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Face the masquarade problem!
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(De)motivation...

Weih & Most & Rezzolla: Ap) 881,73 (2019)

Optimal neutron-star mass ranges to constrain the equation of state of nuclear matter with electromagnetic and
gravitational-wave observations

L. R. WEm.! E. R. MosT.! anp L. REzZzOLLA'

! Institut Jur Theoretische Phystk, Goethe Unwersital Frankfurt am Main, Germany

ABSTRACT

Exploiting a very large library of physically plausible equations of state (EOSs) containing more
than 107 members and vielding more than 10" stellar models. we conduct a survey of the impact
that a neutron-star radius measurement via electromagnetic observations can have on the EOS of
miclear matter. Such measurements are soon to be expected from the ongoing NICER mission and
will complement the constraints on the EOS from gravitational-wave detections. Thanks to the large
statistical range of our EOS library, we can obtain a first quantitative estimate of the commonly made
assiunption that the high-density part of the EOS is best constrained when measuring the radius of
the most massive, albeit rare, neutron stars with masses M = 2.1 M.,. At the same time, we find
that radius measurements of neutron stars with masses M ~ 1.7 — 1.85 M, can provide the strongest
constraints on the low-density part of the EOS. Finally, we quantify how radius measurements by
future missions can further improve our understanding of the EOS of matter at nuclear densities.

G.G. Barnafoldi: Zimanyi Winter School 2020
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Let's explore the uncertainties...

...In a traditional way

P. Pésfay, GGB, A. Jakovac: 2004.08230 (submitted to PASA), +B. Szigeti 2006.03710 (in press in EPJ ST)
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Investigate this with extended ¢-w model in mean field
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Investigate this with extended ¢-w model in mean field
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Investigate this with extended ¢-w model in mean field

£MF
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Investigate this with extended ¢-w model in mean field

L

—_ ] Electron in B-equilibrium
‘4— LV (z@ — me) [V ‘ —
i — Hp + MeJ

G.G. Barnafoldi: Zimanyi Winter School 2020 13




Investigate this with extended ¢-w model in mean field

/CMF —

Z ¢z (’&3 - MmN + goO — gw"}/O wo) wz Proton and neutron

2 —2
w Yo Extra terms

T, (i — me) O, |

G.G. Barnafoldi: Zimanyi Winter School 2020

Scalar meson self
interaction terms

Vector meson

Tensor meson

Electron in B-equilibrium

fn — Hp + Me

14




Modified o-w model in mean field

Theoretical mean field model:

* Symmetric case: 3 combinations with the higher-order
scalar meson self-interaction terms to original Walecka:

* Asymmetric case: tensor force is added to the interaction
in addition to the electrons, for B-equilibrium.

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

G.G. Barnafoldi: Zimanyi Winter School 2020
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Model ns B K So m
[fm ] MeV] [MeV] MeV] [mn]
NLp 0.1459 —16.062 203.3 30.8 0.603
NLpo 0.1459 —16.062 203.3 31.0 0.603
DBHF 0.1810 —16.150 230.0 34.4 0.678
DD 0.1487 —16.021 240.0 32.0 0.565
D3C 0.1510 —15.981 232.5 31.9 0.541
KVR 0.1600 —15.800 250.0 28.8 0.805
KVOR 0.1600 —16.000 275.0 32.9 0.800
DD-F 0.1469 —16.024 223.1 31.6 0.556

- o
—_—

16



Parameters to fit normal nuclear matter

E ST RHic. BES Saturation density 0.156 1/fm?
g = Binding energy -16.3 MeV
: g Nucleon effective mass 0.6 m,
B Nucleon Landau mass 0.83 m,
incompressibility 240 MeV
Asymmetry energy 32.5 MeV
S

(\(\

_
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Temperature T [MeV]
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Parameters to fit normal nuclear matter

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

Compact Stars Net baryon density n/ n,
omp

No=0.16 fm—3

2
Incompressibility K = k2 O (c/n) 1 B

F 8k2 on
Wi 2 2
Landau mass my, = = \/kF + MiyNery
vE
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Binding energy [MeV]

Parameters to fit normal nuclear matter

Walecka model ; K=563 MeV —— /
w0t Walecka model + 0% ; m* fit; K=334 MeV —o—
Walecka model + o* ; m fit; K=482 MeV —@— /
Walecka model + 03 ; m* fit; K=437 MeV —H— /
Walecka model + o3 ; my_fit; K=247 MeV —ili— /
Walecka model + 3 +o% ; m* fit; K=240 MeV —&—
10} Walecka model + o3+a* ; m_ fit; K=240 MeV —h—
Walecka model + 0® +0% ; mqy fit; K=240 MeV —%—
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The effective mass and Landau mass
are NOT independent!
The can not be fitted simultaneously

Saturation density 0.156 1/fm3

Binding energy -16.3 MeV
Nucleon effective mass 0.6 m,
Nucleon Landau mass 0.83 m,

incompressibility 240 MeV
Asymmetry energy 32.5 MeV
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The EoS & M-R of different model fits

M. Prakash et al, PRD 52, 661 (1995); SQM3 ——
R.B. Wiringa et al, PRC 38, 1010 (1988); WFF1 ——
A. Akmal, V. R. Pandharipande, PRC 58, 1804 (1998): AP4

Walecka model + 32 +x* Landau mass —A—
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2
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Radius, R [km]

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

- Landau mass fits provide lower M __ closer to the observations

G.G. Barnafoldi: Zimanyi Winter School 2020
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The EoS & M-R of different model fits

M. Prakash et 2, PRD 52, 661 (1995); SQM3 —— Landau mass fit Mgy = 0.83 My ' 3 2 ' ' ' '
R.B. Wiringa et al, PRC 38, 1010 (1988); WFFl —— WAL+ eff mass —5—
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M-R diagram with these nuclear matter EoS
Cases with extra x3 and/or x4 terms provide similar band structures
- Landau mass fits provide lower M __ closer to the observations
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The EoS & M-R of different model fits
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M-R diagram with these nuclear matter EoS
Cases with extra x3 and/or x4 terms provide similar band structures
- Landau mass fits provide lower M __ closer to the observations

- Nuclear ASYMMETRY result in 10-20% lower M___,
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The EoS & M-R of different model fits
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The M-R diagrams: EoS & Landau mass fit
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Scaling: maximum star mass vs. nuclear parameters

. . . . . . Maximal mass

35T o-w model + o° +¢* + e+ p: my fit: maxcoremass X | .
- b linear fit: Mg, 40 = 5418 -0.00434 m_ ;5=0008 ----- | Wlth Landau mass
E'E o5l *xx PSR JOT40+6620 ) _
fﬁ Sl : X"‘%-I;,{__‘_ :fsmummmsz | ﬁrf?nﬂl-_.'lf {'??I.L‘J[:"v'[i:,j] = 5.418 — 0.00434 'HI-L[I\-'IEE'T]

PSR J1614-2230 fr
1,51 .
550 &00 650 F00 750 800 850 Q00
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Scaling: maximum star mass vs. nuclear parameters
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Maximal mass
with Landau mass
M aenr(mz)[Mg] = 5.418 — 0.00434 m; [MeV]

with (in)compressibility
M et (K)[Mg] = 1.766 4+ 0.00110K [MeV]

10=

AM oz (dmp) > AM,,..(6K)
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Scaling: maximum star mass vs. nuclear parameters

Maximal mass
— — e — with Landau mass
M aenr(my ) [Mg] = 5.418 — 0.00434 my [MeV]

with (in)compressibility
M et (K)[Mg] = 1.766 4+ 0.00110K [MeV]

! ! i
— mg = 560 — my =700 — my = 800

1504 M= 580 — my =720 —=— PSR |0740+6620
| — my = 620 — my =750 —— PSR 034840432
— my = 640 my =780 —s— PSR |1614-2230
125y m =680 —— m, =790
1 L L |
0 50 100 150 200 250 300 350 400 . .
K (Mev] Combine these to a 2-parameter fit:

M azas(mp, K)[Mg] = 6.29 — 0.00574 my, [MeV] — 0.00379 K [MeV] + 0.00000524 my, - K [MeV?],
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Scaling: maximum star mass vs. nuclear parameters

Maximal mass & its radius

U e S e X with Landau mass
= 25 ) LT Moot (me)[Mp] = 5.418 — 0.00434 m [MeV]
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s @0 e M0 70 w0 0 %o with (in)compressibility

M oz (K)[Mg] = 1.766 + 0.00110K [MeV]

L — | T Rmﬂx_.”{fi'}[l{l]l] = 8.87T8 + 0.0076TK [IIH"IEX'T]
E 12f ---x-"x"'x'."x-nu. IPSRJQ?’{&-.MSSRJ'IE'4—2233 ]
daf comep e s

ol

250 6;][] EIEI] ?;ﬂﬂ ?IS{I 3;30 BIEU a0d
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Scaling: maximum star mass vs. nuclear parameters

Maximal mass & its radius

35T
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= N s = NN Rynaznt (my)[km] = 19.04 — 0.01040 my [MeV]

s @0 e M0 70 w0 0 %o with (in)compressibility

M, et (K)[Mg] = 1.766 + 0.00110K [MeV]

L — | T ngx_.”{firj[l{l]l] = 8.87T8 + 0.0076TK [IIH'IEX'T]
E 12f ---x-"x"'x'."x-nu. IPSRJQ¥?+.D4F?§R J1614-2230 |
B e S04 Ootame oo Calculation for maximal mass star

ol _

330 6:3[] BIF:I] ?;:]l] ?ISCI 3;30 BISD a0q

my_ [MeV]

Measured: M., = (M, & K) = R, .um

P. Posfay, GGB, A. Jakovac, B. Szigeti 2006.03710 G.G. Barnafoldi: Zimanyi Winter School 2020 29



Scaling: maximum star mass vs. nuclear parameters

Maximal mass & its radius

337 - +0 0 +e+p; : ] 1
L s i e ] with Landau mass
= T
L e PSR JO740+8520 i | ; J ; T
g %3 x-:-x_")(-._-l—“ . PSR J034B+0433 *l.f?ﬂﬂ-.l-'_'.l-f {HIL)[EI-’J] = 5-418 — D.DD434 HIL [IIILIE-“']
2k ! == ! _ i
= | PSR 16142230 %3¢ —__ | Ryazns (my)[km] = 19.04 — 0.01040 mp, [MeV]
WO S0 w0 0 7 w0 w0 o0 with (in)compressibility
L
M, aent (K)[Mg] = 1.766 + 0.00110K [MeV]
ar PSR J0740+6620 T Boael {f‘fj [l{l'll] = 8.87T8 + 0.0076TK [IIH'IEX'T]
— AR PSR J0348+0432
€ 12} e LT T | [ PSRJ1614-2230 |
= 10} IXH“ e e
£ | o-w model + o® +0* + e + p ; my fit; radius of max mass core X | . '
< 8 inear Tt Rygepy = 1904 00104m, :S = 0172 - Calculation for maximal mass star
ﬁ_ -
550 600 650 700 750 800 850 900 Pulsar Rmazm[km]  Mmaem [Mg]  mi[MeV] K[MeV]
M MeV] PSR J0740+6620 11.257] 0% 21750 10 TAR39TCIT  351.8TLT
PSR J0348+0432 10.875%; 2.0175 0 785.257505  206.4755%
PSR J1614—2230 10.7770%; 1.9750 04 794.47530%  170.07505

P. Pésfay, GGB, A. Jakovéc, B. Szigeti 2006.03710

G.G.
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From data: Maximum star mass vs. nuclear parameters

Maximal mass & its radius
450 —— K=242.75312 MeV, m; = 776.0:35% Mev W|th Landau mass

. —— PSR J0740+6620
' —+— PSR J0348+0432

4001 _8- PSR 1614-2230 M paznr(mp ) [Mg] = 5.418 — 0.00434 mp, [MeV]
350 I b T | R.mﬂr_.-l.; {m L}[kl‘ﬂ] = 19.04 — 0.01040 m L [I'I.IET\«T]
%300 with (in)compressibility
"0 | sl Mot (K)[Mo] = 1.766 + 0.00110K [MeV]
ool s Rynaznt (K)[km] = 8.878 + 0.00767K [MeV]
1501 1 E
650 760 750 30 850 Combine these to a 2-parameter fit:

my [MeV]
Monazys (mp, K)[Mg] = 6.29 — 0.00574 my, [MeV] — 0.00379 K [MeV] + 0.00000524 my, - K [MeV?],
Rppuens (mp . K )[km] = 27.51 — 0.0239m;, [MeV] — 0.0241 K [MeV] 4+ 0.0000411 m;, - K [MeV?]
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From data: Maximum star mass vs. nuclear parameters

25

Mass, M [M;]
(4]

06

Maximal mass & its radius

T T
o-w model + 0% ; m_ =776 *8f MeV 1
o-w model + o* ; m_ =776 MeV ——

| PSR J0740+6620: M=2.14 £2* M,

PSR J1614-2230: M=1.97 32 M,

PSR .J0348+0432° M=2.001 3 Mg

oﬁa\-{d
(o

with Landau mass
M paznr(mp ) [Mg] = 5.418 — 0.00434 mp, [MeV]
Ryaznr (myp)[km] = 19.04 — 0.01040 my, [MeV]
| _ with (in)compressibility

M,paent (K)[Mg] = 1.766 + 0.00110K [MeV]
Rpnaens (K)[km] = 8.878 + 0.00767K [MeV]

1
10

Radius, R [km]

I
12

Results from data using fit formulae:

mp = 776.07375 MeV and K = 242.77552 MeV

G.G. Barnafoldi: Zimanyi Winter School 2020

33



Explore the uncertainties...

... Using a the brute force

D. Alvarez-Castillo, A. Ayrian, GGB, P. Pdsfay: Phys. Part & Nucl. 51, 725 (2020), +H. Grigorian 2006.0376 (in press EPJ ST)

G.G. Barnafoldi: Zimanyi Winter School 2020
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Brute force: Bayesian analysis

Data: #, = {mre), Kog): Sow }

Likelihood for given independent
constraints:

P(E|7,) HP

Posterior:
—
P, IE) = o BT P(T
ZPE|“1?)P ?p)

Marginalization (1-parameter):

P ('?H'L(-i] |E) = ZP (??I-L{.i).kj‘:g(j)‘S@(kj |E)

J.k

D. Alvarez-Castillo, A. Ayrian, GGB, P. Pésfay: Phys. Part & Nucl. 51, 725 (2020)
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Brute force: Bayesian analysis

Data: T = {mr ), Koy Sogny } Likelihood for GW170817:

_ . _ _ P(Egw |7q) = [ B (A1(ne), Aa(ne)) dng
Likelihood for given independent o /f
constraints: Likelihood for maximal mass

P(E|7,) HP

P (B |mq) = ®(M,y, jic, 0¢) x ®(My, pia. o) x N (Mg, v, ov)

Posterior: Likelihood for mass & radius
. |:Lq)P(:'I.q)
P(Eypmp|m "fN 51:} O'fl {} (),&{1:} dn,
Z_:OP(EUP)P(?p) (EmR|mq) -2 e M:HR s OR )
. +05 [N (42 o, 12, o) dne
Marginalization (1-parameter): N\
P ('?H'L(-i] |E) = ZP (??}’L{-i)?I{U(jJF‘STO(kJ |E)
ik

D. Alvarez-Castillo, A. Ayrian, GGB, P. Pésfay: Phys. Part & Nucl. 51, 725 (2020)
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Brute force:

Data with m_ only

257

0.5

Bayesian analysis

PSR J0740+6620 PSR J0740+6620 + GW170817

=3
3
<
3

=3
=
T
I
=3
=
T
I

— GW170817 M2

m = 623.496MeV
m = 649.475MeV
m; = 675.454MeV

- ooy = 701.433MeV

m = 727.412MeV
m = 753.391MeV
m = 779.370MeV
m; = 805.349MeV
m; = 831.328MeV
m = 857.307MeV
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- . e e e e NICER Miller et al. ApIL (2019) NICER Miller et al. ApIL (2019)

— 0.5 L e B I 0.5 L e T

=
=
T
I
<
=
T
I

s03b B so03f E
- z :
7z
— o2t B 02F E
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16

1) I — T R H Bt L gt
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D. Alvarez-Castillo, A. Ayrian, GGB, P. Posfay: Phys. Part & Nucl. 51, 725 (2020)
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Brute force: Bayesian analysis

Data with m_ only

0.5

GW170817 M1

———

'_’.--.-- ‘--‘-"""--...__\ \I\\\\L‘ " ._.) |
- ~
N _
7/
s Y N
- \\ - —‘l 'j /.5 Ql}{iﬁ“\q -
,’ }_‘:--'"’ %?‘ 1u
- / - e .
C=a - _

— GW170817 M2

— m, =0.7274,K =0.192, S =0.0314] |

I
10 12 14 16 18
Radius [km]

D. Alvarez-Castillo, A. Ayrian, GGB, P. Pésfay: Phys. Part & Nucl. 51, 725 (2020)
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Brute force:

Data with m & K
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Bayesian analysis

0.6 T T T T T 0.3 T T T 0.3 T T
L Y L J J

0sH B 025 B 025 B

041 E 0.20 E 0.20 E
= = =
(=] L =] L 4 =] 4
= = =]
Soat 4 Boast 4 Zoasp B
Z Z Z
oSt o 3 4 2 4
= -9 =¥

02r B 0.0 B 0.10 B

0.1+ j B 0.051 B 0.051 B

00—k - 0.00 - 0.00

06335 © 06755 07274 _0.7794 © 0.8313 0192 0208 0224 0240 0256 00260 00282 00303 00325 00347
m, [GeV] K [GeV] S,[GeV]
Ko[MeV] 260, Sp[MeV]
240 So[MeV]
| 30
200

~
700 =

800 N/

mi[MeV]

D. Alvarez-Castillo, A. Ayrian, GGB, P. Pésfay, H. Grigorian 2006.0376 (in press EP) ST)

40



Summary:

Traditional way: mean field model

- In CORE approximation: maximal mass provide a
unique message:

- strong linear Landau mass dependence
— an order of magnitude smaller K-dependence

AMipae(6m1) > AMpa(6K) > AMypas (800ym)-
- Soft part of the EoS changes the CRUST, thus vary R
- FRG: parameter 10-25% observables: 5-10%

Values & uncertainties - a cross check

- Traditional model: my = 776.07555 MeV and K = 242.7737-2 MeV

_ : o
Bayesian model*: | _ 75741 15 MeVand K = 232 + 20 MeV

G.G. Barnafoldi: Zimanyi Winter School 2020
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