AI (incl. LLM)
- Quantum computation

- Numerical simulations

Physics of Inflation

Computational 
science

Late time evolution

- Beyond ΛCDM (DM/DE)

- Cosmological colliders

- LSS from Non-standard IC
- Change of Phys const.
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Prediction from flat potential
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Small scale enhancement of Pζ Heavy non-Gaussian tail



Impact on substructure (N-body)

Coulton, Philcox, Villaescus-Navarro (24)See also 

Sakuma & Nishimichi (in prep)

Small scale enhancement of Pζ Heavy non-Gaussian tail
Atal + (2019)
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Prepare more general and accurate IC for N-body from lattice

→ B01



Constraints on fundamental constants

R and S can be taken as pure phenomenological parameters. One expects S[ 0
while R can be any sign. Their typical value in unification scenarios are thought to
be ðR; SÞ ¼ ð26; 160Þ (Langacker et al. 2002; Coc et al. 2007) and (109.4,0) in
dilaton type models (Nakashima et al. 2010).

Constraints on (R, S)
These two parameters can be constrained by observation. Many works have

interpreted data within this framework (see discussion in Sect. 4.1). Luo et al.
(2011) analyzed atomic clocks constraints (see Sect. 5.1.1) in this framework as
well as Julião et al. (2014) that showed that the data are degenerated according to
ðSþ 1Þ % 2:7R ¼ %5& 15 and that P ¼ 1:5& 4:5. Ferreira et al. (2013, 2014),
Martins and Pinho (2017) stressed that the various observation of PKS1413?135
(see Table 14) allows one to set independent constraints on ðaEM; l; gpÞ and then
extracted from the QSO constraints the one-dimensional confidence intervals for
ðR; SÞ ¼ ð277& 24; 742& 65Þ and from molecular data within our Galaxy (João
et al. 2015), while Thompson (2017a, 2017b) interpreted molecular spectra. Martins
and Vila Miñana (2019) combined local and astrophysical data. From a model of
polytropic white dwarfs with varying constants, Magano et al. (2017) determined
their mass-radius relation dependence on (R, S). From G191-B2B (see Sect. 8.2.4) it
was concluded that it constraints a different combination than atomic clocks.

Fig. 11 Summary of the systems that have been used to probe the constancy of the fundamental constants
and their position in a spacetime diagram in which the cone represents our past light cone. The shaded
areas represents the comoving space probed by different tests. The scale of the left indicates the typical
order of magnitude of the constraints on DaEM=aEM; e.g., %6 means DaEM=aEM.10%6 at the exception of
the first one which refers to _aEM=aEM.10%19/yr. We also indicate the typical redshift z of the system
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Fundamental constants: from measurement to the universe... Page 85 of 330 6ΔαEM
αEM

= 10−x

x

[Uzan 2410.07281]

- Light dilaton phenomenology

Constraints become more stringent as we approach the present epoch.

- If mi(ϕ) = A(ϕ)m(0)
i (i = e, p, ⋯)

e.g., C.Burgess (2025)

fifth force problem needs to 
be addressed together  

relaxes Hubble tension? 
Sekiguchi & Takahashi (2020)

→ C01, C02
→ B01, B02



Scopes of A01

- Quantum nature 
- Basic problems in QFT 

- ML/AI (incl. LLM)
- Quantum computation

- Numerical simulations

Physics of Inflation

Computational 
science

Late time evolution

- Beyond ΛCDM (DM/DE)

- Cosmological colliders

- LSS from Non-standard IC
- Change of Phys const.

+ More to come during 5 years!


