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Dark matter
3

• Atractive candidate of DM: 

• A lot of observational evidence of dark matter (DM):

Galaxy rotation curves, Gravitational lensing,

Cosmic Microwave Background (CMB) anisotropies, etc.

• However, we do not identify what DM is.

• The nature of DM that we know:

Electrically neutral, weak interactions, cold and attractive. 
[https://chandra.harvard.edu]

• Mass range of DM:

eV10−22 0.1eV 1019GeV

Axion WIMP PBH (primordial Black Hole)
DM mass 

PBH (primordial black Hole)

-  It does not require new particle physics beyond the standard model.

-  It naturally arises from early universe density fluctuations.

https://chandra.harvard.edu
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PBH mass regions
4

[Carr, Kohri, Sendouda, Yokoyama, Rept.Prog.Phys. 84 (2021) 11, 116902]

f =
ρPBH

ρCDM

• many of mass region is strongly constrained. 

•  PBH can be the main component of DM at .M ∼ 10−10M⊙
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Hints of PBH in the Earth mass region
5

• OGLE has detected six events through its 5-year observations of stars in the 
Galactic bulge, hinting at the presence of Earth-sized PBH.(While they conflict 
with the bound from OGLE under the asumpition of null-results.) 

• The favored parameter region of DM is .(M, f ) ∼ (10−5M⊙,10−1)

• One possible microlensing event is found in the observation data of 
M31 with Subaru HSC ( ).  M ∼ 10−8M⊙

[Sugiyama, Takada, Kusenko, 
PLB 840 (2023)]

[Niikura, et. al., Nature Astron. 3 (2019)]

Subaru HSCOGLE

[Mroz, et. al., Nature 548 (2017)]
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Some production mecanisms for PBHs
6

PBHs can be formed by the gravitational collapse of over-density regions 
in the early Universe. 

• Inflation:

• First order phase transitions(FOPT):

• Topological defects (e.g., domain wall):  

-  Generating large curvature perturbations during inflation, such a perturbation 
reenters the horizon and collapes into PBHs. 

-  Challenges: Such scenarios often require fine-tuning of the inflaton potential. 

-  If domain walls are created in the early universe, they 
can collapse into PBHs.

-  By FOPT, energy contrast can be created. Such an overdense 
region collapses into PBHs. 

[S. W. Hawking, Commun. Math. Phys. 25, 152 (1972); B. J. Carr, S. W. Hawking, Mon. Not. Roy. Astron. Soc. 168, 399 (1974); 
B. J. Carr, Astrophys. J. 201, 1 (1975); Y. B. Zel’dovich, I. D. Novikov, Sov. Astron. 10, 602 (1967), etc.]

Challenges for topological defects and FOPTs: overdense regions deviate from 
spherical symmetry. It is unclear how much deviation is allowed for PBH formation. 

[F. Ferrer, E. Masso, et. al., PRL 122, 101301 (2019); 
S. Ge, Phys. Dark Univ. 27, 100440 (2020);
J. Liu, Z.-K. Guo,R.-G. Cai, PRD 101, 023513 (2020);
G. B. Gelmini, J. Hyman, et. al., JCAP 06, 055 (2023);
N. Kita jima, J. Lee, et. al., PLB 851, 138586 (2024); etc.]

[K. Sato, M. Sasaki, et. al., Prog. Theor. Phys. 65, 1443 (1981), Prog. Theor. Phys. 
66, 2052 (1981), PLB 108, 98; H. Kodama, M. Sasaki, K. Sato, Prog. Theor. Phys. 
68, 1979 (1982); K. Jedamzik, J. C. Niemeyer, PRD 59,124014 (1999); etc. ]
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New mecanisms for PBH formation
7

We propose a new mechanism for PBH formation:

-  Use of two kinds of phase transitions. 

-  Overdence regions are sphecially symmetric. 

Inverted bubble collapse (IBC) mechanism

-  Bubble walls should be runaway. 

-  PBH mass scale strongly depends on formation time of PBH. 

-  Possibly producing gravitational waves. 

(in other mechanisms it is determined by horizon mass)
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Dynamics of bubbles
9

-  Created bubbles are spherical symetric. 

-  Bubbles do not colide with each other. -  Second PT can be both of 1st 
order and 2nd order. 

Tn2 ≲ T ≲ Tn1 T ∼ Tn2

T ≲ Tn2

 v1 = 0

 v1 ≠ 0

 v1 ≠ 0

 v1 ≠ 0

 v1 ≠ 0

 v1 = 0, v2 ≠ 0

 v1 ≠ 0

 v1 ≠ 0

 v1 = 0, v2 ≠ 0

T ≲ Tn2

 v1 = 0, v2 ≠ 0

PBH

PBH
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Set up for inverted bubbele collapse mecanism
10

[  Horizon mass ]∵ MH ≃
4π
3

R3
H ρ

Set up
Two scalar fields that develop VEV.

-  Any scale of scalar bosons is possible. 

-  Toward application to the singlet model, let us consider VEVs close 
to EW scale. one obtains PBH mass  : 𝒪(10−6-10−5)M⊙

MPBH ∼ MH ∼
M2

pl

T2
∼ 10−5M⊙

[  Asuuming radiation dominated Universe ]∵ ρ = ρr =
π2

30
g*T4

-  We could expect that  is realized by phase transition 

Microlensing events in Subaru and OGLE 
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Scematic picture for phase transions
11

s1 T = Tn2

Γ2 ≳ H4

T = Tn1

Γ1 ≪ H4

V(s1)

s1 s1

V(s1)

①: 1st PT happens in the  directions1 ②: 2nd PT happens in the  directions2

-  It is incomplete. 

-   is true vaccum. (v1,0)

-  It is completed. 

-   is false vaccum. (v1,0)

 (v1,0)

 (0,0)

 (v1,0)

 (0,v2)

s1-vaccum

s2-vaccum

s1

s2
s2
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Conditions for inverted bubbele collapse mecanism
12

s1

s2

Γ1

Γ3

Γ2

(i) : Γ1(Tn1) ≪ H4(Tn1)

(ii) : Γ2(Tn2) ≳ H4(Tn2)

(iii) : Γ3(T) ≲ H4(T) , TE ≲ T ≲ Tt

 v2 ≠ 0

 v2 ≠ 0
 v1 = 0, v2 ≠ 0 : at this temperature  becomes


    i.e., [ ] becomes 

   False vacuum. 

Tt ΔV
Veff([v1,0]) − Veff([0,v2]) ≳ 0 v1,0

: PBH formation temperatureTE
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Time evolution in inverted bubbele collapse mecanism
13

 tc( ∼ tt / 2) tt tn2 tR t ≲ tn1

 t
PBH 

formation 

Bulk PT

(2nd PT)

Bublles 
criations

Inverting 
vacuums

 : Bulk phase transition (2nd PT) happens. ( : nucleation temperature)tn2 Tn2

 : - vacuum tunrns into falae vacuum.tt s1

 : Bubbles start to shrink. tc

 : Nucreation time, at which bubble size grows up to .  tR R

Criation Expansion Contraction

 : 1st PT happens. ( : correspoinding critical temerature)tn1 Tn1
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Conditions for PBH formation
14

• The bubble wall undergoes a runaway. 

• Bubble size becomes smaller than Schawarzschild radius. 

-  Vacuum energy is mainly translated into 
wall kinetic energy.

-  Bubble walls are accelerated.

-  Efficiency factor ϵ( ≲ 1) ϵ =
EW

kin

Mb

Rs = 2GϵMb ≳ δ

(  Whole energy of bubble )Mb :

Rs

R

Runaway case: ϵ = 1

( Width of bubble wall )δ :
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Imporatant quantity for PBH formation
15

•Energy of bubble:

• Imporatant quantity for PBH formation:

Mb ≃
4π
3

R3ΔV

: Difference  of potential between false vacuum and 

      true vacuum
ΔV

: temperature bubble starts to shrinkTc

R

-   highly depens on . R Tc
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Bubble size distributions
16

• Number density:

• Time evolution of bubble size:

• Bubble size distribuion:

<latexit sha1_base64="3mcljqZFxdpn5diduy16rh38a9I="></latexit>

dnb

dt
= �3Hnb + �(T (t))

<latexit sha1_base64="1E4GvyA+BsiOOfkWmGU1qcWWymQ="></latexit>

nb(t)a
3(t) = e

R t dt0a3(t0)�(T (t0))

<latexit sha1_base64="CmvDyVi9UqK5ev6rXm8xGgXtpgU="></latexit>

R = a(tc)

✓
Rin

a(tR)
+

Z tc

tR

dt̃
v

a(t̃)

◆

<latexit sha1_base64="tSJ8mk6mmQJBJTZNOEz1SHv+6n8="></latexit>

tR ' tc

✓
1� R

2vtc

◆2

[ ,   ]∵ ρ = ρr =
π2

30
g*T4 Rin ≪ 1

<latexit sha1_base64="F2/4sMKxMFLNdRbtbB7GKDjKdSs="></latexit>

dnb

dR
(tc) =

����
dtR
dR

����
1

a(tc)3
dnba3

dt
(tR) =

�(TR)

v

✓
1� R

2vtc

◆4

[ ]∵
dtR
dR

=
1
v

tR
tc

 : Nucreation time, the created   

     buble grows up to .  
tR

R

 : time, at which bubbles 

     start to shrink. 
tc
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<latexit sha1_base64="PAvp8A59NaU59Ngu6PFvpfbiiUw="></latexit>

dfPBH

d lnM
' 1

0.44 eV

45

2⇡2g⇤s(Tc)T 3
c

cMH
4

PT

3v

✓
3M

4⇡✏�V

◆1/3 
Tc

TR

�4

PBH mass function
17

• Around the bulk PT,  we fit the tunneling rate  as followsΓ

• Relation between rudius  and the PBH mass M: R

• PBH mass function

<latexit sha1_base64="W1qmcQKV8nwIUF+t67RVWt1/ufY="></latexit>

�(T ) ' cH
4
PT e

�↵
T�TPT

TPT for T � TPT

 : Constant parametersc, α

<latexit sha1_base64="KrVH6H7OMGgCk4g+2nu2p/J39ow=">AAACFXicbZC7SgNBFIZn4y2ut6ilzWAQLCTsGolWEtDCJhDFXCAbw+zkbDJk9uLMrBCWvISNr2JjoYitYOfbOEm20MQfBj7+cw5nzu9GnEllWd9GZmFxaXklu2qurW9sbuW2d+oyjAWFGg15KJoukcBZADXFFIdmJID4LoeGO7gY1xsPICQLg1s1jKDtk17APEaJ0lYnd1RxJPPhHlc6rjlFxxOEJidOxEZJcXRzV8TOJXBFcL2Ty1sFayI8D3YKeZSq2sl9Od2Qxj4EinIiZcu2ItVOiFCMchiZTiwhInRAetDSGBAfZDuZXDXCB9rpYi8U+gUKT9zfEwnxpRz6ru70ierL2drY/K/WipV31k5YEMUKAjpd5MUcqxCPI8JdJoAqPtRAqGD6r5j2iQ5F6SBNHYI9e/I81I8LdqlQurby5fM0jizaQ/voENnoFJXRFaqiGqLoET2jV/RmPBkvxrvxMW3NGOnMLvoj4/MHHG+eJA==</latexit>

M ' Mb '
4⇡

3
R3�V

<latexit sha1_base64="Otff/H7lN6XscNnYpIPu1BLNf/Q="></latexit>

d⇢PBH

d lnM
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dR
(tc)
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d lnMb

✓
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a(t)

◆3
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MR

3

�(TR)

v

t2R
t2c
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a(tc)

a(t)

◆3

,

<latexit sha1_base64="tk5wTaUm2vkrIiHGID9JwP4ATL0=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCqzhJpKa7ghs3QgX7gDaWyXTSDp08mJkINfRL3LhQxK2f4s6/cfoQVPTAhcM593LvPUHKmVQIfRiFldW19Y3iZmlre2e3bO7tt2SSCUKbJOGJ6ARYUs5i2lRMcdpJBcVRwGk7GF/M/PYdFZIl8Y2apNSP8DBmISNYaalvlnupSFKVwKvb/OzUnfbNCrJQzXEcDyLLdj0P2Zp4tuvWqtC20BwVsESjb773BgnJIhorwrGUXRulys+xUIxwOi31MklTTMZ4SLuaxjii0s/nh0/hsVYGMEyErljBufp9IseRlJMo0J0RViP525uJf3ndTIWen7M4zRSNyWJRmHGoH52lAAdMUKL4RBNMBNO3QjLCAhOlsyrpEL4+hf+TlmPZVat6jSr1+jKOIjgER+AE2OAc1MElaIAmICADD+AJPBv3xqPxYrwuWgvGcuYA/IDx9gldqZLp</latexit>

/ M4/3

[ ]α = 0

[  ]∵ S3/T ≈ α(T − TPT)/TPT

 : the temperature at which bulk PT happensTPT
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PBH mass
18

With small ,  growth by Tc M T−6
c

<latexit sha1_base64="KrVH6H7OMGgCk4g+2nu2p/J39ow=">AAACFXicbZC7SgNBFIZn4y2ut6ilzWAQLCTsGolWEtDCJhDFXCAbw+zkbDJk9uLMrBCWvISNr2JjoYitYOfbOEm20MQfBj7+cw5nzu9GnEllWd9GZmFxaXklu2qurW9sbuW2d+oyjAWFGg15KJoukcBZADXFFIdmJID4LoeGO7gY1xsPICQLg1s1jKDtk17APEaJ0lYnd1RxJPPhHlc6rjlFxxOEJidOxEZJcXRzV8TOJXBFcL2Ty1sFayI8D3YKeZSq2sl9Od2Qxj4EinIiZcu2ItVOiFCMchiZTiwhInRAetDSGBAfZDuZXDXCB9rpYi8U+gUKT9zfEwnxpRz6ru70ierL2drY/K/WipV31k5YEMUKAjpd5MUcqxCPI8JdJoAqPtRAqGD6r5j2iQ5F6SBNHYI9e/I81I8LdqlQurby5fM0jizaQ/voENnoFJXRFaqiGqLoET2jV/RmPBkvxrvxMW3NGOnMLvoj4/MHHG+eJA==</latexit>
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T PT
=

T C

Numerical result (model independent)
19

v = 1, ϵ = 1, α = 0, ΔV = 0.1ρtot(Tc)
<latexit sha1_base64="wXzyBcY/YC6JVnu4wz1h/mx4WBI=">AAACGHicbZC7TsMwFIadcivlVmBksaiQmErCpSCmCgYYi9SblITIcd3Wqp0E20GqojwGC6/CwgBCrN14G9w0AxR+ydKn/5yj4/P7EaNSmeaXUVhYXFpeKa6W1tY3NrfK2zttGcYCkxYOWSi6PpKE0YC0FFWMdCNBEPcZ6fij62m980iEpGHQVOOIuBwNAtqnGClteeWjppc4gsNGM7UzuCHt1IWXDoTWmfMQox48cRTlRELLvD8teeWKWTUzwb9g5VABuRpeeeL0QhxzEijMkJS2ZUbKTZBQFDOSlpxYkgjhERoQW2OA9Co3yQ5L4YF2erAfCv0CBTP350SCuJRj7utOjtRQztem5n81O1b9CzehQRQrEuDZon7MoArhNCXYo4JgxcYaEBZU/xXiIRIIK53lNARr/uS/0D6uWrVq7c6s1K/yOIpgD+yDQ2CBc1AHt6ABWgCDJ/AC3sC78Wy8Gh/G56y1YOQzu+CXjMk3kbCdkA==</latexit>

TPT[GeV] : 15 3⇥ 104

<latexit sha1_base64="qQK9rRLwM2GINDzEsZblLA2wBM0=">AAACGXicbVC7TsMwFHV4lvIqMLJYVEhMUVJBqZgqGGAsUl9SEiLHdVurdhJsB6mK8hss/AoLAwgxwsTf4LQdoOVIlo/OuVf33hPEjEplWd/G0vLK6tp6YaO4ubW9s1va22/LKBGYtHDEItENkCSMhqSlqGKkGwuCeMBIJxhd5X7ngQhJo7CpxjHxOBqEtE8xUlryS1bTT13BIc6cyX9N2pkHL1wI7TP3PkE9WDFrrqKcSGhbd6dFv1S2TGsCuEjsGSmDGRp+6dPtRTjhJFSYISkd24qVlyKhKGYkK7qJJDHCIzQgjqYh0qO8dHJZBo+10oP9SOgXKjhRf3ekiEs55oGu5EgN5byXi/95TqL6NS+lYZwoEuLpoH7CoIpgHhPsUUGwYmNNEBZU7wrxEAmElQ4zD8GeP3mRtCumXTWrt1a5fjmLowAOwRE4ATY4B3VwAxqgBTB4BM/gFbwZT8aL8W58TEuXjFnPAfgD4+sH/GCdvg==</latexit>

Tc[GeV] : 15 2.8⇥ 104

<latexit sha1_base64="58sdfolLM50oFp6kbOo8G0VyT54=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEgwUMUMpWKqYGEsEn1ITagcx2mtOk6wHaQq6jew8CssDCDEysTG35CkGWjLsSwdn3Ovru9xI86UtqwfY2l5ZXVtvbRR3tza3tk19/bbKowloS0S8lB2XawoZ4K2NNOcdiNJceBy2nFH15nfeaRSsVDc6XFEnQAPBPMZwTqV+uYpgfbMuUTWfXJWn0D7IcYehPkToUm5b1asqpUDLhJUkAoo0Oyb37YXkjigQhOOleohK9JOgqVmhNNJ2Y4VjTAZ4QHtpVTggConyVeawONU8aAfyvQKDXP1b0eCA6XGgZtWBlgP1byXif95vVj7dSdhIoo1FWQ6yI851CHM8oEek5RoPk4JJpKlf4VkiCUmOk0xCwHNr7xI2udVVKvWbq1K46qIowQOwRE4AQhcgAa4AU3QAgQ8gRfwBt6NZ+PV+DA+p6VLRtFzAGZgfP0C6ZCZQA==</latexit>

c : 10�8 10�11

(a) (b)

[Murai, KS, Takahashi]

(0,1)
(0,0.5)

(10,1)

T PT
≠

T C

(a): The scenario for the obesrved lensing event

-  If , M reaches . This corresponds to . TPT ≠ TC Mmin tR = tPT

- Small  or nonzero  reduces . v α fPBH

- With  (scenario a),  the lensing event can be explained. TC = 𝒪(10)GeV

- With ,  DM can be explained. TC = 𝒪(103)GeV

10-15 10-10 10-5 1
10-5
10-4
10-3
10-2
10-1
1

HSC
EROS

OGLE
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or
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n

(α,v)=

<latexit sha1_base64="KhNhL53UwlD5cjS/HZrTieQPB9I=">AAACCHicbVC7SgNBFJ31GeNr1dLCwSDEJuxaRCsJWmgZIS/ILmF2MpsMmdldZ+4KYUlp46/YWChi6yfY+TdOHoUmHrhwOOde7r0nSATX4Djf1tLyyuraem4jv7m1vbNr7+03dJwqyuo0FrFqBUQzwSNWBw6CtRLFiAwEawaD67HffGBK8ziqwTBhviS9iIecEjBSxz7yboiUxNNcsnvsYA8X4RI6mackrtZGpx274JScCfAicWekgGaoduwvrxvTVLIIqCBat10nAT8jCjgVbJT3Us0SQgekx9qGRkQy7WeTR0b4xChdHMbKVAR4ov6eyIjUeigD0ykJ9PW8Nxb/89ophBd+xqMkBRbR6aIwFRhiPE4Fd7liFMTQEEIVN7di2ieKUDDZ5U0I7vzLi6RxVnLLpfKdU6hczeLIoUN0jIrIReeogm5RFdURRY/oGb2iN+vJerHerY9p65I1mzlAf2B9/gB69Jhb</latexit>

� ' 0 (t > tPT)

Lensing events in Subaru HSC 

Lensing events in OGLE

 Combined results

[Sugiyama, Takada, Kusenko, PLB 840 (2023)]
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Concrete model: two real singlet scalar models
21

• Higgs potential:

• Particle contents:

: triggers EWPT, Z2 even

Z2 symmetry is imposed. 

<latexit sha1_base64="OzHrFpRE/BRW5Ey1jV5Glc6BB/E=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRZBEMrGQ/WiFLx4rGg/YLss2TTbhmY3S5ItlNKf4cWDIl79Nd78N6btHrT1wcDjvRlm5oWp4Nq47rdTWFvf2Nwqbpd2dvf2D8qHRy0tM0VZk0ohVSckmgmesKbhRrBOqhiJQ8Ha4fBu5rdHTGkukyczTpkfk37CI06JsZL3GOCbUYAvdICDcsWtunOgVYJzUoEcjaD81e1JmsUsMVQQrT3spsafEGU4FWxa6maapYQOSZ95liYkZtqfzE+eojOr9FAkla3EoLn6e2JCYq3HcWg7Y2IGetmbif95Xmaia3/CkzQzLKGLRVEmkJFo9j/qccWoEWNLCFXc3orogChCjU2pZEPAyy+vktZlFdeqtQe3Ur/N4yjCCZzCOWC4gjrcQwOaQEHCM7zCm2OcF+fd+Vi0Fpx85hj+wPn8Ab9UkD8=</latexit>

S1 = v1 + s1 : triggers PT in singlet directions, Z2-even
<latexit sha1_base64="GitwoxOQkzu61vRfnDUBQPKI5tc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSIIQklyqF6UghePFe0HpCFstpt26SYbdjeFEvozvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvDDlTGnb/rbW1jc2t7ZLO+Xdvf2Dw8rRcVuJTBLaIoIL2Q2xopwltKWZ5rSbSorjkNNOOLqb+Z0xlYqJ5ElPUurHeJCwiBGsjeQ9Bu7NOHAvVeAGlapds+dAq8QpSBUKNIPKV68vSBbTRBOOlfIcO9V+jqVmhNNpuZcpmmIywgPqGZrgmCo/n588RedG6aNISFOJRnP190SOY6UmcWg6Y6yHatmbif95Xqajaz9nSZppmpDFoijjSAs0+x/1maRE84khmEhmbkVkiCUm2qRUNiE4yy+vkrZbc+q1+oNdbdwWcZTgFM7gAhy4ggbcQxNaQEDAM7zCm6WtF+vd+li0rlnFzAn8gfX5A8PskEI=</latexit>

S2 = v2 + s2 : triggers PT in singlet directions , Z2-odd

V is invarinant under the shift .s1 → s1 + v′￼1 v1 = 0
<latexit sha1_base64="x6QueY285bXwMA2HpMN+u2g05Aw="></latexit>

V (�, S1, S2) =�m2
�|�|2 + �|�|4 + µ�1|�|2S1 + ��1|�|2S2

1

+ t1S1 �m2
1S

2
1 + µ1S

3
1 + �1S

4
1

�m2
2S

2
2 + �2S

4
2 + ��2|�|2S2

2 + �12S
2
1S

2
2 + µ12S1S

2
2 ,

<latexit sha1_base64="aDokgoyM2urfs38vYxsR6GZwXPs=">AAAB73icdVDLSgMxFM3UV62vqks3wSIIwpBMoU43UnDjsqJ9QDuUTJppQzOZMckIpfQn3LhQxK2/486/MX0IKnrgwuGce7n3njAVXBuEPpzcyura+kZ+s7C1vbO7V9w/aOokU5Q1aCIS1Q6JZoJL1jDcCNZOFSNxKFgrHF3O/NY9U5on8taMUxbEZCB5xCkxVmp360N+dtPDvWIJuajqeZ4PkYvLvo+wJT4ul6sViF00RwksUe8V37v9hGYxk4YKonUHo9QEE6IMp4JNC91Ms5TQERmwjqWSxEwHk/m9U3hilT6MEmVLGjhXv09MSKz1OA5tZ0zMUP/2ZuJfXiczkR9MuEwzwyRdLIoyAU0CZ8/DPleMGjG2hFDF7a2QDoki1NiICjaEr0/h/6TpubjiVq5RqXaxjCMPjsAxOAUYnIMauAJ10AAUCPAAnsCzc+c8Oi/O66I15yxnDsEPOG+fgziPog==</latexit>

�+ S1

terms with S2

- Responsible for EWPT. 

- Responsible for PT in (S1,S2) plane. 

- Determines thermal effects to the potential.

• Physical states: h, H1, H2
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Implementation of IBC mechanism
22

• One has three dimensional directions for PTs: ( ϕ, s1, s2 )

• One should require the bubble walls undergo runaway.

-  Otherwise, bubble energy is dissipated by plasma. 
-  Created bubbles disappear without collapsing PBHs.  

• If bulk PT is realized by EWPT,  runway does not happen. 
 ⟨ϕ⟩ ≠ 0

 ⟨ϕ⟩ = 0

 ⟨ϕ⟩ = 0

-  Vector bosons pass bubble walls, obtaining masses. 

Bulk PT : 

Incomplete PT : S1- direction
S2- direction

[Bödeker, Moore, JCAP 05 (2017) 025]

-  Soft vector bosons are radiated. It induces additional friction.
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Effective potential
23

Veff(s1, s2, T ) = V0
eff(s1, s2) + Vcw

eff (s1, s2) + VT
eff(s1, s2, T ) + V ring

eff (s1, s2, T )

Tree level CW potential Resummed thermal 
corrections to masses

Thermal corrections
to the potential

• PBH formation in IBC mecanism happens in the -plane. We 
analysise . 

(s1, s2)
V(s1, s2, T )eff ≡ Veff(ϕ = 0,s1, s2, T )

• Tree level potential:
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[   ]∵ t1s1 = μ12s1s2
2 = 0

• CW potential: one-loop corrections to the potential. MS scheme is applyied. 

[R. Parwani, Phys. Rev. D 45, 4695 (1992)]

 thermal mass Π(T ) :
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M = m̄(s1, s2) +⇧(T )

• Thermal effects to masses ( ) :V ring

- s1 direction: The potential barrier is easily obtained by .μ1s3
1

- s2 direction: similar to SM Higgs potential.

-  controls potential barrier between s1 and s2 directions.  λ12
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m̄(s1, s2) !
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Benchmark points for IBC mechanism [1/2]
24

<latexit sha1_base64="yql0KlyNUmIOODelRPGQofyP7MY="></latexit>

✓i = 0, mH1 ' 223GeV, mH2 = 246GeV,

�12 = 0.5, µ1 ' �190GeV, �1 = 0.335,

v2 = 70GeV,��1 = �0.14
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Tree level potential:

- Alignment limit to avoid collider bounds and reduce the potential   t1s1 = μ12s1s2
2 = 0

- To obtain the vaccums in the EW scale. 

- To reduce the temperature dependence of . Veff

  μ12s1 |Φ |2 = 0

Tn1, Tn2 ∼ 𝒪(100)GeV

Veff ≈ V0 + (c1λ12 + d1λ1)T2s2
1 + c2λ12T2s2

2

Abundant PBH due to Γn1(Tn1) ≈ const .

- ,  makes bariear high 
and the vacuum shallow.
μ1 ≈ m2

2 λ1 ∼ 𝒪(0.1)
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|μ1 | :↑ , λ1 :↑
Γn1(Tn1) ≪ H4
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Benchmark points for IBC mechanism  [2/2]
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Tree level potential:
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- With smaller v2, low Tc is obtained. 

Increasing PBH masses and 
the abundance. 
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Temperature dependence of the Effective potential in IBC [1/4]
26

Ph
as

es
:

s2 1
+

s2 2

s2-vaccum

s1-vaccum

T

Sym . phase

- At high temperature, the trivial vacuum only exists.

TVeff

Global 
minimum 
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Temperature dependence of the Effective potential in IBC [2/4]
27

Tn1

Ph
as

es
:

s2 1
+

s2 2

s2-vaccum

s1-vaccum

T

Sym . phase

- Transition of  happens:Sym . → s1-vaccum

Γn1/H4
T=Tn1

∼ 𝒪(10−10)

T
= Tn1
Veff

1st PT 

Global 
minimum 

Local 
minimum 

- The original exisiting vaccum becomes false vaccum. 
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Temperature dependence of the Effective potential in IBC [3/4]
28

Ph
as

es
:

s2 1
+

s2 2

s2-vaccum

s1-vaccum

T

Sym . phase

- Second-order PT happens at  in the  direction. Tn2 s2

T
= Tn2
Veff

2nd PT 

- Due to the high barrier, transition of  is prohibited. Sym . → s1-vaccum

Tn1

Tn2
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Temperature dependence of the Effective potential in IBC [4/4]
29

Tn1

Tn2
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s2 1
+
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s1-vaccum

T

Sym . phase

- From the PT analysis,  and  are obtained.Γn1, ΔV Tc PBH in IBC mecanism can be calcurated. 

- The IBC mechanism works in the chosen benchmark. 

T

Tc

= Tc
Veff

- Soon after the 2nd PT, s1-vaccum: false vaccum,  s2-vaccum: true vaccum. 

- At T=Tc, false and true vaccums are inverted. 
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Numerical results for the singlet model
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μ1 = − 190.5GeV −190.49

−190.48
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−190.46

- A highly monochomatic PBH mass spectrum is obtained. 

- The lensing events observed in Subaru HSC can be explained. 
With a smaller Tc, OGLE results can be fit.   

fPBH

dfPBH

d log M

- Obtained PBH strongly depends on the shape of the potential. 

Higgs sector can be reconstructed by PBH mesurments.
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Summary
31

• We have proposed a new mechanism for PBH formations: 
inverted bubble collapse mechanism. 

• In this scenario, overdence regions are sphecially symmetric. 

• First incomprete PT creates an overdense region. 
Second (bulk) PT collapses it to produce PBHs. 

• This mechanism itself is a general PBH formation mechanism. 

• The mechanism in a model with two real singlet scalars can 
accommodate microlensing events by OGLE and Subaru HSC.


