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Overview of phase transitions in cosmology
- sGW production

- Novel PBH formation mechanism: Fermi ball collapse from dark FOPT

Pulsar timing
— Doppler and Shapiro
— Constraints: sGW and probe of compact objects

Spin of PBH
Conclusions
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Phase transitions in cosmology
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Phase transitions in cosmology

Retrieved from: arXiv:1705.01783
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Phase transitions In cosmology
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Outline

* Overview of phase transitions in cosmology
- sG\W preduction
- Novel PBH formation mechanism: Fermi ball collapse from dark FOPT

e Pulsar timing
— Constraints from Doppler and Shapiro
— Constraints from sGW

e Spin of PBH
 Conclusions
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Dark matter
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Ferml ball.and_ PBH DI\/I[2]
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Fermi ball and PBH DM
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Fermi ball and PBH DM
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Outline

Pulsar timing
— Constraints from Doppler and Shapiro

— Constraints from sGW
Spin of PBH
Conclusions
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Pulsar timing: Doppler & Shapiro
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Pulsar timing: Detector properties
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Pulsar timing: monochromatic, pointlike PBHs
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Pulsar timing: sensitivity limits®™®

sp= [ dt'sv(t’)

obs
V2t2 A/ dt hI

rms

SNR? =

Sensitivity criterion: 90% of
mock universes have max
SNR >4

BlLee, Vincent SH, et al. (2021)
BIRamani, Harikrishnan, Tanner Trickle, and
Kathryn M. Zurek. (2020)

(f,M) -> size of
simulation volume

fp,,/M -> # density

Maxwell-Boltzmann ->
velocity assignment

NB: We developed a
parallelizable
FORTRAN code to
perform the simulation
on a 72-core cluster
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Monochromatic PBH mass (benchmark) Novel PBH formation scenario
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e Pulsar timing
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- Constraints from sGW

e Spin of PBH

e Conclusions
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Complementary signal: Stochastic GWs
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e Spin of PBH
 Conclusions
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Previous work on PBH spin

* Peebles 1969: galaxy rotation in MD

e Choptuik criticality (Choptuik ‘93;
Baumgarte & Gundlach ‘16; Chiba &
Yokoyama ‘17)

e 1stys 2nd order approach (Gruzinov,
Mirbabayi, Norefia ‘19; de Luca et al ‘19;
Harada et al ‘21)

* Assume that PBHs are formed from
the enhancement of primordial
power spectrum s

Taken from: De Luca, Valerio, et al. (2019)

10%p

as P(as|v)
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Our approach (RuRos) = (2 Pr(t)p® (% - 7).

- e D2 L ns—1
Spin is induced by Pr(n=0,k) = -5 As (k—) .

cosmological perturbations

A, = (2.196 % 0.060) x 1072,
e Gaussian scale invariant

° Assume Spherlcal proto_ j’F,Cﬂ-ﬂf = /pF Gr XU \/‘%dgff— ﬁCﬂa’ X ﬁCﬂ-{

object
» Cosmological perturbations ~ 7rew(n) = 4mor? / dllydlyy (k x K') e (K,m)
could be modified by FOPT x | F(F + F|z0) = 3F (kz0)G(K'z0) | (K", m)
sz
[Ijgt%rm\ll?d grm,ls(?ggé)ljomlmk J. Schwarz, and Tram Acufia . NTHU € N M2 2331
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Cosmological evolution
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Cosmological evolution

BP-Test-4

T
1}
]
1.0 _\
0.9
0.8 \
N
AY
hY
A
0.7
0.6 | — (T -Ty)/(T. - Ty)
\\\\ F
0.5 3 — T/Tsu
- T=—HT
N
0.4 R
0.3
0.21 . ne il
\‘ 1]
~, 1]
~, 1
N !
0.1 h- i
S :
~, 1}
~ i
\\ 1
0.0 T T T T T T *
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

7= H.n—n)

Tram Acuna - NTHU

10.0

=l
o

0.04

—10.0
0.0

BP-Test-4

— k/H.=2.0x 10"

0p

WKB approx dp
SM

0.1

0.4
Ht-("f - ".’r')

02 03

0.5

06 07

0.8

25/31



Preliminary results
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Preliminary results
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Preliminary results
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e Conclusions
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Conclusions

* FOPT in early Universe is a subject rich in phenomenology

* Interesting playground to probe fundamental physics and inspiration
for exotic physics

* In focus: novel PBH formation mechanism
e Pulsar timing can probe this novel PBH formation scenario
* Sensitivity range: PBH mass of 10-8~10-4, GW frequency of nHz~uHz

* Provided a first step in calculating spin of PBH from this novel
formation mechanism
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Dark matter-nucleon cross section [cm?]

(WIMP) dark matter
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Primordial black holes

« cf. BH from stellar collapse (~1-10 M_,)

3 1 _ 3 1
Can be formed at any massl Ppr 871G, Ri O 871G, (1/H)2
* Potential DM candidate
* Proposed formation mechanisms 1 t 18 {
- Colla i imordi M, = =—~10 "M (—)
pse of overdense regions from primordial H 2GyH Gy sol 10356
fluctuations

— Ciritical collapse and Choptuik scaling

- PBH from FOPT T
» Softening of fluid EoS (QCD PT)
* Bubble wall collisions during FOPTI

64 3
* Collapse of Fermi balls from filtered out DM 7=10""y (M /M 501)
during dark FOPTI]

— MSO
Hawking=8-62X 10" eV ( M’)

[LZeldovich Ya., and Novikov I. D. (1974)
PIKodama, Hideo, Misao Sasaki, and Katsuhiko Sato. (1982)

3] i - i
Kawana, Kiyoharu, and Ke-Pan Xie. (2022) Tram Acufia - NTHU 34



Filtered out dark matter

light particles ~ ‘#=°

DM mass is dynamically
generated from FOPT

* Key ingredient: mass
difference >> T

Taken from. Dongin Chiay Tae Hyun Jung, Chang Sub Shin * DM number density Is
y Boltzmann suppressed
g\ mx-gQ . ow s> T, like In WIMP freeze out
\\\<?>=W r<n(p;:0
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Pulsar timing: Doppler & Shapiro

/// \\\
/ N\

o
S

object

- (), = [vou

Line of
T SJO 3 /3 1/3 M 13 -1
\»/ I“DNJrvnl ~0.1f (T) yr
Earth 10 "M,
observer
Y
—— Line Of — v
S|ght e
— = | \—/ / / / —1/2 L 1/2
Earth [~ 2"y (nL)"2~0.17 2 (—M ) ) oy
observer 10 4M 10kpc

sun

Tram Acuna - NTHU 36



Nx = l(']_l':’? Uy = T;"(Z‘.f(‘:—}'rfj?drl'a‘r = 0‘1

10!

1{‘]{] i

feen

101+

10721

Microlensing
Doppler

Shapiro

B/H, = 25000.0 |

3/H, = 10000.0
B/ H. = 5000.0
3/H, = 2500.0

Mpgr(My)
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Microlensing

-multiple images are formed, but

not resolved as separate
-change the magnification

-microlensing event is registered

if magnification is >1.34

Number of expected microlensing
events:

- N, T .. (rate per source star)

(transit time)
-rate per source star ~ 1/M

Tram Acufia - NTHU Plots from: JTA, Po-yan Tseng
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BIDror, Jeff A., et al. "Pulsar timing probes of primordial black holes and
subhalos." Physical Review D 100.2 (2019): 023003.
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Pulsar timing: sensitivity limits®7]

Pulsar label

1 2 3 4

Sensitivity criterion: 90% of

Mock .
- aniverse mock universes have max
e SNR >4

© 00 N oo o b~ w NP

=
o

6l_ee, Vincent SH, et al. (2021)
~ ["IRamani, Harikrishnan, Tanner Trickle, and
Tram Acunia - NTHU Kathryn M. Zurek. (2020) 39



Generic quartic potential

Vegs(6.T) = D (T* ~ T3) & — (AT + O)* + '

cf. Ref. [10]
A
—B = —DTy¢; — o + - ¢

0 = —2DT¢ — 3Chg + A3,

Observables:
-Ave. PBH mass

{31/47 C7 D7 )\} > {ﬁxaT*a&traTmfaﬁ/H*?Uw} ~— » -PBH fraction

. : -Peak GW
Effective p?tentlal FOPT parameters abundance
parameters
-Peak GW
frequency

l2Marfatia, Danny, and Po-Yan Tseng. "Correlated signals of first-order

phase transitions and primordial black hole evaporation." Journal of High .
Energy Physics 2022.8 (2022): 1-14. Tram Acuna NTHU 40
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