Constraint of Compact Star Observables
for Walecka-type Nuclear Matter EoS

Gergely Gabor Barnafoldi, Péter Posfay, Antal Jakovac

References:
arXiv:1905.01872 [hep-th], PASA 35 (2018) 19, PRC 97 (2018) 025803

Support: Hungarian OTKA grants, NK123815, K120660, Wigner GPU Laboratory,
the PHAROS MP16214 and THOR CA15213 COST actions.

SQM2019, Bari, Italy, 11™ June 2019
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Motivation 10° 10.6

- Predict the uncertainty of the macroscopic Compact Star observables 4.3 x 10 “’-3
based on the theoretical uncertainties - Masquarade problem > % 1017 ;us

- How strong constraints can be obtained from Compact star measuremen -

1) How much difference arise from different approximations? .. wym

- MINIMALISTIC 1-boson-1-fermion model with a Yukawa coupling at T=0  Core

- Uncertainties at various levels: FRG, MF and 1-loop approximations 1.3 x 1078 @

P

2) Uncertainties from the parameters of the realistic nuclear matter g

- Parameter dependence in the extended Walecka model for symmetric matter

- Comparison between symmetric and asymmetric matter parameters
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Application in Constraints by
compact stars astrophysical observations
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1) How much difference arise from the
different levels of approximations?

P. Pésfay, GGB, A. Jakovac: PASA 35 (2018) 19, PRC 97 (2018) 025803
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Motivation for FRG

It is hard to get effective action for an interacting field theory:
e.g.: EoS for superdense cold matter (T— 0 and finite u)

Taking into account quantum fluctuations using a scale, k Q
- Classical action, S=I,,, in the UV limit, k = A K |

- Quantum action, =, ,inthe IR limit, k>0

FRG Method scale, k
- Smooth transition from macroscopic to microscopic

7 > 0
- RG method for QFT €
- Non-perturbative description
- Not depends on coupling Y
- BUT: Technically it is NOT simple
5
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Functional Renormalization Group (FRG)

> FRG is a general non-perturbative method to determine the
effective action of a system.

> Scale dependent effective action (k scale parameter)

Wetterich
equation
k= k=0
Classical action I Quantum
Integration ﬂqctuations
included
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Ansatz: Interacting Fermi-gas model

Ansatz for the effective action:

Ol ] = [ d'z [§ 69— 90) ¥ + 5 (Bue)* — Un()]

Fermions : m=0, Yukawa-coupling generates mass

Bosons: the contains self interaction terms

We study the scale dependence of the potential only!!
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Interacting Fermi-gas at finite temperature
Ansatz for the effective action in LPA: @

1
L' [7/)] — / d [iwiKk,ijwj -+ U (w)] Wetterich-equation in LPA

—1+nplwrp — p) +nep(wr + 1)

; k4 1 +2nplwg
MUk = —— (wB) | 4
129 wp W E
Bosonic part Fermionic part
2 % . 1
Un(p) = 32 + 520" wh = k% + g%p? wp =B Rl ) =g
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Result: Phase structure of interacting Fermi gas model

1 o S | Exact FRG solution counts all

quantum fluctuations

sl
=

First order
- 1-Loop approximation has only
8 tree diagrams

~ | Mean Filed solution contains
= 9 averaged effect of interactions
© 8’4-
== In the phase structure, FRG and
532 1L are very similar if the LO has
>~ O 0 the strongest contribution.

=

100 200 300 400 500

Scalar self interaction, A
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Pressure, p [MeV*4]

Result: Comparison of M

F, 1L, & FRG-based Eo0S

1.6x1010
10 |-
1.4x10 Yukawa-interacting Fermi gas EoS in MF approx. —+ i
Yukawa-interacting Fermi gas EoS in 1-Loop approx. £
Exact Yukawa-interacting Fermi gas EoS (FRG-LPA) —%—  # . *
1.2x1010 |

1x1010

8x10% |

6x10% |

4x10% |

2x10% |

/Mean Filed is the stiffest

— 1-Loop approximation

" Exact FRG solution softest

Chemical Potential, p [MeV]
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Result: Comparison of MF, 1L, & FRG-based Eo0S
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Result: Comparison to other E0OS models
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Relative compressibility

Result: Comparison of compressibility in the models
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Result: Test in a Compact Star

> Compare FRG EoS to SQM3, GNH3 —» TOV result: density function

Compare FRG to 1L and MF

BetFRGLPA — | = Soft FRG make biggest star

1-Loop — . . . .
i — — High-€ part is similar for all
SQM3

GNH3 —— - Difference: ~5% (.1 Mg and .5 km)

FRG to SQM3, GNH3
- FRG: small stars 1.4My and 8 km

- Other models: larger radii and less
R [km] central density
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Result: Test in a Compact Star

> Compare FRG EoS to SQM3, GNH3, WFF1 - TOV result on M(R) diagram

2.5 -
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Compare FRG to 1L and MF
- Soft FRG make biggest star

1 - High-£ part is similar for all
7 | — Difference: ~5% (.1 Mg and .5 km)

FRG to SQM3, GNH3, WFF1
- Small stars 1.4 Mg and 8 km

- Overlap with SQM3 at high €
- Interaction (w) will increase
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Result: Test in a Compact Star

FRG EoS to SQM3, GNH3, WFF1 - TOV result on M(R) diagram
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Result: Test in a Compact Star

FRG EoS to SQM3, GNH3, WFF1 - TOV result on M(R) diagram
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Test: Can we test this by observations?

> Compare different
EoS results on M(R)
diagram: MF & FRG

> Maximal relative
differences are also
plotted
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> Compare different
EoS results on M(R)
diagram: MF & FRG

» Maximal relative
differences are also
plotted

Test: Can we test this by observations?

Mo)

=
(3

Mas

2.5F

EpsR 16142230 AP4
2.0

0.0"

1.5f
1.0F

0.5F

[ R R e |

Number of photons
(x106)

PSR J0437—47,15;

X2 contours
30 50

1 Msec NICER

exposure

SQM1

10 12
Neutron star radius (km)

Mass, M [M_]

0.6

0.4

0.2

m'ﬁaﬁﬂ
C

MF — - —
Exact FRG-LPA ——

'
| | | 0

4.5 3 5.5

Radius, R [km]

8.5

S QP

LRSI
0.12 Max |: ﬂRﬂ'rRMF]

0.08 max ( AM/MpE)
0.04

0

19



The summary of the theoretical uncertainties

* The magnitude of the uncertainties of (astro)physical observables

* Microscopical
observables are
maximum: 10-25%

* Macroscopical
astrophysical ones
are maximum: 5-10%

* Measurement resolution
limit is about: 10%

G.G. Barnafoldi: SQM2019, Bari , Italy
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2) Uncertainties from the parameters
of realistic nuclear matter

P. Posfay, GGB, A. Jakovac: arXiv:1905.01872 [hep-th] (symmetric case)
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Modified o-w model in mean field
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Modified o-w model in mean field

P-nNn

Nuclear
force

Extra terms
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Scalar meson self
interaction terms

Vector meson



Modified o-w model in mean field

Isospin

- 2 a _ua
+ mp pﬁb P asymmetry
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Modified o-w model in mean field

Electron in B-equilibrium

Eez . - e \Ije
‘_I_ (Z@ o ) Hn = Mp MeJ
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Loyrr =

Modified o-w model in mean field

| T
Nucleon effective mass
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Scalar meson self
interaction terms

Vector meson

Tensor meson

Electron in B-equilibrium

fn — Hp + MeJ
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Modified o-w model in mean field

Theoretical mean field model:

* Symmetric case: 3 combinations with the higher-order AT — Ny T

scalar meson self-interaction terms to original Walecka:

. . . . 1 0 sa
« Asymmetric case: tensor force is added to the interaction + 5m} pf p*

: s i 2
in addition to the electrons, for B-equilibrium: wn =y +pe  H (id — m.) U,

Parameters of the theoretical model

* Fit couplings/masses/etc. according to the Rhoades-
Ruffini theorem in agreement with experimental data.

* Parameters are usually non-independent: optimalization
of the parameters need to perform — similar EoS

Cross check the consistency with the the existing EM,
GR, HIC, etc data + errors —» Theoretical uncertainties
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Temperature T [MeV]

10

N/(\Q

200F |

Parameters to fit normal nuclear matter

RHIC-BES

» Hadrons
[*]
(¢

0=

=
Q)
e
T
o)

No=0.16 fm—3

G.G. Barnafoldi: SQM2019, Bari , Italy

28



Parameters to fit normal nuclear matter

g’ | RHIC-BES Saturation density 0.156 1/fm3
g ] | Binding energy -16.3 MeV
; ool ;Hadmns Nucleon effective mass 0.6 m,
% K P Nucleon Landau mass 0.83 m,
. ng incompressibility 240 MeV
Nude. ) o @C: i Asymmetry energy 32.5 MeV
m/oq 1
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Parameters to fit normal nuclear matter

E Saturation density 0.156 1/fm3
g Binding energy -16.3 MeV
= ¢ Nucleon effective mass 0.6 m,
oot Nucleon Landau mass 0.83 m,
incompressibility 240 MeV
Asymmetry energy 32.5 MeV

=R
o5 et baryon density n/ n,

No,=0.16 fm—3

Compact Stars N

2
Incompressibility K = k2 0%(e/n) _ 4 9p

oK, on
kr _ 2 2
Landau mass myp = — = \/kp +MNecrr
(ha
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Binding energy [MeV]

Parameters to fit normal nuclear matter

Walecka mode! ; K=563 MeV —— / Pa ra mete I" va I ue
20 - Walecka model + 0% ; m* f!t; K=334 MeV —&— / 2
Walecka model + o* ; m fit; K=482 MeV —@— /f . .
e e N ey &/ Saturation density 0.156 1/fm?3
Walecka model + 033+o: ; m* ﬁti Ki240 MeV —A— ) )
T Walecka model 1 00 427 ; o it Ko 240 MoV’ —— Binding energy -16.3 MeV
Nucleon effective mass 0.6 m,
Nucleon Landau mass 0.83 m,
incompressibility 240 MeV
s N | | Asymmetry energy 32.5 MeV
i " o Nuclzzr density [1/fm3] ” "
ey ege ?%(e/n 19
t Incompressibility K = k% # —9 P
8kF on
The effective mass and Landau mass k-
are NOT independent! ‘ Landau mass myp = — = \/k% 4+ My
The can not be fitted simultaneously UVF
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Bx10°

The Equation of State of different model fits

710°

6x10° |-
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4x10°

Erergy density [Mev?]
[ )
o
fat
[
[N =]

Walecka model +x* eFf mass —9— K =482 MeV
Walecka model +>c3 eff mass <+~ K = 437 MeV '
Walecka model +° +x* eff mass =~ K = 240 Mev ®

Adding higher-order terms
- helps, at lower pressure

- more parameter more
constraints:

\ «4— Effective mass fit m; = 0.6 m

Different models give similar EoS

4108 6108 8x108 1x0° 1.2%10° 1.4x10°
Pressure [MeV*]
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Erergy density [Maw?]

810

The Equation of State of different model fits

70°

oo - Wal

| |
Original Walecka model ===

Walacka model + x* eff mass <
Walecka model + x* Landau mass ~@—
Walecka model +C eff mass ~F-
Walecka model +° Landau mass -
ecka model +x° +x* Landau mass =
Walecka model +° +* eff mass —A—

Adding higher-order terms
- helps, at lower pressure
- more parameter more

\ constraints:

Landau mass fit m. = 0.83 m,
- &— Effective mass fit m_; = 0.6 m

_\ Original Walecka model

Different models give similar EoS
Depending on the ‘fit-type’
- bands appear

7108 axin® i1 08 a1 1x10° 1.2:10° 1.4x10°

Pressure [MeV]
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Energy density [Mew?]
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different model fits

M. Prakash Et a, PRD 52, 661 (1995) 50M3 ——

R.B. Wiringa et al, PRC 38, 1010 (1988); WFFl ——

A. Akmal, V. R. Pandhanpande, PRC 58, 1804 (1998): AP4 ——

Original Walecka mode| ——

Walecka model + x* eff mass —6—

Walecka model + x* Landau mass —@—

Walecka model + x eff mass —=—

Walecka model + * Landau mass —Jli—

Walecka model + 3 +x* Landau mass —&—

Walecka model + 3 +x* eff mass —A—

Walecka model + x® +x* opt mass —¥—
Walecka model + x* +x* comp mass.=9

Adding higher-order terms
- helps, at lower pressure
- more parameter more

\ constraints:

Landau mass fit m. = 0.83 m,

— _<— Effective mass fit m; = 0.6 m,

D Original Walecka model

N Realistic nuclear matter EoSs, like

WFF1, AP4 (SQM) support the
Landau mass fits well.

pralia 408 fu10? 8108 110° 1.210° 14x10°

Pressure [MeV]
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Mass, M [Mgq]
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The M-R diagrams: EoS & effective mass fit

I I I
WAL+ eff mass —=—
WAL+ Landau mass ——
WAL+ eff mass —5—
WAL+ Landau mass —8—
WAL+ eff mass ——
WAL+ +x* Landau mass ——

. . | | SYMMETRIC nuclear matter EoS

- Cases with extra x3 and/or x4
terms provide similar band
structures in the M-R diagram
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Radius, R [km]
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Mass, M [Mgq]
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The M-R diagrams: EoS & effective mass fit

I I I
WAL+ eff mass —=—
WAL+ Landau mass ——
WAL+ eff mass —5—
WAL+ Landau mass —8—
WAL+ eff mass ——
WAL+ +x* Landau mass ——

Rotaﬂﬂn
] ]
g 10
Radius, R [km]

. . SYMMETRIC nuclear matter EoS
1 — Cases with extra x3 and/or x4
S, terms provide similar band
S structures in the M-R diagram
¢ 1 — lLandau mass fit Mg, = 0.83 m,
g A Effective mass fit m., = 0.6 m,
lll 1|2 1|3 14
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Mass, M [Mgq]
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The M-R diagrams: EoS & effective mass fit

I I I
WAL+ eff mass —=—
WAL+ Landau mass ——
WAL+ eff mass —5—
WAL+ Landau mass —8—
WAL+ eff mass ——

| | SYMMETRIC nuclear matter EoS

- Cases with extra x3 and/or x4
e terms provide similar band

E o el efmass Causaut\r | Ei 1 structures in the M-R diagram
i
L — Landau mass fit m, = 0.83 m,
[ /Er}
_ | VY A Effective mass fit mg; = 0.6 m,
] / *. a” _
Eﬁ — Landau mass fits provide

: = - compact star with lower M, _,

— potat®” but closer to the observations
s ¢ 7 5 5w n 1 b

Radius, R [km]
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Mass, M [Mgy ]
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The M-R diagrams: EoS & effective mass fit
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1 ASYMMETRIC nuclear matter EoS

- Cases with extra x3 and/or x4
terms provide similar band

== q 1 structures in the M-R diagram

— Landau mass fit m; = 0.83 m,

Effective mass fit m_; = 0.6 m,

| decreasing effect on the M ___,

Rgtaf'-n !
| ]
9 10
Radius, R [km]

1 12

G.G. Barnafoldi:

13 14

SQM2019, Bari , Italy

— Nuclear ASYMMETRY has weak
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250 m

15

0.5

The M-R diagrams: EoS & effective mass fit

623 MgV —+—
649 MV —H—
675 MeV
701 MeV
2 T27MeV
‘ 753 MeV —e—
779 MgV —#—
805 MeV —d—
831 Mg =—d—
857 M\l —¥—

o

Evolution/scaling in M__, appears

- The M__, Is increasing as the

Landau (effective) mass is
decreasing

— Scaling by nuclear parameters

b 8 10
Radius, R [km]

12 14
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Scaling: maximum star mass vs. nuclear parameters

M [MSun]

M [MSun]

M [MSM

2.4

2.2

merr  Walecka+xZ+x%, max mass star mass —+—

linear fit — —

Walecka+x3+x%, max mass star mass ———

linear fit — —

Asymmetry energy [MeWw]

G.G. Barnafoldi: SQM2019, Bari , Italy

Evolution/scaling of the maximum
| mass/radius of the compact star

- The M__ Is increasing as the Landau

(effective) mass is decreasing

— Scaling by nuclear parameters

Fit errors are small < 1%
M__.depends linearly by parameters

rnL' mEf‘f >1Ox K >1Ox asym

Good approximation using effective
mass, independently of the scalar
interaction term

Similar scaling for R, _,
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Scaling: maximum star mass vs. nuclear parameters

M [MSun]

M [MSun]

M [MSLIH]

my [Mew]

aleckKa > max mass scar ass
Walecka+»3 +x%,

Asymmetry energy [

SYMMETRIC nuclear matter
Maximal mass (in Mg)
M = 5.51 — 0.005 m,

M =1.79+ 0.001 K

maxM

maxM

ASYMMETRIC nuclear matter
Maximal mass (in Mg)
M = 5.50 — 3.64 m_
M = 1.61+ 0.24 K

M, = 1.85 + 0.01a,,,

maxM

maxM

maxM
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To take away...

* Theoretical (maximal) uncertainties were tested in FRG
- Microscopical level (EoS, phases, compressibility): 10-25%
- Macroscopical astrophysical level (M,R,compactness): 5-10%

 Uncertainties by the realistic nuclear matter parameters
- Linear dependence on the m, m.; >,,, K>, a.

ym

- Varying m, m, cause ~10% uncertainty on M and R

- Differences on symmetric/asymmetric matter is ~1-3%

G.G. Barnafoldi: SQM2019, Bari , Italy
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BACKUP

G.G. Barnafoldi: SQM2019, Bari , Italy
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Motivation for FRG

Observation: Considering a point charge, which polarizes

the medium seems like point charge with a modified charge.

Basic idea: Due to the interaction, the measurable
(effective) properties differs from the bare quantities.

Quantum corrections:
- Heisenberg uncertainty AE Af >

N | S

high-energy reaction for a short time is allowed

— Pair production & annihilation
bosonic propagator is modified due to the pair production

proton electron

- Self-interaction

Interaction is a sum of many tiny- and self interaction

Space

G.G. Barnafoldi: SQM2019, Bari , Italy
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Functional Renormalization Group (FRG)

> FRG is a general non-perturbative method to determine the
effective action of a system.

> Scale dependent effective action (k scale parameter)

Wetterich
equation

> Ansatz for the integration, I=N (k)
- not need to be perturbative L'k

- scale-dependent coupling

G.G. Barnafoldi: SQM2019, Bari , Italy 46



Functional Renormalization Group (FRG)

> FRG is a general non-perturbative method to determine the
effective action of a system.

> Scale dependent effective action (k scale parameter)

Wetterich
equation

> Regulator
- Determines the modes present on scale, k*

- Physics is regulator independent

G.G. Barnafoldi: SQM2019, Bari , Italy 47



Local Potential Approximation (LPA)

What does the ansatz exactly mean?
LPA is based on the assumption that the contribution of these two

diagrams are close. (momentum dependence of the vertices is suppressed)

L PA
e O —

X7 X7# ..o X g YFYFH Y n X Y

This implies the following ansatz for the effective action:

L'y [¥] = /d4$ [%wiKk,z'ﬂ/)j 1 Uy (710)}
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Interacting Fermi-gas at finite temperature

Ansatz for the effective action:

‘ Wetterich -equation

‘ k4 1+ 2ng(wg) —1 +nmp(wr —p) +nplwes + 1)
MU = 5 + 4
127 W Wr
Bosonic part Fermionic part
2 A " 1
Up(p) = %@2 = 2—2@4 wg = k% + g%p? wg = k? + diU np/r(w) = 1+ e—Pw

G.G. Barnafoldi: SQM2019, Bari , Italy 49



Interacting Fermi-gas at zero temperature

We have two equations for the
T=0, u=0 mmm) 2 (w) > O(—w) | two values of the step function

each valid on different domain

k
A
AL - - - 0 0
u Sk D_
@<
it go
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Interacting Fermi-gas at zero temperature

We have two equations for the
T=0, u=0 mmm) np(w) — O(—w) | two values of the step function

each valid on different domain

kr = /2 — g2p2, Fermi-surface

40 go
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Interacting Fermi-gas at zero temperature

We have two equations for the
T=0, u=0 mmm) np(w) — O(—w) | two values of the step function

each valid on different domain

k
A
JON = e 3 s e e e a S ) fo 1 4
M— ) [T — —
1272 |wp W
b = \/Mz — g2p2. Fermi-surface

40 go
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Interacting Fermi-gas at zero temperature

We have two equations for the

T=0, u=0 mmm) np(w) — O(—w) | two values of the step function
each valid on different domain

Fermi-surface

Fermionic vacuum
fluctuations and
thermodynamic
fluctuations cancel

53
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Integration of the Wetterich-equaiton
k

A / 1.) Fix the high scale couplings in the theory

A L o o

2.) Integrate the equation
which is valid outside of the
fermi surface

3.) Calculate the initial
conditions for the other

F.] ‘ equation inside the fermi
/T ‘ surface
YVVVYV V] -
4.) Integrate the equation which is valid !_L gq)

below the Fermi-surface
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The boundary
condition mix
the k and go

BUT...

To use the orginal method
we need an initial
condition which do not
have this mixing

G.G. Barnafoldi: SQM2019, Bari , Italy

go
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Solution: Need to transform the variables

k
A

We can transform the variables
to make the quarter circle into a
= Q) rectangle.
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Solution: Circle -» Rectangle transformation

> Coordinate transformation is required with: (k,¢) — (x,y)
- mapping the Fermi-surface to rectangle
- Keep the symmetries of the diff. eq.
- Circle-rectangle transformation: e T T §

> Transformation of the potential: U(xz,y) = Vo(z) + iz, y)

with boundary condition at the Fermi-surface, V,

H f o ) i ~— QE(‘E‘:J:)E J‘
> Transformed Wetterich-eq: zo,a = —xVj + yo,a — S :
12491 \/(E:'I}E g 85'&
> and the new boundary conditions: ii(x =0,y) = i(x,y = +1) = 0.
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Solution of transformed Wetterich by an orthogonal system

> Solution is expanded in an orthogonal basis to accommodate the strict

boundary condition in the transformed area
1

iz, y) =S en(@)hn(y) hn(l) =0 /d—y B, it
=10 0

> The square root in the Wetterich-equation is also expanded:

1

! ~ 2] — L2 32 — AN2yP
xcy (T) = /dy hy(y) |:_41:I’ID + yyu — g = Z ( p)’f ) ( Y ) :|
p=0
| |

1272 w2p+1
0

Where: ’

w= {kx)® L. M=
Expanded square root

: _ T
We use harmonic base: ho(y) = V2 cOsgny, n= (2n+ UE
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Result: The Effective Potential & Comparison

U o) Potential in
o 1.053 E/ approximation
B e = LUDMI N F ;ﬂ
LSt ‘“ax_Anr””ﬁl% /
; tle
i T, MRl 'é >/
0.5¢ = | RN % _,-"f
2 s *\tlasz
=N i AT TS N o N o )
0.2 04 06 0.8 1.0 129/ In
—0.5¢ |
_ 1.6t

G.G. Barnafoldi: SQM2019, Bari , Italy

one-loop
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Result: The Effective Potential & Comparison

Potential in

| @) Q | | one-loop
%) - approximation
LU - f
B e = 1.053unmr = ; .
L oo Vo f Higher orders of the Taylor-
1.5 i / -
. : L2 : expansion for the square
1.0f o= root converge fast where
- é > the potential is convex
0.5¢ : % / — coarse grained action
: e LL U:;_,f'
: - E 5 | | \\f @bl Solution changes only
0.2 0.4 0.6 0.8 1.0 127 below Fermi-surface, since
—0.5¢ switch to another equation
E k
— 1.0 Y
2 Sg: D_
}

G.G. Barnafoldi: SQM2019, Bari ,
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Result: The Effective Potential & Comparison

pe = L033pn p

Potential in
approximation

one-loop

/ Higher orders of the Taylor-
/ expansion for the square
/ root converge fast where
’ the potential is convex

/ - coarse grained action

\ field variable

:—/Fermi-surface in the

In the concave part of the
potential solution is slowly
converges to a straight

oL
S
=
h

line, because the free
energy (effective potential)
must be convex from
thermodynamical reasons
— Maxwell construction
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Test: Can we test this by observations?

> Compare Compactness by FRG, MF, 1L, SQM3, and WFF1 EoS

T
0.35 -

“*I"  FRG-LPA ——
. ohe-loop
%2 Meanfield - -- - -
0.2 sqm3
WFF1l —

Compactness [M/R]
I

o]
—
I

0.05 |- /

0 2 4 ] 8 10 12

Radius [km]
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Test: Can we test this by observations?

> Compare Compactness by FRG, MF, 1L, SQM3, and WFF1 EoS

0.35 | 0.35
0.3 ] 0.3
FRG-LPA ——
& oot one-loop ] = 035
= Meanfield - - - - - =
% 0.2 sqm3 ] o 02f
e WFFl —— U
C 3]
- - 0.15
g 0.1 4
= =
S oaf s S wuf
o :
0.05 / . 0.05 |-
0= ) | | 1 | | 7] 0
0 2 4 5 8 10 12 0 0.5 1 1.5
Radius [km] Mass [Ms,]
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Test: Can we test this by observations?

> Compare Compactness by FRG, MF, 1L, SQM3, and WFF1 EoS

0.35 | 0.35
0.3 i 0.3
FRG-LPA ——
& oot one-loop — - - ] = 035
= Meanfield - - - - - =
% 0.2 sqm3 ] o 02f
e WFFl —— 0
© C
- - 0.15
g 0.1 8
= /5 £
S 01f o : S it
o Y ; '
0.05 / . 0.05 |-
e /
o= | | L | | 7] 0
0 2 4 6 8 10 12 0 0.5 1 1.5 2
Radius [km] Mass [Ms,]
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Test: Can we test this by observations?

> Compare Compactness by FRG, MF, 1L, SQM3, and WFF1 EoS

1.5

I I I I I I T T T T T T T T
0.35 - . 0.35 [ .
FRG-LPA —
0.3 F - 1-Loop
FRG-LPA —— ) 0.3 MF ----- .
o one-loop
. 0.25 . oy
= Meanfield - - - - - =
w0 sqm3 ] E’ 0.25 .
@ WFFl —— o
© ]
g “Pr | é 0.2 .
= S
S o1 - ©
’ 0.15 =
0.05 |- / . I
N e T ;- 1 1 1 1 N 0.1 1 1 1 1 1 1 1 1
0 2 4 6 g 10 12 0.6 07 0.8 0.9 1 11 1.2 1.3 14
Radius [km] Mass [Msq]
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