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Range of DM mass:

DM candidate
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Mass range of PBH (Primordial Black Holes):

B.Carr, K.Kohri, Y.Sendouda, and J.Yokoyama, arXiv:2002.12778 

PBH constraints
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Bounds on the PBH fraction: B.Carr, K.Kohri,Y.Sendouda,J.Yokoyama: 2002.12778

Microlensing

PBH constraints
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Bounds on the PBH fraction: B.Carr, K.Kohri,Y.Sendouda,J.Yokoyama: 2002.12778

Hawking evaporation

PBH constraints
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Hawking temperature characterizes black-body spectrum 
from PBH evaporation

B.Carr, K.Kohri,Y.Sendouda,J.Yokoyama: 2002.12778

PBH constraints: Hawking evaporation

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

PBH evaporated before CMB 

PBH evaporated before present 
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511 keV line from Galaxy Center



  

All-Sky map of 511 keV gamma-ray line from INTEGRAL

If identified as electron-positron annihilation, it requires the 
injection rate of 2E43 non-relativistic positrons per second.

511 keV line excess

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

https://sci.esa.int/web/integral/-/41415-all-sky-map-of-
511-kev-line-emission
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We consider PBH mass range from 1E15 to 2E17 g and 
spectra of evaporated particles (photon, electron, and 
positron).

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.

PBH spatial distribution follow NFW profile:

PBH interpretation: 511 keV

P.Y.Tseng,Y.M.Yeh: 2209.01552
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We consider PBH mass range from 1E15 to 2E17 g and 
spectra of evaporated particles (photon, electron, and 
positron).

PBH interpretation: 511 keV

P.Y.Tseng,Y.M.Yeh: 2209.01552
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There are constraints from extragalactic and galactic 
continuous gamma-ray spectra.

Extra-galactic and Galactic gamma-ray

P.Y.Tseng,Y.M.Yeh: 2209.01552
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Favored regions of PBHs, interpreting 511 keV excess:

Allowed PBH mass and abundance

P.Y.Tseng,Y.M.Yeh: 2209.01552
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Favored regions of PBHs, interpreting 511 keV excess:

Allowed PBH mass and abundance

P.Y.Tseng,Y.M.Yeh: 2209.01552
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PBH trigger Type Ia Supernovae



  

Mass range of PBH (Primordial Black Holes):

B.Carr, K.Kohri, Y.Sendouda, and J.Yokoyama, arXiv:2002.12778 

PBH constraints
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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).

The maximum radius inside WD associates with detonation 
ignition        , were determined from successful shock wave 
and self-sustained ignition detonation in the BHL accretion 
flow.

PBH: Type Ia Supernovae

H.Steigerwalc, E.Tejeda, arXiv:2104.07066 
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SN Ia data is able to constrain the fraction of asteroid PBH 
abundance.

We assume the WD distribution follows the stellar 
distribution, and normalize it to the WD data within 100 pc 
near our solar system.

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

PBH: Type Ia Supernovae

Mukremin Kilic et.al, arXiv:2006.00323 
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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:

PBH: Type Ia Supernovae

P.J.Chen, P.Y.Tseng, arXiv:2305.14399 
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PBH formation:

FOPT→FB→PBH 



  

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

The finite-temperature quartic effective potential induce 
the first-order phase transition (FOPT) in the early 
Universe.

K.Kawana, K.P.Xie: 2106.00111, D.Marfatia, P.Y. Tseng: 2107.00859 

Model framework
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K.Kawana, K.P.Xie: 2106.00111

FB, PBH

More rich phenomenologies, if we consider 1st order phase 
transition (FOPT).

Dark fermion      inside the bubble becomes the DM relic 
density (bubble filtering     ).

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

First-order phase transition
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Number density of FB

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

Critical volume                 , there is no other bubble forming 
inside during its shrinking                        ,  corresponds to 
one FB.

The number density of FB            is determined by                 
                        : 

Total numbers of      for a FB:
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The mass and radius of FB are obtained by minimizing the 
FB energy with respect to the radius                      :

FB relic abundance:

FB mass profile
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The mass and radius of FB are obtained by minimizing the 
FB energy with respect to the radius                      :

Magnitude of Yukawa energy increases as FB temperature 
decrease. It will dominate when                         , and FB 
collapse to PBH.

FB collapse to PBH
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Boosted Dark matter from 
PBH evaporation



  

Hawking temperature characterizes black-body spectrum 
from PBH evaporation:

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

Boosted DMs from PBH evaporation

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

R.Calabrese et. al: 2203.17093
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We are interested in     in energy range from keV to GeV so 
that XENON1T/XENONnT and SK/HK can detect a signal.

The maximum allowed recoil energy

DM-e scattering
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At XENON1T/XENONnT detector,     can ionize the Xe 
atom via                                    , which produces an electron 
recoil signal.

XENONnT reduced tritium background five times lower 
than in XENON1T.

At XENON1T/XENONnT

XENON Collaboration: 2207.11330, 2006.09721
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At XENON1T/XENONnT detector, the differential event 
rate is given by

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

To find parameter space allowed by data

At XENON1T/XENONnT

R.Calabrese et. al: 2203.17093
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At SK/HK,     -e scattering produce Cherenkov radiation.

161.9 kiloton-year SK observed 4042 events, which is 
compatible with background 3992.9.

At SK/HK

Super-Kamiokande: 1711.05278
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At SK/HK,     -e scattering produce Cherenkov radiation.

161.9 kiloton-year SK observed 4042 events , which is 
compatible with background 3992.9.

Define      exclusion by                                .

HK is expected to collect 3.74 Mton-year exposure.

At SK/HK

Super-Kamiokande: 1711.05278

Hyper-Kamiokande: 1805.04163
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Correlated signals



  

This model: dark sector <--> PBH observable

Specify the quartic effective potential:

Finding the parameter regime, which realizes the scenario:

Parameter scan
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GW spectra from the benchmark points:

Gravitational Wave

D.Marfatia, P.Y.Tseng: 2112.14588
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GW spectra from the benchmark points:

Gravitational Wave

D.Marfatia, P.Y.Tseng: 2112.14588

Temperature of FOPT 

DM mass 

PBH mass 
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Parameter scan

D.Marfatia, P.Y.Tseng: 2112.14588
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Parameter scan

Excluded by cosmic rays, 
CMB anisotropies

T_PBH

D.Marfatia, P.Y.Tseng: 2112.14588
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Parameter scan

D.Marfatia, P.Y.Tseng: 2112.14588

Jeju workshop 2023                                                     Jeju workshop 2023                                                     P.Y. Tseng                                             p.26       P.Y. Tseng                                             p.26       



  

Parameter scan

Sensitive by SK/HK
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Parameter scan

Sensitive by 
XENON1T/XENONnT
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GW spectra from the benchmark points:

Gravitational Wave

D.Marfatia, P.Y.Tseng: 2112.14588

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    
                                              via Hawking radiation

SN Ia event rate associates with PBHs                                     
, transiting through WDs.

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

Summary
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Thank you for your attention!



  

Back up



  

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

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

The    -    scattering        via     is larger than                       .    
The                        is much smaller than         .        

Discussion: FB stability

electron FB

CYCU 15CYCU 15thth Mar.  2023                                                      Mar.  2023                                                     P.Y. Tseng                                             p.33       P.Y. Tseng                                             p.33       



  

During FB formation,    can be copiously produced via          
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    , which preserves the relativistic degree of freedom 
in dark sector. We require                   .

The trilinear term          

Discussion: relic of dark scalar
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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 stochastic GW.

PBH: Pulsar Timing Array

Pulsar Timing Arrays | Max Planck Institute for 
Gravitational Physics (Albert Einstein Institute) 

Helling-Downs pattern from NANOGrav 15 yr, 
arXiv:2306.16213
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Pulsar timing as probe of PBHs.

Pulsar signals arriving on Earth can be characterized by its 
phase

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. 

PBH: Pulsar Timing Array

J.T.Acuna,P.Y.Tseng, arXiv:2306.16213

Spin-downfrequency

PBH gravitational potential

Doppler:

Shapiro:
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The corresponding phase shift is

The residual signal amplitude after subtracting the phase 
shift from the 1st and the 2nd order

The signal-to-noise ratio is given as

PBH: Pulsar Timing Array

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:

PBH: Pulsar Timing Array

J.T.Acuna,P.Y.Tseng, arXiv:2306.16213
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PBH formation:

FOPT→FB→PBH 



  

Trapping DM

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

Bubble Wall

Outside Inside

DM

DM

DM
v_DM

v_w
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Suppose      particle mass difference is large:

     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             
                       in the false vacuum so that the an excess 
remain after pair annihilation.

FB stability: 

FB formation

NTU 4th Oct.  2023                                                     NTU 4th Oct.  2023                                                     P.Y. Tseng                                             p.29       P.Y. Tseng                                             p.29       



  

Signals from FB



  

The associated gravitational wave signals from FOPT:

Gravitational wave from FOPT

D.Marfatia, P.Y. Tseng: 2107.00859 
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Fermi ball

We consider the finite-temperature quartic effective 
potential: D.Marfatia, P.Y. Tseng: 2107.00859 
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The benchmark points for PBH formation from FOPT

PBHs from FOPT

Corresponding temperature 
of phase transition 

D.Marfatia, P.Y. Tseng: 2107.00859 
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These FB mass and radius ranges can induce microlensing 
effects.

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.

D.Croon, D. McKeen, N. Raj: 2002.08962 

FB

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

Milky Way Destined for Head-On Collision | NASA 

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

M31 image from Subaru-HSC 

Microlensing
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The temperature of FOPT is lower than the BBN, and robust 
 95% CL upper limit is                 .

Temperature 
of FOPT

Relativistic degree of freedom

2009.09745, 1103.1261
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Gravitational Wave



  

Gravitational wave production

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:
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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:

Bubble nucleation rate per unit volume:

Gravitational wave production
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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 fraction of space in the false vacuum:

The percolation temperature         of FOPT is determined 
by :

Gravitational wave production
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A FOPT generates GWs from: I). Bubble collisions

The peak frequency is determined by the time scale of 
FOPT          :

C.Caprini et. al: 1512.06239

Gravitational wave production
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A FOPT generates GWs from: I). Bubble collisions

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

C.Caprini et. al: 1512.06239

Gravitational wave production
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GW spectra from the benchmark points:

Gravitational Wave

D.Marfatia, P.Y. Tseng: 2107.00859 
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Benchmark points for PBHs from FOPT.

PBH: benchmark points

D.Marfatia, P.Y. Tseng:2112.14588
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GW spectra from the benchmark points:

Gravitational Wave

D.Marfatia, P.Y. Tseng: 2112.14588 

KEK seminar  2022                                                     KEK seminar  2022                                                     P.Y. Tseng                                             p.28       P.Y. Tseng                                             p.28       



  

The evaporation of a PBH produces all particles with mass 
below the PBH temperature:

For                                 , PBHs evaporated before today.

The Hawking emission rate of primary particles:

PBH evaporation

KEK seminar  2022                                                     KEK seminar  2022                                                     P.Y. Tseng                                             p.29       P.Y. Tseng                                             p.29       

Kazunori Kohri et.al: 2002.12778 

A.Arbey, J.Auffinger (BlackHawk): 1905.04268



  

The extragalactic gamma-ray background due to PBH 
evaporation

with average DM density                                    .

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

PBH evaporation
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      is defined at PBH formation as:

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

Correlated GW and gamma-ray signals
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Part-1: Bubble wall velocity

Particles reflected by the bubble wall exert pressure on it, 
and slow down the bubble wall velocity.

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

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

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

Part-1: Bubble filtering
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If                 , 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       
        by entropy                          :

Part-1: Bubble filtering
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Part-1: Bubble wall velocity

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

The       can be obtained by solving the eq.               :

D.Chway et.al : 1912.04238
J.R.Espinosa et.al: 1004.4187
D.Bodeker et.al : 0903.4099
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For bubble wall velocity        faster than the sound speed in 
plasma, but not ultrarelativistic, we use the approximation:

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

NTHU HEP seminar                                        p.17                                                            P.Y. TsengNTHU HEP seminar                                        p.17                                                            P.Y. Tseng
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Part-2: anti-correlation

The percolation condition using saddle point approximation:

Since           is almost constant, thus                    and from 
above condition, we have

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

For fixed             , we obtain

APCTP, Oct. 18-10, 2021                                         p.36                                                            P.Y. TsengAPCTP, Oct. 18-10, 2021                                         p.36                                                            P.Y. Tseng
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