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Astrophysical data restricts the “cold” equations of state (EoS)



R|Rhas /(M)

1.0
0.5

Dietrich, Hinderer, Samajdar ‘20

inspiral

—

| | |

postmerger

—




Dietrich, Hinderer, Samajdar ‘20

I I
postmerger

R|Rhas /(Mv)]

- Gravitational waves bring higher temperature EoS information



Dietrich, Hinderer, Samajdar ‘20

I I
postmerger

R[Rhyy /(Mv)]

- Gravitational waves bring higher temperature EoS information

- If first-order phase transition (FOPT):



Dietrich, Hinderer, Samajdar ‘20

I I
postmerger

R[Rhyy /(Mv)]

- Gravitational waves bring higher temperature EoS information

- If first-order phase transition (FOPT):

- Macroscopic effects: modifications in kHz signal



Dietrich, Hinderer, Samajdar ‘20

I I
postmerger

R[Rhyy /(Mv)]

- Gravitational waves bring higher temperature EoS information

- If first-order phase transition (FOPT):

- Macroscopic effects: modifications in kHz signal

- Microscopic effects: direct signal
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- Adiabatic evolution: Characteristic time/length scales >> QCD scale

- FOPT proceed through the nucleation, expansion and collision of bubbles
- Similar to cosmological transitions (ms ~ T ~ H_l)

- Direct signal
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Gravitational waves from FOPTs

- Dominant GW emission from sound waves (0710, D COSTIOIOY TP 22
. ” 10‘“;

- Vast amount of results for early universe transitions e UR ~ i ;

R [ W h~hT,a,cg,p,v,, vf)-

% 10‘12§ E
- Borrow results for a first raw estimate -
10-13 ¢

- Study dynamics of more general transitions 7
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g - _ 10 LISA cosmology group ‘22
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LISA cosmology group ‘22

- Sensitive to dynamics of the bubbles and medium T
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- Broadband or resonant searches depending on frequency
- Short signal but inspiral signal allow for coincident methods

- Multiple detectors can improve sensitivity
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Theoretical improvements

- Existing FOPTs results:
- Electroweak-like: weak coupling
- Constant speed of sound
- Direct: from high to low energies

- Final homogeneous state

Bea, Luna, Mateos, MSG, Tarancon-Alvarez, van de Vis in progress

- Neutron star FOPTs:

- Strong coupling & finite density

- Non-constant speed of sound

- Inverse:

from low to high energies
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Bea, Casalderrey-Solana, Mateos, MSG 24
- Hydrodynamics of isolated inverse bubbles: -

- Simple self-similar problem gives energy budget

- Expansion speed constraint by hydrodynamics alone

- Intermediate velocities are energetically most efficient

Barni, Blasl, Vanvlasselaer 24 Barni, Blasi, Vanvlasselaer 24




Non-constant speed of sound

Mateos, MSG, Tarancon-Alvarez to appear

--------- Detonation - Detonation T — - Detonation
s ‘2-08\ N e _ < 4‘2-. :
—— Deflagration 11.39.\1205 —— Deflagration T 1.1;79\1165; —— Deflagration
. —_ e ——————— . :3 . '~ . .
———— Hybr|d ...... 04._ “1 9. ——— Hybl’ld ________________________ ~0.85_ 1.2y I Hybrld
— T ‘0-69\ ] I e —— 0.58 =~ .0-8-5
s 0.4y  “Bgg. —038 7 R B
/047 \'\ ———————————— -40 BREEN 058
1 et T T 032 047
<~ 0 027 ——— -
¥ _ 1 - 032/ .......... . '~ ¥ _ 1 - / -
10 i '22\.\ R CET 10 o 02 — ~0197 7=
U ~0,, _
—— \ "G00y 03
I :
i ’ ‘o
Q
\ G1s.
102 Plo 102 ed

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8




Non-constant speed of sound

100 10°
--------- Detonation
e _2.
— Deflagration e 136, 20,
- . e 1’04'\\1_‘39'
Hybrid I B ~069_  d0q
/0.47 S E— 047 ‘N e
. J D ~03, 04
—_ / \'\ —
¥ 10 1] 032 T t— T02 03, 10 o
// — T "% | '
I _ \ 0.2,
.'/ flj’ I 0'\}0‘
/Q ) s,
0-,1,0 _2
1072 ' | | | L
0.2 0.4 0.6 0.8 1.0

--------- Detonation e
5 s S 1 ~2.54\2'54
..... ~1.6g. 2
— Deflagration 7T L3~ Leg
——— Hybrld ________________________ —0.85 - 1-,2.2.
___________________ 0. eg
058 7 > '~ -
T —040\\ 058

/,_,.,0.27 '''''' ~
,Q.D‘Q o 21 / P Pl =
/Oﬁ

Mateos, MSG, Tarancon-Alvarez to appear

--------- Detonation
—— Deflagration
——- Hybrid

- Varying speed of sound constraints at intermediate wall speeds



10°

¥ 1071

Non-constant speed of sound

90 100 110

--------- Detonation
e _208\
— Deflagration e 139 208
—-—-- Hybrid S T0a T
y R 0.6
____________________ 0
o4l 7
SR 035
032/ ,,,,,,,,,
- 02>

0.2 0.4 0.6 0.8

10°

\ N v 101

--------- Detonation
—— Deflagration

——- Hybrid

" —

———

0.8

10°

Mateos, MSG, Tarancon-Alvarez to appear

--------- Detonation
—— Deflagration
——-- Hybrid

- Varying speed of sound constraints at intermediate wall speeds

» Finite supercooling/superheating effects constraint the high speed regime
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Bea, Luna, Mateos, MSG Tarancon-Alvarez, van de Vis in progress
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- Hydrodynamic evolution with shock capturing methods (weak solution)
- Do not resolve the wall but require wall velocity as input: scan over it

- Link spectrum to energy budget of isolated expanding bubbles (as in cosmology)



Spectrum from bubble collisions

Bea, Luna, Mateos, MSG, Tarancon Alvarez, van de Vis in progress
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- Hydrodynamic evolution with shock capturing methods (weak solution)
- Do not resolve the wall but require wall velocity as input: scan over it
- Link spectrum to energy budget of isolated expanding bubbles (as in cosmology)

- Spectrum sensitive to the inhomogeneous nature of the medium?
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Conclusions and future work

- High frequency signal from neutron star mergers to uncover QCD FOPTs
- Also in core-collapse supernovae: suppression? Bleau, Kopp, Lee, van de Vis 26

- Towards the dynamics of bubbles in QCD-like transitions:
- Inverse/Superheated bubbles dynamics
- Constraints of non-constant sound speed on bubble expansion

- Many bubble collisions to characterise the spectrum
- Potential memory effects if burst of neutrinos due to the phase transition

- Learning about general FOPTs and their spectrum
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