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Abstract

We applied a novel scenario to impose constraints on the relic abundance
fren of primordial black holes (PBHSs) in the mass range 10~ < Mppy/Mg <
10~ which cannot be probed by microlensing or evaporation methods: When
a PBH with the aforementioned mass transits through a white dwarf (WD)
made up of carbon and oxygen, Bondi-Hoyle-Lyttleton (BHL) accretion in a
reactive medium creates a shock wave, which generates direct detonation
ignition in the WD core and then leads to Type la supernovae (SNe la)
whose event rate is to be compared with the observational data. PBHs
in the constrained region can be produced by a cosmological first-order
phase transition (FOPT) in the dark sector which associates with O(MeV)
energy scale and thus gives rise to complementary signals of stochastic
gravitational waves (GWs) from 10° Hz to 10~ Hz peak frequency which can
be probed by future uAres GW interferometer.

PBH formation mechanism

Let ¢ and x be a scalar field and a Dirac particle with U (1) charge in the dark
sector, respectively. Then the simplest Lagrangian density which can realise
the PBH formation mechanism illustrated in Fig. 1is
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Critical temperature: The false vacuum (FV) and the
true vacuum (TV) have the same energy.

Nucleation temperature: TV bubbles nucleate. Assume
that the FOPT 1s supercooled. Then 1f y’s penetrate into
the TV bubble, they will gain a huge mass, violating the

Cosmolo gical energy conservation, so they are trapped in the FV.

FOPT 1n the

dark sector Percolation temperature: The TV bubbles form an

infinite connected cluster. This 1s also the temperature
where GW generates.

Fermi-ball formation temperature: The FV remnants
stop splitting and begin shrinking until the degeneracy
and vacuum pressure of y’s left from the annihilation

due to the shrinking balance to form Fermi-balls.

Yukawa
coupling 1n the
dark sector

Collapse temperature: The range of Yukawa force grows
large enough to reach the mean separation of y’s, and
the Fermi-balls start to collapse into PBHs.

Figure 1. PBH formation mechanism.
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Figure 2. SN la event rate induced by PBHs in the NFW, isothermal, Kra and Moore profiles,
when fppy is 1and @ is 1 (left) and 10 (right).
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Figure 3. The shaded parameter regions reproduce the observed SN la event rate in the
NFW (green), isothermal (red), Kra (cyan) and Moore (blue) profiles when « is 1 (left) and 10
(right). The "*” points within the shaded regions indicate the benchmark points (BPs)
belonging to a particular profile in Table 1and 2; otherwise, they are BP-1to 4 in Table 2.

6 -6
10:; " :sotﬂerrﬁ;&i EEi —_— ‘ 10:; " ﬁoore EE% : :
10_9 ] ' éﬁihiiﬂi BP3 —— 1 10_9 ] ‘ Moore BP-4 — - ;
1007 ST Newees 10,0 AT MR
10 7 F N { . NFWBP-3 ----- 3 10 7 F RN~ <is BP-2 ——
11 N & NFWBP-4 ----- 11§ I §p. BP3 —— ]
(q\| 10 e 2N (q\| 10 < - BP-4 ——
< 10712 < 1012 e -
= o3 S\ = 1913 X
O 4o 14 2R & O 4o 14 ‘ G
d 10'15 N\ VSQ) G 10'15 VSQ')"
16 h 16 3
L 0777 \\\S L N YA\ '
10 10
10718 10718
10719 R N\ % 107191
10'20 Ll .,',".'.,." A R A :P . 10‘20 Ll .//./.:///.......l T R T . WA \
107% 10®° 10® 107 10° 10° 10* 10° 107 107% 10®° 10® 107 10° 10° 10* 10° 107
f [Hz] f [Hz]

Figure 4. GW power spectra for the BPs in Table 1 (left) and Table 2 (right).

Kra BP-1 Isothermal BP-1 Isothermal BP-2 Isothermal BP-3 NFW BP-1 NFW BP-2 NFW BP-3 NFW BP-4

BY4/MeV 4.316 5.477 3.262 2.973 11.72 5.269 9.840 4.433

A 0.120 0.104 0.089 0.059 0.057 0.186 0.086 0.123

D 0.794 1.243 0.922 1.674 0.629 1.891 1.564 0.434
DM 297 x 107% 273 x 107° 2.78 x 107° 3.66 x 107% 1 5.89 x 107 1.54 x 107 9.36 x 107" 1.87 x 107°

rr 0.506 0.434 0.320 0.379 0.353 0.433 0.361 0.398

C' /MeV 0.203 0.240 0.110 0.032 0.343 0.556 0.550 0.353

gy 1.520 1.329 1.274 0.807 0.833 1.352 0.822 1.459

m /B4 0.059 0.020 0.383 1.508 0.936 0.093 0.451 0.699
Mpgi/Mg 1.02x 107" 829 x 107" 1.12 x 107" 173 x 107" 7.87x 107" 1.53 x 107% 1.61 x 107" 3.85 x 107"

JrBH 0.893 0.891 0.592 0.797 0.671 0.508 0.684 0.817
R(T,) [GeV™Y 7.23 x 10Y  6.13 x 10¥ 8.18 x 10" 1.61 x 102 | 1.84 x 10" 1.15 x 10? 5.00 x 10Y 6.43 x 10"

VW 0.880 0.943 0.930 0.955 0.977 0.969 0.990 0.902
Rpp[GeV™] 929 x 101" | 7.35 x 10Y7 1.37 x 10'® 1.73 x 108 1 1.29 x 107 9.83 x 107 3.28 x 101" 8.23 x 10%
@ 9.50 x 10%¢ | 7.05 x 10% 1.40 x 10%7 2.17 x 10% 1.89 x 10*  1.32 x 10*" 6.37 x 10% 2.38 x 10*

Table 1. The BPs in the Kra, isothermal and NFW profiles, which form PBHs after FOPT
with A = 0.1 fixed.

Moore BP-1 Moore BP-2 Moore BP-3 Moore BP-4 Moore BP-5 BP-1 BP-2 BP-3 BP-4

BY4/MeV 13.27 8.947 3.605 1.214 4.809 9.572 7.175 2.030 3.726

A 0.166 0.056 0.184 0.135 0.085 0.153 0.167 0.072 0.199

D 0.282 0.430 3.088 3.779 0.991 1.025 0.195 0.756 0.708
N 493 x 1077 4.04x 1077 1.65x107% 1.48x 1077 243 x 1078 837x 107" 1.94x 107" 2.20 x 107® 1.87 x 10~*°

rr 0.551 0.421 0.329 0.440 0.367 0.419 0.441 0.421 0.334

C /MeV 1.747 0.159 0.357 0.043 0.247 0.864 1.114 0.051 0.587

Jy 1.190 0.923 1.445 1.282 1.129 1.156 1.514 1.169 1.837

m /B 2.265 1.168 0.027 0.020 0.590 1.400 1.105 0.375 0.012
Mppi/Mg 4.68 x 107 8.02 x 107" 1.96 x 107"* 4.15 x 107" 819 x 107"* 3.19 x 107" 4.78 x 107" 8.06 x 10~'* 1.15 x 10~ "

JPBH 0.963 0.418 0.308 0.677 0.881 0.685 0.225 0.335 0.533
R(T,) [GeV™Y 9.76 x 10 2,51 x 10 2.11 x 10  8.60 x 10 1.23 x 10*  2.41 x 10" 1.71 x 10" 3.69 x 10* 1.50 x 10%

VW 0.850 0.952 0.984 0.925 0.977 0.945 0.818 0.941 0.952
Rpp[GeV™l] | 5.87 x 101 1.52 x 101" 2.06 x 101®  1.89 x 10"  1.31 x 10'*® | 1.70 x 101" 1.14 x 101" 4.21 x 10'® 1.95 x 10'®
@ 6.71 x 10% 214 x 10" 2.90 x 10"  2.50 x 10*®  6.27 x 10*"  1.07 x 10* 1.12 x 10* 1.45 x 10*® 1.08 x 10*

Table 2. The BPs in the Moore profile and outside all the profiles, which form PBHs after
FOPT with A = 0.1 fixed.
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