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Compact Stars
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Neutron Stars

_Stellar Life Cycle ™ Last stage of a star

e .

to
30M,

(< 0.08 M)

_".3 fuel ruhs_ out and the star will collapse |

Neutron star White dwarf Sun

Mmax (M) 2 1.44 1

R (km) 11-12 10° 7.10°
n. (g/cm?) 10™* — 107 10’ 10°
rotation speed (s) 107 ° —1 100 2. 10°
B (G) 10° — 10™° 100 1

T (K) 10° — 10™ 10° 10°
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Variety in the composition

traditional neutron star

® different models for the quark-hybrd
composition

® focussing on a type with
deconfined quark matter
inside core and baryonic
matter in outer shells

neutron star with
pion condensate

<-| Fe
® other compositions as ;;ggg;guggés?pggggpg | 10 giem 3
,a, I

strange stars, hyperon stars, = ;L 10" gom 3
etc. are not considered in ggh CFL-K* 10 gom 3

CFL-K
our StUdy LOFF CFL-TIO - gtﬁgg%ﬁg;l;e

strange star
nucleon star
R~ 10 km
Weber+ (2007) 5
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Construction the
Equation of State (EoS)

Quark matter: Ivanytskyi,Blaschke (2022)
confining relativistic density functional

ldea: approach (RDF)
> combine the EoS for Underlying Lagrangian:
hadronic matter and our L =Lpsat Lv+Lp—U
model for quark matter _ hato
via Maxwell construction Meafl;\:/ng what: o
Including vector repulsion and diquark
DD2npY-T model pairing controlled by dimensionless
Shahrbatf, ] I|n S
Blaschker  (hadronic) neutrons and couplings o
(2022) protons + hyperonic degrees —» Confinement + Conformal limit +
of freedom Color Superconductivity 6
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Hybrid EoS

Low densities — Outer regions of NS High densities - Inner regions of NS

Pressure as function of Density
pure DD2npY-T
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Construction: >
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Pquark(!fc) = phadmn(ﬂc) = e Q

via chemical potential
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Compact Stars Building up an NS

Mass-Radius Curves
Tolman-Oppenheimer-Volkoff
(TOV)

dp m + 4rpr? dm 5
— = —(e + P)———. and —— = 4nare,
dr e re—2rm

dr
Mass and Radius
‘ of NS sequence

Pressure as function of Density 25

n=0.23, Np=0.72
M=0.29, Np=0.73
n=0.32, Np=0.74
ny=0.35, Np=0.75

[PSR]J0740+6620
r Fonsecaetal.,

200 ol
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Special Points and
Onset Mass

2.57 ‘
: P:R ]07f10+t6'6120
® M-R curves show many interesting characteristics *f s
® Plotting curves characterized by the couplings _wsp o [N
of the quark phase N '
® Special points and onset mass :
(deconfinement phase transition) osl
08 1‘0 1‘2 1‘4 1
R [km]
Gartlein+ (2023) 9
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Radial Oscillations

Conclusions
® ®
Characteristics
25 T T T T T T T T
"PSRJ0740+6620 = 1 3 ”.
| Fonseca ot al. iy NICER Jamss, © Sp_ ecial points”: area of
0 W intersection for certain
21 R _ sets of couplings
1.5+ \ . :
— i Points of Phase
S |k transition (onset mass)
E o £ Deconfinement phase
) ] - .
i gD - ransition
1 IFIS %I,c C/ transitio
Q‘Ié\' ;]\i vl O T
SIS S B
NI \J
[ e N ] : :
05l X a2 © i Diquark coupling controls
I N | onset of deconfinement
| - Vector repulsion controls
ob— e stiffness of EoS
8 10 12 14 16
Gartlein+ (2023)

R [km]
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PSR J0740+6620 7
- Fonseca et al., O.NICI%R'JQMG‘*'GGZ(-} ....................... y
i -~ :"_:_ 538" erey et"él ........ _
2 ’{“ ‘%t = /b. ) J
| J0348+0432 s Relation:
| Antoniadis et al.,
: ULC Gty MMax == MSP + (5|M6nser - MOnser‘H
1.5F
"o "GW 170817 ™., oo nccnndn b
2 -rAbbott et a!,,,“"
1+ ; _ o
- > Special characteristics of
i the curves are not
| completely independent
05+ M . e ..
: » W ,.0t is fix parameter (fitting)
: > ko~ 2
0 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
8 10 12 14 1 > 0 o< 1y and very small

Gartlein+ (2023)

. R [km] 1
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Radial Oscillations

® Similar to stars (well studied for o
the Sun) radial and nonradial Pressure deviation
oscillations are considerable s : -

® Changes of radius and
pressure
(harmonic oscillations)

® Radial: n=0 — > zero or
fundamental mode (f-mode) I —
4 02 04 06 08 0 02 04 060

® n > 1: p-modes /R
Rather+ (2023)

N
8 1
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How do they work?

Equations:
€ _ 3. 1 Wy a :> ¢ = Ar i i
= = (r S pdr)é = == radial perturbations
@ - [‘u i pre[.x .--]]I_E 3
dr Jo)
[4dp , r (dp\? A
“lpar T 8n(e + p)re* — = (dr) ]E >j>f} = TDE pressure perturbations
: € dp N e o
‘mumwf4“mh' )

® radial pressure oscillations (p-waves) = no GW emission
® could couple to nonradial oscillations = emit GW

® used to probe composition of compact stars

13
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2.5

[ PSRJ0740+6620

What to do with them?

Same special point (crossing) Unstable branch. as

; frequency becomes
Fixed value imaginary
[¥a] :I'*lun:ﬂ-t I:I"lmaxl JII
Ma] | [Mo] |[kHz]
0.740] 0.251 | 2.044 [0.840
0.740| 0.506 | 2.011 [0.821
0.731| 0.826 | 1.986 [0.770
0.721] 1.160 | 1.074 |0.318
0.711| 1.483 | 1.976 % 10 12 1 4
0.760| 0.251 | 2.159 [0.760 R [km]
0.753] 0.506 | 2.130 [0.755] ; . M
2.092(11.46(0.200[0.715] 0.826 | 2.101 |0.750 frequency lowers for increasing - Vponset
0.737] 1.160 | 2.004 |0.410 ]
0.730] 1.483 | 2.005 until, f = 0
0.770| 0.251 | 2.267 [0.760 o
0.764] 0.506 | 2.241 |0.742 per definition: last stable f-mode
2.207|11.85| 0.35 [0.757] 0.826 | 2.218 |0.7

2.207|11.85| 0.35 [0.757]| 0.826 | 2.218 [0.740 for M — My,

0.752| 1.169 | 2.210 [0.491 sznser

0747 1483 [ 2.200 . B
0.35 [0.770] 0.251 | 2.267 | 0.89 &> see relation: Muax = Msp
1.885(12.00[ 029 (0745 0.826 | 2.101 [ 0.76

*
0.23 [0.711] 1.483 | 1.076 | 0.70 &> Monset = Mppset

Gartlein+ (2023) ﬁ Mpmax = Msp + 6|Mp,cet — Monset|”

M [Mo]

blue

Imagenta

OUaIge

white
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Conclusions

1. Phenomenological EoS > in agreement with astrophysical constraints

2. Variation of 7)p while keeping 7)y fixed === > family of hybrid quark-hadron EoS

corresponding mass-radius
curves intersect in SP

also other possibilities D

3. Finding special points within microscopic approach

15
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4. Study of f-modes (belonging to SPs)
&>for same gravitational mass, radius and vector coupling
&> frequency decreases with decreasing diquark coupling

5. Earlier deconfinement phase transition ™= > higher frequency

6. Observing low f-modes == > closer to maximum mass

&> with relation: constraining NS mass at which deconfinement transition occurs

Msp | Rep m np | Manset lllmaxl !

[Mea] | [km] Ma| | [Ma] ||kHz]
0.749( 0.251 | 2.044 [0.840
0.740( 0.506 | 2.011 [0.821
1.97311.06|0.23010.731 ] 0.826 | 1.986 [0.770
0.721] 1.169 | 1.974 |0.318
0.711] 1.483 | 1.976
0.760( 0.251 | 2.159 [0.760
0.753( 0.506 | 2.130 [0.755
2.092(11.46[0.290(0.745] 0.826 | 2.104 |0.750
0.737( 1.169 | 2.094 [0.410
0.730] 1.483 | 2.095 16
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Outlook and further findings

0.5 \ RRARY \\x ——

» Constraining the possible values of couplings 045 \ g
Y

» range suggests an early deconfinement of 04 4_/ O E
quark matter and deconfinement onset N
masses below 1 solar mass } é § =

: : : ) 2 § 2

» consistent with the existence of heavy NSs X 3 8|
with up to 2.4 solar masses 03 S § 2 g
0.25 y \X\X 5

0.65 \0.75 o 68

Gartlein+ (2023)
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Thank you for
your attention

Any Questions?

18
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Back up Slides

Lagrangian of the quark matter theory:
including Up and Down quarks

L = qlid —m)g+ Ly +Lp — U,

Ly = G’y{r_g’}-ﬂq]z By,
Lp = Gp(qivsmeAaq ) (G ivsm2Aaq) — Op.

9 L R |
U= Dy [{l Fa){qq)y (qq}ﬁ' (q.‘.,_ﬁlr.aﬁrq}.&] 3
19
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Definition of couplings:

(1 (:LF”
*'1-"? iy fop
| -8 _(7m(ata) /3
OM 7 2 _ _
G o Vacuum value of diquark coupling
Gp =
| 4 -8 2| (g iTays Azg)|
OM 2 2
Gy G p
an = and 7np _
(7 s0) Gso == ' Vacuum value of scalar coupling
dimensionless

Fixing parameters via mass and
decay constant of the pion as well [ MeV][A [MeV][ @ [DoA 2[M, [MeV]
as of the scalar meson 4.2 73 (143 1.39 600

20
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Speed of sound profiles

0.6
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