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+* Range of DM mass:

Dark Sector Candidates, Anomalies, and Search Techniques
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+* Range of DM mass:

Dark Sector Candidates, Anomalies, and Search Techniques
s” R

key/ Mev

J—l—'—'—l—l—‘—l—f—’—l—'—}:—ﬂ—'—b '

A 3
z?v aev felv pelv nelv pel"ul" mlev el‘e‘ GeV TeV

I | —
b s e e EEE S e S

1
QCD Axion l| I

Ultralight Dark Matter Hidden Sectg( Dark Matter

WIMP s

s
H|§d'enihanﬁal Relics / WINMPless DVl
:

—
Pre-Inflationary Axion

>
Post-Inflationary Axion Asymmetrc DM

+ >
Freeze-in DM

e —
SIMPs f ELDERS
-«
Beryllium-8
[
Muon g-2

i
Small-Scale Structure

% >
Small Experiments: Coherent Field Searches, Direct Detection, Muclear and Atomic Physics, Accelerators

--~

Pey* BoMg ¥

1 ]
[N 4
~ il - ’

Black Holes

=
Microlensing

< L L
[ I | I § § § vy ey yvVe guvoyy v
zeV asy feV pey neV usy mey eV

Pev  30Mg

CERN document Server: US:Cosmic Visions: New ideas in dark matter 2017

Jeju wonsnoo 2073 ENAISENE;




* Mass range of PBH (Primordial Black Holes):
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> Bounds on the PBH fraction- B.Carr, K.Kohri,Y.Sendouda,J.Yokoyama: 2002.12778
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FIG. 10. Constraints on f(M) from evaporation (red), lensing (magenta), dynamical effects (green), gravitational waves (black),
accretion (light blue), CMB distortions (orange), large-scale structure (dark blue) and background effects (grey). Evaporation
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? BOundS on the PBH fraction- B.Carr, K.Kohri,Y.Sendouda,J.Yokoyama: 2002.12778
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FIG. 10. Constraints on f(M) from evaporation (red), lensing (magenta), dynamical effects (green), gravitational waves (black),
accretion (light blue), CMB distortions (orange), large-scale structure (dark blue) and background effects (grey). Evaporation

1050 1055

Jeju wonsnoo 2073 ENAISENE; p:2




* Hawking temperature characterizes black-body spectrum

from PBH evaporation -
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511 keV line from Galaxy Center




+ All-Sky map of 511 keV gamma-ray line from INTEGRAL
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Figure 1. The orange curve is combined 511 keV gamma-ray flux from PBH evaporation with Mppu =

H H H 10 = 10~ and astrophysical source [32] (blue curve). Comparing to the SRAL data
https://sci.esa.int/web/integral/-/41415-all-sky-map-of- i el B
511-kev-line-emission

P.Y.Tseng,Y.M.Yeh: 2209.01552
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+ If identified as electron-positron annihilation, it requires the
injection rate of 2E43 non-relativistic positrons per second.
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+* We consider PBH mass range from 1E15 to 2E17 g and
spectra of evaporated particles (photon, electron, and
pOSit[‘OI‘]). P.Y.Tseng,Y.M.Yeh: 2209.01552

* 95% positrons from PBH evaporation become non-
relativistic via ionization. Among them, 97% form a
positronium (e+ e- bound state). 25% of positronium
annihilate to a pair of 511 keV photons.

0.55L .+ (Mpgn) freH
i) A dffdQ
pai (AL) = 47 MppnH /AQ /10 s

* PBH spatial distribution follow NFW profile:

_ Po
) = TR + (/R
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+* We consider PBH mass range from 1E15 to 2E17 g and
spectra of evaporated particles (photon, electron, and
pOSit[‘O]_‘]). P.Y.Tseng,Y.M.Yeh: 2209.01552
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Figure 1. The orange curve is combined 511 keV gamma-ray flux from PBH evaporation with Mppp =
10'% g, fppu = 10~ and astrophysical source [52] (blue curve). Comparing to the INTEGRAL data
from 508.25 keV to 513.75keV [27].



* There are constraints from extragalactic and galactic
continuous gamma-ray spectra.
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Figure 3. The predicted photon fluxes from the BPs listed in table 1 for extragalactic (left-
panel) and inner Galactic (right-panel). The current limits from COMPTEL/EGRET /FermiLLAT [2§]
and projecting sensitivities of AMEGO/e-ASTROGAM [29-31] are shown in gray curves in left-
panel, meanwhile, in the right-panel, the BPs fluxes are compared with the INTEGRAL/SPI/

COMPTEL/FermiLAT inner Galactic data (|| < 30°, |b| < 10°) [29].
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+ Favored regions of PBHs, interpreting 511 keV excess:
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+ Favored regions of PBHs, interpreting 511 keV excess:

10°

L ]
o 5
o
[ ¥y ]
o Lo 1511 keV fit (Isothermal profile) |
‘,,1' -~ [—1511 keV fit (NFW profile) |
/":"’ S e eAstrogam constraint a
8 - ———- AMEGO constraint ]
107 COMPTEL+EGRET constraint | 3
= = = COSI constraint ]
= = — XGIS constraint
+  Benchmark points
10_101 | .IIIIII‘1 | | """|17
10"® 10" 10
Mpg(9)

P.Y.Tseng,Y.M.Yeh: 2209.01552



PBH trigger Type la Supernovae




* Mass range of PBH (Primordial Black Holes):
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An asteroid-mass PBH passes through a white dwarf(WD),
which creates a shock wave (Bondi-Hoyle-Lyttleton BHL
accretion), such that initiates the thermonuclear supernovae
(SN Ia). H.Steigerwalc, E.Tejeda, arXiv:2104.07066

The maximum radius inside WD associates with detonation
ignition R,, , were determined from successful shock wave
and self-sustained ignition detonation in the BHL accretion
flow. =
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* SN Ia data is able to constrain the fraction of asteroid PBH

abundance, P.J.Chen, P.Y.Tseng, arXiv:2305.14399

* We assume the WD distribution follows the stellar
distribution, and normalize it to the WD data within 100 pc

near our solar system.

Mukremin Kilic et.al, arXiv:2006.00323

dnwp dnwp R/l Ruw | Zuw|
Ryvw, Zuw) = x [ eft/Trexp  —

dMWD( ) dMwp o 1y Hy

dnwp _ 1 dNpMm

dMWD o o (0.1kpc)3 dMDM Figl3
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* The observed SN Ia Milky Way event rate is 0.54+-0.12 per
century with 68.3% confidence.

* This prefers the certain abundance for asteroid PBH: .

l0g, o Mo,/ M,
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P.J.Chen, P.Y.Tseng, arXiv:2305.14399



PBH formation:

FOPT-FB—-PBH




* The mass of dark fermion X come from the vacuum
expectation value (vev) inducing by scalar ¢ .

£5 (i - m)x — go0x —Ven@.T) | [Mx =M+ 900 6= (9)]

T=Tp——
T=T, —]
T=0—
T2TC—

* The finite-temperature quartic effective potential induce

the first-order phase transition (FOPT) in the early
Universe. 1

Verr(¢,T) = D(T* - T5)¢" — (AT + C)¢" + c;‘a ‘ 3 °\/
0.5
-1
¢/B1/4
K.Kawana, K.P.Xie: 2106.00111, D.Marfatia, P.Y. Tseng: 2107.00859
Jeju wonsnoo 2073 EAANSENE;
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* More rich phenomenologies, if we consider 15t order phase
transition (FOPT).

K.Kawana, K.P.Xie: 2106.00111

B, PBH
* Dark fermion X inside the bubble becomes the DM r Ec

density (bubble filtering X).

* X outside the bubble could form macroscopic DM (Fermi
Ball or primordial black hole)

Jeju wonsnoo 2073 EAANSENE; p:i3




* FBs start to form at 7% in the false vacuum, it shrinks and
separates into smaller volumes.

+ (ritical volume V. = 47xRJ/3 | there is no other bubble forming
inside during its shrinking r(7,)v,At ~ 1, corresponds to
one FB.

* The number density of FB nrs|r, is determined by

npB|r, Vi = F(t) : 3\ 4 (L))
nEB|T, = (E) ( ” - ) F(ty)

+ Total numbers of X for a FB: |Qrs =1 (L)T

nEB

Jeju wonsnoo 2073 EAANSENE;




* The mass and radius of FB are obtained by minimizing the
FB energy with respect to the radius dEpg/dR =0 :

2 2
B 3g)2( QrpLs n 47TV0(T)R3

1
- 8r R3 3

2/3 ~4/3
Fpp = oF (i) Qrp

A (2m\ /3 R2T?
R

9 3 2/3
FB

R _ |3 (3 = ;,;33 e 1__7 e 12
EB = | Tg \ 9z Va 6v/3 v1/? ’

T2
Mpp = Qpp (127°V}) e (1 53 4:/371-’”2) )
0

. Mg n |T
* FB relic abundance: | Qpph? = —-B"FBlTo
S 3MB(Hy/h)?




* The mass and radius of FB are obtained by minimizing the

FB energy with res;

pect to the radius dEpg/dR =0 :

BT o R 9 \ 3 5| 8r R 3
_ d*Veg e 2 2y\ —1/2
H=0

* Magnitude of Yukawa energy increases as FB temperature

decrease. It will dominate when L, ~ Rrp/Qyy ,

collapse to PBH.

Jeju wonsnoo 2073
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Boosted Dark matter from
PBH evaporation




* Hawking temperature characterizes black-body spectrum
from PBH evaporation:

TPBH ~ 5.3 MeV X (

1018M@)
Mpgu

BlackHawk v2.1, A.Aarbey, J.Auffinger: 2108.02737

dN, T

x (7T, MpgH)

dTdt ?r(e(Tmex)/TPBH +1)

* X flux on Earth come from extragalactic PBH, it does not
rely on DM density near galactic center

dd min(teva
ar

@

Jeju wornenoo 20735

to)

cdt[l + z(t)]

feeHPDM AN,

Mpgy dTdt

PJ\-(J -J-l:'jar]g

E:\/(E2 —m2)(1+2(t))2+m2

R.Calabrese et. al: 2203.17093




* We are interested in X in energy range from keV to GeV so
that XENON1T/XENONNT and SK/HK can detect a signal.

do 0, O(E™ — E,)
dE, 812 .

(2me + ET)(Qmi + meFEy)

* The maximum allowed recoil energy

2meT (T + 2me)
((me + my)? 4 2meT)

max __
ET =
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* At XENONI1T/XENONNT detector, X can ionize the Xe
atom via y+Xe — y+Xe*+e~ , which produces an electron

recoil signal. XENON Collaboration: 2207.11330, 2006.09721
120 T T T T T 25
- 100} ]l l l i ol 1 Data } }
> Y
%80_ “l I” | L 1y 1] % 15|
E wf l"lil H li]m a :
E» 40+ ] - ;_1 or
20t — B . d
. | | : ; I SlRldata ol . . . . .
_20_ 3 10 ”1'5 2025 . ;o _20 5 10 : 15 20 25 30
Energy [keV] Energy [keV]

* XENONNDT reduced tritium background five times lower
than in XENONI1T.
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* At XENONIT/XENONNT detector, the differential event
rate is given by

dR ~
T = () F(E, )/deTZ

including the cross section of scattering of X on a bound
electron, because the binding energy is non-negligible
compared to energy of X .

do™ [
dFE),

R.Calabrese et. al: 2203.17093

* To find parameter space allowed by data

2

dekgd _ dRsre
2 _ ‘ + i 4Er |
=D
: a;
T
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* At SK/HK, X-e scattering produce Cherenkov radiation.

* 161.9 kiloton-year SK observed 4042 events, which is
compatible with background 3992.9.  Super-Kamiokande: 1711.05278
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* At SK/HK, X-e scattering produce Cherenkov radiation.

* 161.9 kiloton-year SK observed 4042 events , which is
compatible with background 3992.9.  Super-Kamiokande: 1711.05278

1.33 GeV dR
NEEy = 161.9 [kton — yr] x /01 . dErdE

* Define 20 exclusion by g,/ /N, + ME, > 2 -

* HK is expected to collect 3.74 Mton-year exposure.
Hyper-Kamiokande: 1805.04163
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Correlated signals




* This model: dark sector <--> PBH observable

* Specify the quartic effective potential:

Ver(9, T) = D(T? ~ T3 ~ (AT + C)° + 3 6"

* Finding the parameter regime, which realizes the scenario:
0.05 < A<0.2, 0.1<BY4/MeV<10*, 0.01 <C/MeV < 10%,

0.1 < D<10, 03<T,/Tsme <1.0, 001 <g, < Vi,
1073 <m/BY* <10, 1071 < oye/em? <1073,
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* GW spectra from the benchmark points:

| \—
(v

—r

D.Marfatia, P.Y.Tseng: 2112.14588

BP-3

| BP-1 BP-2 | BP-4 | BP-5 BP-6
A 0.161 0.103 0.185 0.189 0.196 0171
BY4 /MeV 1.796 4.237 0.204 10.75 0.499 1.171
C'/MeV 0.065 0.113 0.021 1.736 0.079 0115
D 3.676 6.910 4.189 1017 0.441 1.538
ay 1.698 1.011 1.375 1.306 1.808 1.663
Ty 7.62x 1071 335 %1071 | 313 x 1071% 592 % 10710 | 3.23 x 10718 348 x 10717
m/MeV 0.021 0.344 0.028 20.54 0.059 0.016
7/ om? 8.80 x 10792 585 x 10792 | 8.62 x 10738 140 x 10752 | 1.99 x 107 6.44 x 1075
Ton/MeV 0.909 2.252 0.189 14.86 0.737 0.99
T,/MeV 0.547 0.833 0.074 4.906 0.411 0.489
Ty /MeV 0.591 1.183 0.103 7.846 0.459 0.643
Ty /MeV 0.546 0.823 0.072 4.285 0.391 0.481
To/MeV 0.529 0.810 0.069 2.272 0.184 0.401
a 221 %1072 263 %1072 | 417x 1072 273 x 1072 | 229x 1072  5.00x 1072
B/H, 3.05 x 10! 2.30 x 10° 1.48 x 107 1.52 x 10% 2,13 % 10%  4.84 x 10*
O 0.873 0.974 0.971 0.985 0.902 0.962
d My /dQprp /MeV 2.410 4.859 0.424 42.52 1.890 2.647
oy (Th)/ MeV 2.949 5.056 0.528 57.19 2.588 3.775
Qrp 298 x 102 227 x 10" | L7110 767 x10% | L28x 10" 3.80 x 10%
Ry [em] 2876 534 1.21 x 107 21.94 1249 161
ayy [em?] 106 % 10721 328 x 10722 | 282 x 1072° 119 x 1072 | 1.39 x 10721 1.00 x 10~
ny Jem™] 2,99 % 1% 356 x 10°2 | 233 < 10%* 173 % 10% | L57x 10°0  9.26 x 10
fy=1/nyoy [em] | 316 x 10717 85810712 | 1.52x 10717 4.85x 1071 | 458 % 1011 1.08 x 101
Mppn /M 647 % 1071 113 %107 [ 764 x 10717 391 x 1071 [ 218 x 10717 934 x 1072
A 290 x 1072 1.22 1072 | 840 x 10725 1.00x 1072% | 1L7T8 x 1072  1.80 x 1072
Qppyh? 5.79% 1077 5531077 | 4.80x 1071 772 1077 | 101 % 10712 2,98 x 1071
forn % o fem? | .25 x 10737 270 x 10797 | 3.45 x 10742 0,02 x 10740 | 3.16 x 107+ 1.60 % 10~4!
AN.g 0.479 0.200 0.386 0.199 0.409 0.472
2 |xeNoNT 166.82 166.50 167.11 167.78 167.11 167.11
W [XENONQT 20.92 20.31 19.95 19.91 19.95 19.95
2 XENON T oy 25.76 10.93 0 14.58 0 0
Ngxk 0 14.30 36.14 27.91 115.8 27.56
Nix 0 330 835 645 2674 637

Wonsnoo 2073

PJ\-(J -J-lsarjg




Temperature of FOPT

DM mass

PBH mass

D.Marfatia,

* GW spectra from the benchmark points:

| BP-1 BP-2 | BP-3 BP-4 | BP-5 BP-6
A 0.161 0.103 0.185 0.189 0.196 0171
BY4 /MeV 1.796 4.237 0.204 10.75 0.499 1.171
C/MeV 0.065 0.113 0.021 1.736 0.079 0115
D 3.676 6.910 4.189 1017 0.441 1.538
ay 1.698 1.011 1.375 1.306 1.808 1.663
Ty 7.62x 1071 335 %1071 | 313 x 1071% 592 % 10710 | 3.23 x 10718 348 x 10717
m/MeV 0.021 0.344 0.028 20.54 0.059 0.016
ymm== S Te/owt L LRB0C10C% | 585 5 100F | 8621077 | 1400 100F ] 1,99 x 107 644 L00R |
' Ton/MeV 0.909 2.252 0.189 14.86 0.737 0.99 :
ol DMV L osaT 083 | 0o0rd 4906 | 0AlL ____ _0ds9 !
Ty /MeV 0.591 1.183 0.103 7.846 0.459 0.643
Ty /MeV 0.546 0.823 0.072 4.285 0.391 0.481
To/MeV 0.529 0.810 0.069 2.272 0.184 0.401
a 221 %1072 263 %1072 | 417x 1072 273 x 1072 | 229x 1072  5.00x 1072
B/H, 3.05 x 10! 2.30 x 10° 1.48 x 107 1.52 x 10% 2,13 % 10%  4.84 x 10*
O 0.873 0.974 0.971 0.985 0.902 0.962
o= Mg fdQra/MeY | L 2400 L L4830 Lo DA24 L A252 L L 1800, L L 6T L,
! oy (Th)/ MeV 2.949 5.056 0.528 57.19 2.588 3.775 !
STTTTTQEs T T T T RIS IV T 2T IO 7T LT U0 T T 6T 0T T IR % A0 T TRt T T
Ry [em] 2876 534 1.21 x 107 21.94 1249 161
ayy [em?] 106 % 10721 328 x 10722 | 282 x 1072° 119 x 1072 | 1.39 x 10721 1.00 x 10~
ny Jem™] 2,99 % 1% 356 x 10°2 | 233 < 10%* 173 % 10% | L57x 10°0  9.26 x 10
y by Z A [om) | 306 x 10 858 100 ] 152 x 10719 485101 | 458 x 101 L0810 '
! Mppn /M 6.47 % 1071 113 x 10718 | 7.64 % 10717 3.91 x 10717 | 218 x 10717 9.34 x 10720 :
SEmmmsep e s = mEI@RT M T 12T 2 TN |TEAT T IO CIT00 %072 [ LSS 07207 TR0 X147
Qppyh? 5.79% 1077 5531077 | 4.80x 1071 772 1077 | 101 % 10712 2,98 x 1071
forn % o fem? | .25 x 10737 270 x 10797 | 3.45 x 10742 0,02 x 10740 | 3.16 x 107+ 1.60 % 10~4!
AN.g 0.479 0.200 0.386 0.199 0.409 0.472
2 |xeNoNT 166.82 166.50 167.11 167.78 167.11 167.11
2 [XENONST 20.92 20.31 19.95 19.91 19.95 19.95
2 XENON T oy 25.76 10.93 0 14.58 0 0
Ngxk 0 14.30 36.14 27.91 115.8 27.56
Nix 0 330 835 645 2674 637
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Figure 1. The regions of parameter space that produce a detectable boosted DM flux at

XENONIT/XENONnT/SK4+GW (yellow), XENONnT/HK+GW (red), and a gravitational wave
signal at THEIA /uAres (green).
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Qppph?® = 0.12 Mpgr/2 [9]
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Figure 1. The regions of parameter space that produce a detectable boosted DM flux at

XENONIT/XENONnT/SK4+GW (yellow), XENONnT/HK+GW (red), and a gravitational wave
signal at THEIA /uAres (green).
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* GW spectra from the benchmark points:

David J. Weir: Higgs
physics and cosmology:
gravitational waves from the
electroweak phase

transition
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PBHs and Pulsar Timing Array:
Tristram Acuna’s talk




Summary




+* We discussed several detectable signals of PBHs with
different mass.

+ 511keV gamma-ray line excess can be interpreted by PBH
1.0 x 10717 < Mppu/Ms < 8.0 x 10717 via Hawking radiation

™

* SN Ia event rate associates with PBHS 7.6 x 107 < Mppy /My < 61 x 10712
, transiting through WDs.

* Introduce a dark sector model, which efficiently produces
sub-solar-mass PBHs through FOPT and associates to the
boosted DM.

aju wWorksnoo 20793 PN SISENS;
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Thank you for your attention!




Back up




* The stable conditions for FBs not decay to X or fission to
lighter FBs

dMyp d? Myg

<m+ g,vs, and <0
dQrr i dQ2

* X-e scattering, the X may be ejected from FB unless its
mean free path is short enough that multiple scattering with
other X in the FB slows it down.

s The X-X scattering Oy via ¢ is larger than oye < 107% em?,
The ¢y = (nyox)~" is much smaller than Rpgp.

electron

C(CU 57 ey, 2073 21 Ts2ny



* During FB formation, ¢ can be copiously produced via xx — ¢¢
Since ¢ is non-relativistic and evolve like matter, so that its
relic density may overclose the Universe.

* To avoid this, we allow ¢ decay to a pair of relativistic
scalars s, which preserves the relativistic degree of freedom
in dark sector. We require AN < 0.5.

+ The trilinear term (®ss

MeV \ *
Tpsss = 6.6 X 10 ( z ) (1\7/[2%) [sec]
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PBH and Pulsar Timing Array




* The millisecond pulsars provide accurate timing signals, and
are exploited to measure the gravitational waves (GW).

+* The NANOGrav collaboration observed 67 pulsars for 15 yr
and reported the correlations of Helling-Downs pattern,
pointing to the stochastlc GW.

O8FT T 1t rrrrrrrrre g
0.6 — =1
2F 02 F )
= . ’
0.0 N LN -|- -|_-|- T’ -F ]
Mk ~ 3
- “‘ E
02F ltj y=13/3
04 10 120 150 1801
Separatlon Angle Between Pulsars, &, [degrees]
Pulsar Timing Arrays | Max Planck Institute for Helling-Downs pattern from NANOGrav 15 yr,
Gravitational Physics (Albert Einstein Institute) arXiv:2306.16213
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* PU]S&I' tlmlng as prObe Of PBHs. J.T.Acuna,P.Y.Tseng, arXiv:2306.16213

* Pulsar signals arriving on Earth can be characterized by its
phase

1%
d(t) = ¢o + vt + §t2
\/
frequency
* Third-order from transiting PBHs: i) in the vicinity of the

pulsar induce-->Doppler phase shift, ii) close to the Earth-
pulsar line of sight-->Shapiro time delay.

51/) /
: — = dt d-Vo,
Doppler: ( v ),

ov
Shapiro: (—) = —= dz 7-V®, |A peH gravitational potential
V)]s ¢ JLoS

Spin-down
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* The corresponding phase shift is

‘5(;3(1:) _ f Cdt Su() ‘

* The residual signal amplitude after subtracting the phase
shift from the 1st and the 2»d order

obs

Tops N
— [ S sort) 1t
=1

N
hi(t) =D 061:(t) = 660,(t), 0601 = Z falt)

* The signal-to-noise ratio is given as

9 1 Tobs 9
SNR2 — - / dt K2 (1)

UI 'r"ms

J.T.Acuna,P.Y.Tseng, arXiv:2306.16213
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* The projecting sensitivity of SKA, assuming 20 yr
observation of 200 pulsars with 50 ns uncertainty in the

pulsar timing data and 2 weeks cadence:

My =107 vy = vey(aa), ay = 0.1

10!

—— Microlensing \
\ Doppler N
—— Shapiro
I B/H, = 25000.0
100 - B/H, = 10000.0
~ B/H, = 5000.0
B/H, = 2500.0

fPBH

1074

10—2_

1019109105107 100105101 10310210~ 109 10! 102
) Mppr(Ms)
J.T.Acuna,P.Y.Tseng, arXiv:2306.16213

WY i Qi 20735 2( Tsenyg




PBH formation:

FOPT-FB—-PBH




* During FOPT, lighter (heavier) X locate outside (inside) the
bubble, and momentum conservation much be satisfied at

the bubble wall.
Outside Inside .
(6) =0, my =m “ (6) A0, my = m-+ gy,
v_DM

4243 (1 — vyy)?

Y Vw

Bubble Wall v w

MTU “fien) Ot 20735 211520y




Suppose X particle mass difference is large: Am, ~ g vy > T,

X particles, remaining in outside the bubble (trapped in the
false vacuum), will be aggregated by the expanding bubbles
and form a macroscopic Fermi-Ball(FB).

For this to occur, there must be non-zero asymmetry
nx = (nx—ng)/s in the false vacuum so that the an excess
remain after pair annihilation.

FB stability:

dMrpgp
dQrB

<M + Gy Vs,

and

d? Mg
dQ% g

< 0
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Signals from FB




10
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+ The associated gravitational wave signals from FOPT:

? : S T B —
3 BP2 —— 1
- BP-3 ——
BP-4 ——
% BP5 ——
] . g ( BP6 ——
] . s
E‘ 1{?," d}q .. 'E
gr /’\ h"-’ "‘;
E 9. E
5 X N
10 40° 10® 107 10° 10° 10% 10° 102

f [Hz]
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* We consider the finite-temperature quartic effective
potential:

D.Marfatia, P.Y. Tseng: 2107.00859

Table 1. Benchmark points with A = 0.1. Neyents is the number of microlensing events expected
in 70 hours of observation of M31 by Subaru-HSC.

BP-1 BP-2 | BP-3 BP-4 BP-5 BP-6 | BP-7 BP-8
A 0.134 0.158 0.193 0.078 0.062 0.072 0.053 0.060
BY* [keV 2.42 43.5 34.9 64.2 63.6 73.2 284 1390
C/keV 0.059 6.234 4.988 3.080 0.315 0.586 0.342 7.713
D 5.807 0.451 0.720 0.445 0.257 0.293 0.584 0.706

Ty 734x107% 137 x 1077 | 351 x 1075 4.55 x 107% | 6.98 x 1077 3.64 x 1077 | 8.54 x 1077  2.40 x 107®
Tsnie/keV 1.41 100.0 64.5 128.1 164.8 169.5 427.8 1601
T./keV 0.57 34.2 21.6 52.3 84.8 86.9 201.0 879.0
T¢/keV 0.63 41.4 25.9 64.4 92.9 92.5 233.2 1005
S3(T)/ T 189 188 187 186 187 184 177 171

Mpp/Mg | 337x1075 1.11x 1070 ] 966 x 107% 1.01 x 1077 | 1.08 x 107%  1.08 x 107 | 9.66 x 10~ 1.09 x 101

Rep/Re 0.529 777x 1072 | 215 x 1072 2.09 x 102 | 1.00 x 1073 3.86 x 1074 | 2.83 x10°° 1.64 x 10°°

Qrp 4.70 x 1056 862 x 10°* | 9.38 x 10 534 x 10 | 574 x 10°2  5.00 x 10°1 | 1.15 x 10°0  2.65 x 1048

r_y 1.63 x 1072 156 x 1072 | L.70x 1072 283 x 1072 | 2.00 x 1072 1.24 x 1072 | 1.79 x 1072  2.62 x 10?2

3/H, 343 x 107 157 x 10® | 3.01 x 10*  2.04x 10° | 1.86 x 10°  2.80 x 10* | 4.44 x10>  5.59 x 10°
vy /Ty 3.554 4.175 3.958 4.889 3.987 3.501 4.724 4.469
Uy 0.890 0.940 0.937 0.946 0.886 0.854 0.923 0.916

Qpgh? | 179 %1072 581 x 103 0.12 2.94x 1073 | 456 x 107 270 x 104 | 2.39x 1073 3.38 x 102
Nevents 19.5 20.4 29.3 38.9 17.5 19.3 46.1 29.1
ANog 0.391 0.226 0.248 0.394 0.497 0.425 0.261 0.408
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+ The benchmark points for PBH formation from FOPT

| BP-1 BP-2 | BP-3 BP-4 | BP-5 BP-6
A 0.097 0.177 0.084 0.198 0.198 0.077
BY4/\MeV 37.89 16.55 3.412 1.843 0.286 2.411
C'/MeV 0.551 1.329 0.054 0.260 0.047 0.022
D 1.257 0.138 0.413 0.750 0.794 0.286
gy 0.031 0.020 0.187 0.240 0.118 0.164
Corresponding temperature ____ . ____ 497 %1022 . 467 x 1071 | 3.81 % 10713 1940 X 10720 L 14T x 107180926 x 10717
of phase transition '
v Tsny/MeV 29.81 53.46 7.821 2.939 0.440 4.979
/55 1 el e 1872 3689 3156 T 1126 0.157 772908 T
Ty /MeV 19.73 37.13 3.338 1.343 0.214 3.071
Ty/MeV 17.72 21.64 2.737 0.800 0.077 2.361
ST | 156 L 165 0 | 180 170
 Mppu/Mg | 318 x 1076 1.08 x 10716 | 1.07x 10717 1.07x 107 [ 391 x 1079 3.99 x 10-20
et ORETTT 502104 Tt 17T W 1042 1 17 171407 1072 1 2006 ) 104 T 448 T T 500"} To% -
I 3.83x 10717 2.02x 107" | 8.01 x 1072* 343 x 10720 | 545 x 1073 1.01 x 10727
o 1.26 x 1072 1.72x107% | 278 x 107%  9.23 x 1072 | 1.81 x 1072 1.14 x 1072
3/H, 142 x 10 255 x10% | 4.22x10%° 286 x10% | 1.90 x 10>  2.74 x 10
Vs 0.840 0.694 0.845 0.935 0.968 0.843
Qppuh? 0.108 9.74 x 107* | 1.15x107% 157 x107% | 417 x 107 252 x 10710
AN.g 0.413 0.406 0.087 0.114 0.165 0.379

Jeju wonsnoo 2073
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* These FB mass and radius ranges can induce microlensing

effects.
. \/4GM Dis
"=V ¢ D.Ds
us + 2
Htot —
uvu?+4
5 2= 80

D.Croon, D. McKeen, N. Raj: 2002.08962
* The separating angle of two images of the background star

are too small to be resolved, but we can observe the sudden
luminosity enhancement of the star.



+ Astrophysical Sky surveys are ideal for observing
microlensing. Ex. Subaru-HSC (observing M31 for 7 hrs).

FB halos surround MW
and M31. FBs and stars
have relative velocity of
250 km/s.

Milky Way Destined for Head-On Collision | NASA

M31 image from Subaru-HSC

The background shows the HSC image of M31 as seen by the 10...
MelCsaminzye 2977 (. Tszny



+ The temperature of FOPT is lower than the BBN, and robust
95% CL upper limit is ANg S 0.5 . 2009:09745, 11031261

Table 1. Benchmark points with A = 0.1. Neyents 18 the number of microlensing events expected
in 70 hours of observation of M31 by Subaru-HSC.

| BP-1 BP-2 | BP-3 BP-4 BP-5 BP-6 BP-7 BP-8
A 0.134 0.158 0.193 0.078 0.062 0.072 0.053 0.060
B4 [keV 2.42 43.5 34.9 64.2 63.6 73.2 284 1390
C/keV 0.059 6.234 4.988 3.080 0.315 0.586 0.342 7.713
D 5.807 0.451 0.720 0.445 0.257 0.293 0.584 0.706
Ty 734x107° 137x1077 | 351 x10°% 4.55 x 107® | 6.98 x 1077 3.64 x 1077 | 854 x 10?240 x 107
Temperature P Topn/ keV 141 1000 64.5 128.1 164.8 169.5 4278 1601 ¢
of FOPT B 1753 VA R 1 £ 7% R S W - VX SR R 84877777 S N 200077 TR0 T
Ts /keV 0.63 41.4 25.9 64.4 92.9 92.5 233.2 1005
S3(TL)/Te 189 188 187 186 187 184 177 171
Mpp/Mg | 337x107% 1.11x107% ] 9.66 x 10°% 1.01 x 1077 | .08 x 107 1.08 x 10~ | 9.66 x 10~ 1.09 x 10~
Res/Re 0.529 777x 1073 | 215 x 1072 2.09 x 1072 | 1.00 x 1073 3.86 x 1071 | 2.83x107° 1.64 x 107°
Qrp 4.70 x 10 8,62 x 10°1 | 9.38 x 10%°  5.34 x 10% | 574 x 10°2  5.00 x 10" | 1.15 x 10°°  2.65 x 108
o 163x1072 156 x 1072 | L.70x 1072 2.83 x 1072 | 2.00 x 102 124 x 1072 | 1.79x 10°2  2.62 x 102
3/H, 343 x 101 157 x 10* | 3.01 x 10*  2.04x 10° | 186 x 10° 280 x 10*° | 4.44 x10*  5.59 x 10?
ve) T 3.554 4.175 3.958 4.889 3.987 3.501 4.724 4.469
Uy 0.890 0.940 0.937 0.946 0.886 0.854 0.923 0.916
Qppgh? | 1.79x 1072 581 x 1073 0.12 294 x 1073 | 456 x 1074 270 x107% | 239 x 1073  3.38 x 102
Nevents 19.5 20.4 29.3 38.9 17.5 19.3 46.1 29.1
AN, 0.391 0.226 0.248 0.394 0.497 0.425 0.261 0.408
MelCsaminzy 2077 (. Tsznyg




Gravitational Wave




+* A FOPT generates GWs from three processes: I). Bubble
collisions, II). Sound wave in the plasma, III)
Magnetohydrodynamic (MHD) turbulence.

* The relevant parameters are required to calculate the GW

signals:

eI sarmninzr 20727
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p(1%)
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+* A FOPT generates GWs from three processes: I). Bubble

collisions, II). Sound wave in the plasma, III)
Magnetohydrodynamic (MHD) turbulence.

* The Euclidean action:

o0 d 2
S3(T) = 4m /0 r2dr E (d—‘f) + Vst (6, T)

* Bubble nucleation rate per unit volume:

G, \3/2 g
_d [ 23 ~23
0(T)=T (27rT) e T

KElCsamminzr 2077 2. Is2ny



+* A FOPT generates GWs from three processes: I). Bubble
collisions, II). Sound wave in the plasma, III)
Magnetohydrodynamic (MHD) turbulence.

* The fraction of space in the false vacuum:

F(t) = exp [—%vi /: dt’ (t — t’)?’F(t’)}

[

* The percolation temperature 7, of FOPT is determined
by :

IF(t,) = 1/e ~ 0.37|




* A FOPT generates GWs from: I). Bubble collisions

HAN\2/ ko \2/100\% / 01103
QQ = 1. 1 =3 - . env
W Sen () 0710 (ﬁ) (1+a) (g) (0.42+vﬁ,)5 (f)

C.Caprini et. al: 1512.06239

38 (f/ fewd)*
B 1 + 2.8 (f/fenv)g.g

Senv(f)

* The peak frequency is determined by the time scale of

FOPT 1/p5:
|%_ (1.8—(()).-12210—%@3”)




* A FOPT generates GWs from: I). Bubble collisions

HAN\2/ ko \2/100\% / 01103
QQ = 1. 1 =3 - . env
W Sen () 0710 (B) (1+a) (g) (0.42+vﬁ,)5 (f)

C.Caprini et. al: 1512.06239

38 (f/ fewd)*
B 1 + 2.8 (f/fenv)g.g

Senv(f)

* The peak frequency is determined by the time scale of
FOPT. Then red-shift to present epoch

B 4 E /6 T, Jx %
feny = 16.5 x 107" mHz (ﬁ) (H*) (100 GeV) (100)




* GW spectra from the benchmark points:

-6
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* Benchmark points for PBHs from FOPT.

D.Marfatia, P.Y. Tseng:2112.14588

| BP-1 BP-2 | BP-3 BP-4 | BP-5 BP-6
A 0.061 0.110 0.195 0.087 0.150 0.158
BY4 /MeV 75.14 13.81 1.501 1.261 0.121 2.999
C'/MeV 0.249 0.462 0.078 0.052 0.011 0.325
D 0.596 1.458 1.119 0.596 1.418 0.519
Iy 1.088 1.301 1.011 1.289 0.983 1.228
...... Mmoo ] 1031077 0 1,28 x 107710 | 1.64 x 10712 1.21 x 10710 | 2.59 x 1071%_6.26 x 10717
' om/MeV 53.41 0.120 0.259 0.394 0.341 1.704
Tsns /MeV 94.68 14.63 0.895 2.104 0.164 4.774
T, /MeV 53.16 6.143 0.421 0.868 0.052 2.287
T/ MeV 59.63 6.888 0.472 1.023 0.068 2.571
T,/MeV 53.09 6.045 0.415 0.857 0.050 1.950
S3(Ty) /T 155 159 166 171 180 170
Mppu/M: 2.92 x 10716 1.15 < 10716 | 1.19 x 10717 1.93 x 1071% | 391 x 10719 4.23 x 10~20
QFB 1.26 x 1042 4.31 x 1042 5.96 x 1042 5.01 x 1041 7.58 x 1041 4.18 x 1039
8’ 2.80 x 10717 2.54 x 10712 | 7.78 x 10723 4.45 x 10726 | 5.75 x 1073% 8.97 x 10~28
« 1.48 x 1072  7.40 x 1077 | 1.20x 1072 1.12x 1072 | 1.35 x 1072  1.30 x 102
B/H, 4.41 x 10° 9.36 x 10° 3.21 x 10* 3.25 x 103 4.94 < 103 2.64 x 103
Vo 0.904 0.904 0.904 0.930 0.963 0.905
vy /MeV 224 23.1 1.426 3.821 0.247 8.157
dMgg/dQrgr /MeV 258 28.3 1.980 4.264 0.573 10.89
Qppuh? 0.079 1.12x 1073 | 1.09 x 107% 1.52x107? | 2.15 x 1071  6.35 x 10~%
AN g 0.218 0.126 0.208 0.146 0.147 0.221

K sarmninzr 20727
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* GW spectra from the benchmark points:
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* The evaporation of a PBH produces all particles with mass

below the PBH temperature: Kazunori Kohri et.al: 2002.12778
10~1871,
TPBH ~ 5.3 MeV x ( ®)
PBH

» For Mppn/Me S2x 107 | PBHs evaporated

before today.

* The Hawking emission rate of primary particles:

dN;  n$'Ty(E, Mppy)
dEdt  27(ef/Tren 4 1)

A.Arbey, J.Auffinger (BlackH

KR saminzr 2077 PASISENE;
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awk): 1905.04268




* The extragalactic gamma-ray background due to PBH

evaporation Kazunori Kohri et.al: 2002.12778
2(1) IIliIl(teva ,tg) 2N
d :/ 1 Jrz(t)]fPBH.ODM d”Ny gt
dEdt T— MpBu  dEdt|g=(14.(t)E

with average DM density spm = 1.27 GeVm™?

* The evolution of the Universe is approximated as matter
dominated until the current epoch

1+ 2(f) = (t“)m

t

KelCsaminzy 2077 EAMNISENE;




» (' is defined at PBH formation as:

Kazunori Kohri et.al;: 2002.12778

5!

Y

172 (9*(T¢) = h >_2 ppBH (1)
106.75 0.67 p(Ty)

» 'V is the ratio between BH mass to the horizon mass in
radiation dominated era. In our scenario, it gives

/2 (9:Ty) T iss w1012 Te (Mepm )1/2
106.75 | MeV \ 10-8M,
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+ Particles reflected by the bubble wall exert pressure on it,
and slow down the bubble wall velocity.

Q=

MNTHFU Fl22 s2rminzy .19



* If a thermal DM flux is incident on the wall, the number
density of DM that enter the bubble is:

nin _ ?’liP ~ gDMTE ’Tw(l — Uw)mX/T* EE 1 - ww(l}ZWme
TYwVw 4?1'2’}’5(1 — ’Uw)z

X X
D.Chway, T.H.Jung, C.S.Shin: 1912.04238

* DMs are filtered by the non-relativistic and relativistic
bubble wall velocity:

~ e~/ Tx for vy — 0

- e—mx/(Q’VE'T*) for mx/('wa*) — 0




* If T < Tyec, the DM inside the bubble is decoupled from
the thermal bath and become DM relic abundance.

* DM relic abundance today can be calculated by dividing

ny+ny by entropy s = (27%/45)g,sT°

My (N 4 il
Qpph? ~ 6.29 x 108 Ky +1y)

1

GeV g*STE
__Mx
- 1.27 x 10% (éﬂ ) ggD*I;’I zfwa* +1)e 2T, for v, — 1
PN g w107 () () (L) (me hr) e B,
X O(G ) 0s ) \ve T*-I—le * or Uy — 0.



* In the ultrarelativistic limit, the pressure on bubble wall can
be obtain from the light degree of freedom inside and

outside the bubble:

D.Chway et.al : 1912.04238
J.R.Espinosa et.al: 1004.4187
D.Bodeker et.al : 0903.4099

d,, g*7r2
90

1 7
dn[ > (gf+g{)]
Gx 8

0. 2M > T

* The Yw can be obtained by solving the eq. r=avy; :

P (1 + v0)P2 T

dn
a=—(1+ ’uw)?”yfl
3
(l—T—a )AV |
= gL )" “eilix — 2, T4
o= D) ., p=m2gxT7*/30

MTHU FI22 52y 0115 F



* For bubble wall velocity vw faster than the sound speed in
plasma, but not ultrarelativistic, we use the approximation:

P.J.Steinhardt, Phys. Rev. D. 25, 2074 (1982)

1 2 4 2
_ \/§—|—\/a + 30
- l +«

v

MNTHFU Fl22 s2rminzy 0.1/



* The percolation condition using saddle point approximation:

F(t) = exp I:—%vgl:dﬁ(t—yﬁr(t’)} F(t*) — 1/6 et 037

v T(T)B * ~1
* Since p/H, is almost constant, thus g« #, 72 and from
above condition, we have

T*_4 e~ BT/ Ts o B=1 ¢=9(1)/Tx ~ constant , l.e., e 53T/ « B

* Bubble nucleation rate per unit volume grow with vacuum
energy density.

» For fixed Qrsh? , we obtain |[MrB x 1/npp|n X e3/4(53(T3)/Ty)  B—3/4

“
’C)

APCTR, Oci 18-10,207]

th
(CA)
N
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