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Solitons (solitary waves)

First discovered by John Scott Russell at 1834
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Solitons (solitary waves)

First discovered by John Scott Russell at 1834
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preserving its original figure
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KdV Equation: Two-soliton solution

1895 0.8
Diederik Korteweg & Gustav de Vries uxoy"]
KdV equation |
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Solitons exist everywhere!

A conventional definition (Drazin & Johnson, 1989):

1. Of permanent form;

2. Localized within a region;

3. Can interact with other solitons, and emerge from the collision
unchanged, except for a phase shift.
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Solitons exist everywhere!

A conventional definition (Drazin & Johnson, 1989):

1. Of permanent form;

2. Localized within a region;

3. Caninteract with other solitons, and emerge from the collision
unchanged, except for a phase shift.
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Topological solitons (defects) in cosmology

Domain walls: spontaneous breaking of discrete symmetries
A Z, example:

r—

B B do;nain walls

=y
S|
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low T y
¢
Cosmic strings: spontaneous breaking of continuous symmetries
A U(1) example: 0= 0
- - 9 |
|<D| My
Stabilized by their topological nature. Cosmlc string
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Non-topological solitons in cosmology

Stabilized by a conserved charge Q via Noether theorem
Most famous example: Q-ballsINPB 262 (1985) 263]

: Complex scalar

|
L=0,070"d - U (D)
|

Preserves a U(1) symmetry

“sidn ey :Cdlje man
(1937:2007)

| 0
3 3
S s
- _ :
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Particle effective mass: w
| 0
g ®o °
\ T P Wo < U
‘oo ¢ Q-balls 3 Kasuya et al,
Particle effective mass: u PRD62 (2000) 023512
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How to form Q-balls?

Nontrivial: formation of Q'ba“S[PLB 418 (1998) 46-54, PLB 425 (1998) 309-321]

Q-ball profile

-
/,/

(1)

TimeStep: 172

Cosmological implications

 Macroscopic dark matter;

e Saving baryon number for
baryogenesis;

(c) Emerging Q-balls (d) Properly formed Q- ® Gravitational waves,
balls

TimeStep: 1126
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Can we have fermion-type solitons?

First studied by T D. Lee.[PRD'15'1694’ PRD.16.1096]

Fermion-field nontopological solitons*

R. Friedberg
Barnard College and Columbia University, New York, New York 10027

T. D. Lee
Columbia University, New York, New York 10027
(Received 8 December 1976)
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Fermion-field nontopological solitons*
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Can we have fermion-type solitons?

First studied by T D. Lee.[PRD'15'1694' PRD.16.1096]

Fermion-field nontopological solitons*

R. Friedberg
Barnard College and Columbia University, New York, New York 10027

T. D. Lee
Columbia University, New York, New York 10027
(Received 8 December 1976)

With a scalar field, fermions can be collected to form a soliton!

Theorem 1. There exists a critical value Ng.
For N>Ng, the lowest-energy state is a soliton,
not the plane-wave solution. Furthermore, as
N~

E=4mIN3[U(-m/g)]*/4. (2.1)
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Can we have fermion-type solitons?

First studied by T D. Lee.[PRD'15'1694' PRD.16.1096]

R. Friedberg

T. D. Lee

Fermion-field nontopological solitons*
Barnard College and Columbia University, New York, New York 10027

Columbia University, New York, New York 10027
(Received 8 December 1976)

Theorem 1. There exists a critical value Ng.
For N>Ng, the lowest-energy state is a soliton,
not the plane-wave solution. Furthermore, as
N~

E=4mIN3[U(-m/g)]*/4. (2.1)

Scalar fie,vlj"' ,
With a scalar field, fermions can be collected to form a soliton!

 Macroscopic dark matter;
e Soliton stars;
 Hadron states;
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How to form fermion-type solitons?

Fermion Field Nontopological Solitons. 1.

R. Friedberg (Barnard Coll. and Columbia U.), T.D. Lee (Columbia U.) (Dec, 1976)
Published in: Phys.Rev.D 15 (1977) 1694

¢’ DOI [ cite [[d reference search %) 460 citations

Fermion Soliton Stars and Black Holes

T.D. Lee (Columbia U.), Y. Pang (Columbia U.) (Nov 14, 1986)
Published in: Phys.Rev.D 35 (1987) 3678

¢’ DOI [= cite @ reference search %) 118 citations
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¢ DOI [ cite [[d reference search
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such solitons

Can exist # must exist!!!
Need a mechanism to form

Fermion Soliton Stars and Black Holes

T.D. Lee (Columbia U.), Y. Pang (Columbia U.) (Nov 14, 1986)
Published in: Phys.Rev.D 35 (1987) 3678
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How to form fermion-type solitons?

Fermion Field Nontopological Solitons. 1.

R. Friedberg (Barnard Coll. and Columbia U.), T.D. Lee (Columbia U.) (Dec, 1976)
Published in: Phys.Rev.D 15 (1977) 1694

¢’ DOI [ cite [[d reference search %) 460 citations

Hong, Jung and KPX,
Phys.Rev.D 102 (2020) 7, 075028
arXiv: 2008.04430

Fermion Soliton Stars and Black Holes

T.D. Lee (Columbia U.), Y. Pang (Columbia U.) (Nov 14, 1986)
Published in: Phys.Rev.D 35 (1987) 3678

¢’ DOI [= cite @ reference search %) 118 citations
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Our mechanism

The simplest Lagrangian for the mechanism

Sc?lar Ferrrion
1 . _
L= B L0 p — U(@) + Xiv" Oux — Y PXX
; | ' :
: Potential for phase transition Yukawa vertex i

| :
The interaction between bubble and fermion! :
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Our mechanism

The simplest Lagrangian for the mechanism

Sczi\Iar Ferrrion
1 . _
L= B @0 p — U(@) + Xiv" OuX — Y PXX
: Potential for phase transition Yukawa vertex
: | ;
The interaction between bubble and fermion! :
............................................................................................... Reflected!
| | M, > T,
%4 '-'- S >
—~F T<T |
<
S / ®

FOPT (Vacuum decay) wr | ::- . PEP

¢

outside Inside

L

M, =0 [ M, = y,w,

Bubble nucleation |~ ':".-.'"':'
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Calculation of the trapping fraction

A simplified calculation:[Chway et al, PRD 101 (2020) 9, 095019

1) In wall frame: x in equilibrium 3) Back to plasma frame
- 1 7 2\1/2
FEv+(p) = S Ty = Jy(1 = o)V?,

e('7b|p|+'7b'vbpz IU’X)/ & —|— 1 ng)(ene. — X/'Ub,

pene.

2) Particle current in wall frame
n
X

- d’p p: .. |:> Fyeb =1—
Iy = 2/ (27)3 |p| X (P)B(p: — M) X nf:v:

For a more detailed calculation see Ref. [Baker et al, PRL125(2020) 15, 151102]

1.0:LuHHH\\‘HHHH\‘\HHHH‘\H\HH\‘HH\HH‘\HHHH‘HHHH\‘\HHHHUHHHH‘:
g % MX =0 MX = yxw*
0.8 3
a E vy =0.8 e @
o0 >
04 Fraction of y trapped: & -
0o in the old vac‘uurr‘w E Wall velogity v,
. B 1L \HH‘HHHH\‘\HHHH‘HHHH\‘HH\HH Lo b e 54

2 4 6 8 10 12 14 16 18 20
M,/T,
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What happens for the trapped fermions?

Fermions annihilate with antifermions

o*
*
**
.

To SM particles via
Arg|H|?¢?

To have a nontrivial result, N(fermion) # N(antifermion)

Ke-Pan Xie, Beihang University



What happens for the trapped fermions?

Fermions annihilate with antifermions

o*
*
**
.

To SM particles via
Arg|H|?¢?

To have a nontrivial result, N(fermion) # N(antifermion)

1 Thermal fluctuation .[Asadi et al, PRL 127 (2021) 21, 211101]
. 4

Ke-Pan Xie, Beihang University



What happens for the trapped fermions?

Fermions annihilate with antifermions

o*
*
**
.

To SM particles via
Arg|H|?¢?

To have a nontrivial result, N(fermion) # N(antifermion)

1 Thermal fluctuation .[Asadi et al, PRL 127 (2021) 21, 211101]
. 4
2. A baryogenesis-like asymmetry;[She'tO” et al, PRD 82 (2010) 123512]

X H X H X
/a)'\ /aé\
1/1 1/1 : 1/1 :
R A R m RN R m RN
S L Vg S L Vp [N
N N N
S S S
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What happens for the trapped fermions?

Fermions annihilate with antifermions

To SM particles via

To have a nontrivial result, N(fermion) # N(antifermion)

1 Thermal fluctuation .[Asadi et al, PRL 127 (2021) 21, 211101]
. 4
2. A baryogenesis-like asymmetry;[She'tO” et al, PRD 82 (2010) 123512]

X H X H X
/a)'\ /aé\
1/1 1/1 : 1/1 :
R A R m RN R m RN
S L Vg S L Vp [N
N N N
S S S

ArglH?¢?

F(y}% — xS) > 1"(1/11:3 — x9)

Phenomenologically we set|ix =———
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Formation of Fermi-ball solitons

The trapped fermions

Volume of
= F"Pp, 5, V,+
Qrp x xS« VST g remnant

Fermion asymmetry |["lx =
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Formation of Fermi-ball solitons

The trapped fermions

t Volume of
Qrp = F, Py Ve

Fermion asymmetry

the remnant

Ur(o)

True vacuum
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Formation of Fermi-ball solitons

The trapped fermions

Volume of
= F"Pp, 5, V,+
Qrp x xS« VST g remnant

Fermion asymmetry |["lx =

C vacuum

Ur(o)

Surface tension (negligible)

23 a3 | :
: 3r (3 A7 :
e 8+ ArogR® + ——UpR’ |
: (27‘_) R + 4mog + 3 IO
Fermi-gas kinetic energy Volume energy
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Formation of Fermi-ball solitons

The trapped fermions

Volume of
— FaPp g V,
Qrp x XSV« e remnant

_ Ny — g
Fermion asymmetry |"Ix = S
C vacuum
s
i ) |
. 1 i
True vacuum
R S
o Re Surface tension (negligible)
R : :
: 2/3 ~4/3 | :
: 3 (3 47 :
E=— |- EE 4 dnogR? + U R’
4 (277) R R

Volume energy

Fermi-gas kinetic energy
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Formation of Fermi-ball solitons

The trapped fermions

Volume of
= F"Pp, 5, V,+
Qrp x xS« VST g remnant

_ Ny =Ny
Fermion asymmetry |"lx = S
S
ol 1
' I S
R Surface tension (negligible)

R :
I B e PV C
Mg = Qps (127°Up) ", = — | — +4rogR° + —UpR";
11} 4 \ 27 R 3 | :

P _ows|3(3Y L
FB = WFB | 16 \ 27 Us

Fermi-gas kinetic energy Volume energy
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How many fermions survive?

Volume of the remnant:
crucial information!

Charge Qrp = Py 5.V, +=

i

Fermi-balls

03
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How many fermions survive?

Volume of the remnant:
crucial information!

Charge Qrp = Py 5.V, +=

i

A deta”ed treatment see Ref [P.Lu, K.Kawana and KPX, PRD 105 (2022) 12, 123503]
This talk just estimates

Big remnant

o
‘

Small remnant
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How many fermions survive?

Volume of the remnant:
= Frep - .
Charge Qrp X nXS*V* crucial information!

i

Fermi-balls

A deta”ed treatment see Ref [P.Lu, K.Kawana and KPX, PRD 105 (2022) 12, 123503]
This talk just estimates

o

Small remnant

Critical size (VAL ~ V, = —

Bubble nucleation rate
Ke-Pan Xie, Beihang University




The phase transition rate

The decay rate of vacuum per unit

_‘ T>T. | | | |
volumelLinde, NPB1983] Td/\/
EI‘TNT4eX —S3(T T | -

@)~ T ex p LS P~

Classical action [model-dependent] 3 'FOPT (vacuum decay) 7 |

Ur(9)

¢
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The phase transition rate

The decay rate of vacuum per unit -
Vo|ume[L|nde NPB1983] T T
~f T<T.
......................................................... <
T(T) ~ T exp {—S5(T)/T} SL— \ﬁ
.......................................................... { \*~~~~§‘\§\> AUTE
Classical action [model-dependent] 3 'FOPT (vacuum decay) "7 |
¢
The fraction of false vacuum in the UniverselGuth et a/ PRD1981]
/ 3
(T) — —I(T) I(T) 4_7T dT/ F(T/) T ~  Up
p T/4H T/ T
1. Nucleation 2. Percolatlon 3. Fermi-ball formation 4. Today

Percolation: p(T,) = 0.71;
Fermi-ball formation: p(7+) =1-0.71=0.29;
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The Fermi-ball profile
n

3 (3 1

(D » 2/3 1/4
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The Fermi-ball profile

G 0
1/4
1/4 3 /3\?? 1
The stability conditions

dMFB

dQFB
QFBXQ

< MX = Yy Wo

Satisfied with the surface
: 2/3
tension (< Qgz%/3)

Fission

Ke-Pan Xie, Beihang University



The Fermi-ball profile
n

3 (3 1

(D » 2/3 1/4

o/

The stability conditions

dQrB

< My = yywo Satisfied with the surface

tension (o< Q2/3)

Fission

Qrpx @ Qrpx @

Very dense object

Mep g4\
— 1 1 28k 3 0
9.15 x 107 kg/m <1OOGeV

Even denser than a neutron star pys = 10t/ kg/m?3

Ke-Pan Xie, Beihang University



The Fermi-ball profile estimation

The first-order phase transition (FOPT) parameters
 a: FOPT latent heat over the radiation energy density;
*  B/H: inverse ratio of FOPT duration to the Hubble time scale

100\ % /100 GeV\? / 100 \°
~1 1042 3 Tx
QrB 0 x 10** x vj (10_3)>< m T 5H)
Ty >1/3>< 100\ *** /100 GeV\? / 100 =y
103 g T, B/H ’

100\ * /100 Gev\2 / 100 \*
Men 1.4 x 102! 3( " ) E 1/4
FB X \p-3) *\ g, T, 3/H) ¢

Rep ~ 4.8 x 1073 cm x vy (
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The Fermi-ball profile estimation

The first-order phase transition (FOPT) parameters
 o: FOPT latent heat over the radiation energy density;
*  B/H: inverse ratio of FOPT duration to the Hubble time scale

1/2 3 3
Ny 492 3( Mx 100 100 GeV 100
Qrp ~ 1.0 x 10* x v (10_3> X ( . ) (—T* 3 )

n 1/3 100 5/12 100 GeV 2 100
R ~ 4. 1072 cm ( X ) _ — |« 1/4,
FB 8 X 1077 cm X vy 10-3 | X 7 T 5/H

1/4 2 3
N 01 5 [ Ty 100 100 GeV 100 \* .,

Fermi-ballsHone, Jung and KPX, Phys.Rev.D 102 (2020) 7, 075028, arXiv:2008.04430]
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Further remarks for Fermi-balls
[Marfatia et al, JHEP 11 (2021) 068]

s
Fermi-balls

B
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Further remarks for Fermi-balls

[Marfatia et al, JHEP 11 (2021) 068]

s
Fermi-balls

B

10"°10° 10® 107 10® 10° 10* 107
f[Hz?
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Further remarks for Fermi-balls

[Marfatia et al, JHEP 11 (2021) 068]

oed
Fermi-balls

B

31X 2 Fyi 3

10° Subaru HSC: 7 hours of observation

BP3
o BP-8 ’*BP-1
s *BP-2
e ,| BP7
107 Rgo=0.0 X R
*BP-5 Rgg=0.1 xRy ——
*BP-6 Rgo=1.0 x Rg
% 1037 ‘ R90-10><R0 _—
> 1240114010 409 108 47 40D 105 104 103 102
10 9 -8 7 -6 5 .4 3 107710 1010~ 10™ 10" 10™ 10™ 10™ 10™ 10~
100107 10 10 1? 10™ 107 10° MFB/MO
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Further remarks for Fermi-balls

0“’109 10'8 107 1?'6 105 10'4 103

Ke-Pan Xie, Beihang University

[Marfatia et al, JHEP 11 (2021) 068]

- Anidto,rh?da Galaxy

oed
Fermi-balls

B

FUES Bai §

BP-8

10° Subaru HSC: 7 hours of observation

BP-7

BP-3

Rgp=0.0 x Rg

*BP-5 Rgy=0.1xRg

*BP-6 Rgg=1.0 x Rg
R90-1 0x Ro — |

10
=
D
. 102}
Correlation!
¥ 103
1
1]
1

101210"1o‘°1o9 1o8 107 10 10 10* 103 102
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Outline

Cosmological solitons <

Primordial black holes <
\

Moving to mp

r Topological Cosmic strings

Monopoles
Q-balls
\ Non-topological
Fermi-balls

Domain walls

t This talk!
We are here!

Inflation density fluctuation

Scalar field fragmentation

Directly from FOPT

Collapse of the solitons

This talk!

Ke-Pan Xie, Beihang University

y,




“Normal ”"black holes

From the collapse of stars running out of fuel

“w

0.1M, .
to

30 M,

(< 0.08 MQ')

'3 fuel runs out and the star will collapse



Primordial black holes (PBHs)

Hypothetical black holes (soon after Big Bang);!Z¢!'dovitch et al, 1966]

L J
! Formation of

the Solar sysiem
(9 billi

Early
galaxies

First stars
appear

Dark ages

Big Bang ¥ ‘,“ ‘ Modern
/ | ' \ galaxies

Time

thousand

years 300
million years
1 billion
years
Today
|
| 1
“Normal” black holes (from stellar collapse)
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Primordial black holes (PBHs)

Mass lies in a vast region, depending on the formation mechanism.

. Constrained by Hawking radiation ~ Constrained by microlensing, etc :

: e f A . :
| 1612‘ | 10‘15‘ | 1618‘ | 1621 — 10‘24‘ | 1627‘ | 10‘30‘ | 1633 — 1036

I Mpgy [g]

. Evaporate before BBN
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Primordial black holes (PBHs)

Mass lies in a vast region, depending on the formation mechanism.

. Constrained by Hawking radiation ~ Constrained by microlensing, etc :

E * f ' :
| 10‘12‘ | 10‘15‘ | 1618‘ | 1621 — 10‘24‘ | 10‘27‘ | 10‘30‘ | 1633 — 1036

: pBH [g]

. Evaporate before BBN

What can PBHs do?

B A natural dark matter candidate;

/ .

|i/'% . Seeds of the supermassive black holes:
~/ 4

Explaining LIGO/Virgo observations;

r 3
Vlv Origin of the matter-antimatter asymmetry;

- II To Be Continued
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Formation of the primordial black holes

Collapse of the overdense region during inflation; 2 et al, MNRAS1974]

ko 4
1 Inflation ' 1
aiflinf af = at.eN afliinf
Hot 6 =dplp
Big
Ban
9 Frozen
PBHs
Formation 5>6,
1 ' Expansion 1
apguHpgn

ae

eq _ _ %4 form

QPBH - QPBH
Aform

Figure from talk of
=M Dr. ShaO'Jiang Wang

4
Jenn = Qb /Ty Mpgy = r3m oo BMBHE ) = o
2/13 form

Scalar field fragmentation;[Cotner et al, PRL 119 (2017) 3, 031103]
Directly from a FO PT.[Hawking et al, Phys.Rev.D 26 (1982) 2681; Baker et al, 2105.07481]
]

Collapse from the topological defects (e.g. cosmic strings, domain
Wa”S).[Hawking, PLB 231 (1989) 237-239]

Collapse from fermion non-topological solitons [this talk].
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Recall the Fermi-ball scenario

The Fermi-balls:
1. Non-topological solitons;
2. Dark matter candidate.

~ s VS S N
\
~ N7

Something is missed!

J
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We have missed the Yukawa force!

Yukawa force inside a Fermi-ball

®
\\,e
QFBX@ ;@
_ Y My
V(T) - 47rr€

Originated from £ D —y, ¢xx
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We have missed the Yukawa force!

Yukawa force inside a Fermi-ball

QFBXQ ~®

Uy

V(’r’) = —me

Originated from £ D —y, ¢xx

The modified energy profile

Surface tension (negligible)

ar /3 \2/3 ot/
LU FB | 4 o | am 3
A <27‘r> R + 7TO'()R —|— 3 U R

Fermi-gas kinetic energy Volume energy

Ke-Pan Xie, Beihang University
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Calculating the Yukawa energy

A very simplified model: uniform distribution of the y-fermions

0

p
D A “textbook exercise” calculation...

...as the leading-order approximation
J
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Calculating the Yukawa energy

A very simplified model: uniform distribution of the y-fermions

0

p
D A “textbook exercise” calculation...

-,

...as the leading-order approximation
J

\_/
2 N2
Brac= —ope B 1 (L) 7(6) = 36 |14 56(€ - 1) - Je(e+ 1

| *f0)=0and f(eo) = 1
Range of force L¢:M¢—1 f0) flee)
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Calculating the Yukawa energy

A very simplified model: uniform distribution of the y-fermions

0

g
D A “textbook exercise” calculation...

...as the leading-order approximation
J

\_/
2 N2
Brac= —ope B 1 (L) 7(6) = 36 |14 56(€ - 1) - Je(e+ 1

| *f0)=0and f(eo) = 1
Range of force L¢:M¢—1 f0) flee)

1. Always negative (attractive force);
2. Vanishes if mediator scalar is heavy;

Ke-Pan Xie, Beihang University



Recall the Fermi-ball profile

The improved energy profile (when L, <<R)

Surface tension (negligible)

ar /3 \2/3 M3 41

i p_ 3T (3 FB | ArgnR2 —U R’

. (27T> P + 4mog + 3
Fermi-gas kinetic energy

What if the Yukawa energy dominates?

Ke-Pan Xie, Beihang University
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Recall the Fermi-ball profile

The improved energy profile (when L, <<R)

Surface tension (negligible)

2/3 4/3 2 2
3 (3 U e || (1)
R 3

4 \ 27

Fermi-gas kinetic energy Volume energy

40 R

R

What if the Yukawa energy dominates?

E ! 5

Fermi-pall Increasing the range of force
M F 4 M F i 4
EMegg N/ 1 E Mg > RV :
Rrg ' Rrp
R R
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Recall the Fermi-ball profile

The improved energy profile (when L, <<R)

Surface tension (negligible)

2/3 ~4/3 2 2
- p= " <3> * Qv +47r!c R2+4—U PP Qg (L¢)
R

4 \ 27 R 3 407 R

Fermi-gas kinetic energy Volume energy

What if the Yukawa energy dominates?

F_'_mmw

Fermi-pall Increasing the range of force
M F 4 M F i 4
EMegg N/ 1 E Mg > RV :
Rrp Reg

E |
] |
3 | 3 |

[ | ] ‘R
| |

Range of force reaches the mean separation :Lg ~ RFBQ_l/B
of fermions in the Fermi-ball: collapse!
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Evolution of range of force

The range of force increases as T drops!

M¢= M2+CT2

Ur(g)~

A 4
’0’ [ :
L FOPT (vacuum decay) wro |
0.’.

¢
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Evolution of range of force

The range of force increases as T drops!

T>T,

M¢ = \/,LL2+CT2

N

T<T,

t T>T,

FOPT (vacuum decay) wr |

¢

Fermi-ball /|

Temperature drops

No stable solutioh ]

Lu L -
R
RFBQEé/g

M F -
] .i.l

[Kawana and KPX, PLB 824 (2022) 136791, arXiv:2106.00111]
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Wait, can a Fermi-ball cool down?

Emitting SM light particles (black body radiation!"itten, PRD184]),

& __—< €+€_, vy, -
Qrex & < _
Energy decreasing rate
SN

240

240 (27r>1/3 L3 (12m2U,) /4
3 .

Teood =72 \ 73 N, T?

Radiation cooling is very efficient! Teool < 1/H
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Wait, can a Fermi-ball cool down?

Emitting SM light particles (black body radiation!"itten, PRD184]),

Qre x & == <
Energy decreasing rate
T

SN
L(T) =~ 57 RinT*

240 (27r)1/3 ;§(12W2UO)1/4

Tcool = 7—7_‘_2 ? NfT2

Radiation cooling is very efficient! Teool < 1/H

Scattering Coonng:[Kawana, Lu and KPX, JCAP 10 (2022) 030, arXiv:2206.09923]

__. 4 mmm) In thermal bath via

AmolH|?¢”
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Wait, can a Fermi-ball cool down?

Emitting SM light particles (black body radiation!"itten, PRD184]),

& ___< ete v,
Qrp x & < .
Energy decreasing rate
@ . 77T3Nf

L(T) 510 RipT*

240 (27r>1/3 L3 (12m2U,) /4

Tcool = 7—7_‘_2 ? NfT2

Radiation cooling is very efficient! Teool < 1/H

Scattering Coonng:[Kawana, Lu and KPX, JCAP 10 (2022) 030, arXiv:2206.09923]

& __ 4 mmm) Inthermal bath via
\ - )\H¢‘H|2¢2
& - & In short: Fermi-balls can cool down!
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From Fermi-balls to primordial black holes

The Fermi-balls collapse to primordial black holes at 7, when

() 7.1 (5 T

Fermi-balls collapse

B

Fermi-balls formation T decreases
D |

‘ & _
% Ly~ RepQpg”

PBH formation

4 - n
MPBH ~ Mpp = QFB (127’(’ U())l/ nNpBH = S X SFB
Recall the formulae e
4 R,
DTV~ V= TR}, At=-"i
.................................... 3 Up
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A quick estimate for the profile

The action is approximately!fuber et alICAP200EL 1 - tio of Hubble time to

| phase transition duration
T, T, H «
S )z131—4ln(—)—41n<%>—|—31nvb—21n<g ) ,

T, 100 GeV 100 100
A Sy
Vacuum energy :Uy(Ty) = o X %g*Tf

Ke-Pan Xie, Beihang University



A quick estimate for the profile

The action is apprOXimate'\'[l_“mer etal JCAP2008] 1y o Latio of Hubble time to
| phase transition duration
T,
—— | — 41
100 GeV) N (

S3(T%) B/H) —|—31nvb—21n( I ) ;

T

100

~ 131 — 41
) n( 100

100

)< (1) (

100 GeV
T

100 )3
B/H) ’

TIx
10—

) (

100 GeV

Orp ~ 1.0 x 10%2 xv;’j( ~

100

Rep ~ 4.8 x 1073 cm x v (

10-3

9x

T

B/H

x )1/3 y (100

) (

) (

>a—1/4’

Mx

100

100 GeV

100

-

2 3

) () =
Mppn \
1015g ’

)< () (7
) < (32)

100 GeV 100

Mpg ~ Mppy ~ 1.4 x 10%! g X v;’j <

)"

p/H

n
100

fPBH ~ 1.3 X 103 X’Ub_3(
|

|
The DM fraction today

Need further dilution mechanism if f,5,, > 1.
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Correlation between FOPT and gamma-rays

Correlated signals of first-order phase transitions and primordial black
hole evaporation

Danny Marfatia (Hawaii U.), Po-Yan Tseng (Taiwan, Natl. Tsing Hua U.) (Dec 29, 2021)

Published in: JHEP 08 (2022) 001, JHEP 08 (2022) 249 (erratum) « e-Print: 2112.14588
[hep-ph], 2112.14588
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511 keV galactic line from first-order phase transitions and
primordial black holes

Po-Yan Tseng (Taiwan, Natl. Tsing Hua U.), Yu-Min Yeh (Taiwan, Natl. Tsing Hua U.) (Sep
4,2022)

e-Print: 2209.01552 [hep-ph]

pdf [ cite [Q reference search %) 0 citations

Ke-Pan Xie, Beihang University



An application of this mechanism

Primordial black holes from an first-order electroweak phase
transition! [Huang and KPX, PRD 105 (2022) 11, 115033, arXiv:2201.07243]

=
LD xy"i0ux — gxSXX *
1
+D,H'D*H + 5 OuS0"S — V(H,S) _
>
<}
2-0:‘““““ ““‘“.“.N‘.“.‘.‘““X‘.‘“““W““““‘ IRRRREREN ”
1or

0 50 100 150 200 250

=
~
= h [GeV]
— 1.8F Y
% o Generation of

s x-asymmetry

170 )

B P
[ X

- PBH formation ]
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SN
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Conclusion

Domain walls )

r Topological Cosmic strings

. ) Monopoles >
Cosmological solitons <
Q-balls
\ Non-topological

Hong, Jung and KPX, PRD 102 (2020) 7, 075028, arXiv:2008.04430

Fermi-balls | /

Inflation density fluctuation

Scalar field fragmentation
Primordial black holes <

Directly from FOPT
\

Collapse of the solitons

Kawana and KPX, PLB 824 (2022) 136791, arXiv:2106.00111
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Conclusion

Our work!

T A g &® ° 2
Hong, Jung and KPX, PRD 102 (2020) 7, 075028, arXiv:2008.04430
Kawana and KPX, PLB 824 (2022) 136791, arXiv:2106.00111
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