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Chiral symmetry restoration : from first-order phase transition to crossover
Dense baryonic matter as a (relativistic) Fermi liquid



Equation-of-State of Dense Baryonic Matter :


Empirical Constraints from Neutron Stars
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NEUTRON STARS : DATA 

Database for inference of Equation-of-State and other properties of neutron stars 
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Neutron star masses

Shapiro delay measurements

Gravitational wave signals 

of neutron star mergers

(LIGO  and  Virgo Collab.)
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Figure 1: Timing residuals from all observations of J0740+6620 as a function of orbital phase,
with superior conjunction at orbital phase = 0.25. Orange points are multi-frequency timing
residuals, while dark blue points are averages of each group (i.e. timing epoch) of these points
with 1-� error bars. Averages were taken over a minimum of four data points to avoid showing
misleading residuals from faint observations. Blue boxes indicate the orbital phases over which
each of the three supplemental observations were taken (the box over conjunction is slightly

darker because we made two superior conjunction observations). The top panel shows the full fit
(including Shapiro delay parameters and all dispersion measure parameters — i.e. the full timing
solution). The middle panel is the best fit with the measurable Shapiro delay signal added; this is
the signal to which we are actually sensitive. The bottom panel is the “full” Shapiro delay signal.

Both the second and third panels are calculated based on the orbital and system parameters
determined from the full fit. The lighter blue line in the middle and bottom panels represents the
theoretical measurable and full Shapiro delay, respectively (and marks a 0-µs residual in the top

panel). The width of the line in each panel is equal to the root mean squared error of the
averaged points.
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Comparison
œ Comparison between theory and experiment difficult because measurements

have complicated form

! Measurements cannot easily be parametrized, i.e. as a Gaussian

[Miller et al., Astrophys.J.Lett. 887 (2019), Miller et al., arXiv:2105.06979 [astro-ph.HE]]

œ How to translate these measurements into constraints for theoretical
predictions?

! Many analyses based of Bayesian inference
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Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and

25.07.21, 17:20The golden age of neutron-star physics has arrived

Page 10 of 13https://www.nature.com/articles/d41586-020-00590-8

matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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FIG. 3. Phases of the coalescence of binary neutron stars. During the inspiral phase (before

touching), the neutron stars are deformed due to their gravitational pull and one can extract the

tidal deformability ⇤. The inspiral is the only phase currently measurable from gravitational waves.

The post-merger is the point where the neutron stars touch, finite T and YQ play a role, and the

gravitational waves from this phase may be measurable in O5 or 3G [362]. The remnant (the final

remaining object) is either a hypermassive neutron star or black hole. Figure taken from [363].

next several months, and measurements will also be reported for three additional neutron

stars with weaker signals. It is expected that by the end of the NICER mission it will at

least double the total exposure on each of these neutron stars, which will lead to an expected

reduction in the current ⇠ 1 � 2 km radius uncertainties by a factor of
p
2, and possibly

more depending on the total exposure.

B. Inspiral of neutron stars

Ground-based detectors observe gravitational waves from the coalescence of two neutron

stars for minutes, depending on their low frequency sensitivity. Though the neutron star

structure does not a↵ect the majority of the signal (modulo potential resonance e↵ects), this

long inspiral can be used to measure the chirp mass of the system to astonishing relative

accuracy O(10�4) [364]. The mass ratio of the system is less well measured and correlated

with the spin, making the precise determination of the individual masses challenging [365].

In the coming years, as more systems are observed, information about the population dis-

tribution of merging neutron star spins can help alleviate this degeneracy and obtain more

(Green Bank Telescope)

Masses  and  radii 

(NICER Telescope @ ISS)

X rays from hot spots on the 

surface of rotating neutron stars

3

Radio observations
(Effelsberg)
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M = 2.08± 0.07 M�

E. Fonseca et al. ,  Astrophys. J. Lett. 915 (2021) L12

J.  Antoniadis et al. :  Science 340 (2013) 1233232

M = 2.01 ± 0.04

Many physically motivated extensions to general relativity (GR) predict sig-
nificant deviations in the properties of spacetime surrounding massive neu-
tron stars. We report the measurement of a 2.01±0.04 solar mass (M⇥) pul-
sar in a 2.46-hr orbit with a 0.172±0.003 M⇥ white dwarf. The high pulsar
mass and the compact orbit make this system a sensitive laboratory of a pre-
viously untested strong-field gravity regime. Thus far, the observed orbital
decay agrees with GR, supporting its validity even for the extreme conditions
present in the system. The resulting constraints on deviations support the use
of GR-based templates for ground-based gravitational wave detectors. Addi-
tionally, the system strengthens recent constraints on the properties of dense
matter and provides insight to binary stellar astrophysics and pulsar recycling.

Neutron stars (NSs) with masses above 1.8 M⇥ manifested as radio pulsars are valuable
probes of fundamental physics in extreme conditions unique in the observable Universe and
inaccessible to terrestrial experiments. Their high masses are directly linked to the equation-
of-state (EOS) of matter at supra-nuclear densities (1, 2) and constrain the lower mass limit
for production of astrophysical black holes (BHs). Furthermore, they possess extreme internal
gravitational fields which result in gravitational binding energies substantially higher than those
found in more common, 1.4 M⇥ NSs. Modifications to GR, often motivated by the desire for
a unified model of the four fundamental forces, can generally imprint measurable signatures in
gravitational waves (GWs) radiated by systems containing such objects, even if deviations from
GR vanish in the Solar System and in less massive NSs (3–5).

However, the most massive NSs known today reside in long-period binaries or other systems
unsuitable for GW radiation tests. Identifying a massive NS in a compact, relativistic binary
is thus of key importance for understanding gravity-matter coupling under extreme conditions.
Furthermore, the existence of a massive NS in a relativistic orbit can also be used to test current
knowledge of close binary evolution.

Results
PSR J0348+0432 & optical observations of its companion PSR J0348+0432, a pulsar spin-
ning at 39 ms in a 2.46-hr orbit with a low-mass companion, was detected by a recent sur-
vey (6, 7) conducted with the Robert C. Byrd Green Bank Telescope (GBT). Initial timing ob-
servations of the binary yielded an accurate astrometric position, which allowed us to identify
its optical counterpart in the Sloan Digital Sky Survey (SDSS) archive (8). The colors and flux
of the counterpart are consistent with a low-mass white dwarf (WD) with a helium core at a dis-
tance of d ⇤ 2.1 kpc. Its relatively high apparent brightness (g⌅ = 20.71 ± 0.03 mag) allowed us
to resolve its spectrum using the Apache Point Optical Telescope. These observations revealed
deep Hydrogen lines, typical of low-mass WDs, confirming our preliminary identification. The
radial velocities of the WD mirrored that of PSR J0348+0432, also verifying that the two stars
are gravitationally bound.
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PSR J0348+0432

PSR J1614-2230
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M = 1.908± 0.016 M�

Z.  Arzoumanian et al. ,  Astrophys. J. Suppl. 235 (2018) 37

PSR J0740+6620

NEUTRON STARS : DATA 
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R = 12.71+1.14
�1.19 km

T.E. Riley et al.  (NICER),  Astroph. J. Lett. 887 (2019) L21
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R = 12.39+1.30
�0.98 km

T.E. Riley et al. (NICER + XMM Newton),   Astroph. J. Lett. 918 (2021) L27

PSR J0030+0451

PSR J0740+6620

Masses of 
(Shapiro delay & radio observations)
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atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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combine with electrons to turn into neutrons, but what occurs beyond that is
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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NEUTRON STARS : DATA  (contd.)

Very massive and fast rotating galactic neutron star
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behaviour of the sound speed in neutrons stars, based on
the presently available observational data.

In this work we translate the recently collected ex-
terior neutron star observables, together with state-of-
the-art ChEFT results [34, 35], into restrictions for in-
terior neutron star properties using Bayesian inference,
an approach which has been used extensively in the lit-
erature [36–54]. There are notable di↵erences between
these analyses. Here, we largely follow the procedure out-
lined in Refs. [55, 56]. Alternative approaches use neural
networks for the inference procedure [57–63] or remove
equations-of-state that do not reproduce neutron
star properties within the credible intervals of the
astrophysical observables [64–68].

In our analysis we pay particular attention to the speed
of sound inside neutron stars. It is modelled using two
general representations that were introduced in previous
studies, namely a Gaussian parametrisation [36, 69] and
a parametrisation based on segment-wise linear interpo-
lations [64, 65]. A comparison of inference results with
these two forms as input gives an impression of the model
dependence caused by possible biases in the choices of
parametrisations. In contrast to previous works we
suggest a new implementation of the ChEFT con-
straint as a Likelihood instead of employing it a
priori. This has the advantage of dealing with the
low-density constraint in a way consistent with
the treatment of the astrophysical data.

From the inferred behaviour of the sound speed and a
detailed assessment in terms of Bayes factors we deduce
implications regarding the likelihood of phase transitions
inside neutron stars. Such an extensive investiga-
tion of Bayes factors has not been performed in
previous work. Part of this discussion also concerns
the possible range of validity for a description of neutron
star matter in terms of conventional baryonic degrees of
freedom. Recent studies have examined the poten-
tial impact of asymptotic pQCD on neutron star
properties [53, 68, 70]. In this context we investi-
gate the role of di↵erent asymptotic behaviours,
particularly with regard to phase transitions.

This paper is organised as follows: In Section II, fol-
lowing a quick introduction of the TOV equations, the
EoS and the speed of sound, we give a brief survey of
possible phases at high densities and introduce the two
parametrisations to model the speed of sound inside neu-
tron stars. In Section III the statistical procedure is ex-
plained, which we use to infer constraints for neutron
star properties based on current empirical data and the-
oretical low-density conditions. The results for the sound
speed and related properties are presented and discussed
in Section IV. Based on these findings, implications for
the phase structure inside neutron stars are examined. A
summary and conclusions follow in Section V.

II. SPEED OF SOUND IN NEUTRON STARS

A. TOV equations and EoS

A description of neutron star matter as a general rel-
ativistic ideal fluid with spherical symmetry leads to a
coupled system of di↵erential equations, the Tolman-
Oppenheimer-Volko↵ (TOV) equations:
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⇤

⇥
✓
1 � 2GN m(r)

r

◆�1

, (1)

@m(r)

@r
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where GN is the gravitational constant. Given an equa-
tion of state (EoS) P ("), i.e. pressure as a function of
energy density ", this system can be solved with the
boundary condition m(r = 0) = 0 and a central pres-
sure P (r = 0) = Pc. The mass of the star is given as

M = m(R) = 4⇡
R
R

0 dr r
2
"(r), while the star radius R is

determined as the point at which the pressure vanishes,
P (R) = 0. The TOV equations describe non-rotating
neutron stars. The e↵ect of the rotation on R is ex-
pected to become only relevant for very high pulsar spin
frequencies [71, 72].

Matter in the interior of a neutron star can be de-
scribed in terms of the squared speed of sound,

c
2
s
(") =

@P (")

@"
� 0 , (3)

from which the EoS is determined as

P (") =

Z
"

0
d"

0
c
2
s
("0) . (4)

Causality demands that the speed of sound must always
remain smaller than or equal to the speed of light (c =1
in our units), i.e. cs  1. In addition, thermodynamic
stability of the star dictates that the derivative @P/@" is
non-negative. At extremely high densities perturbative
QCD calculations become feasible in terms of quark and
gluon degrees of freedom. They suggest that at densities
n ⇠ 50n0 the squared speed of sound approaches the
conformal bound,

c
2
s

! 1/3 , (5)

from below [73]. This limit can be derived from naive
dimensional analysis and asymptotic freedom [74]. In
fact it is expected that this bound holds in all confor-
mal theories, i.e. field theories in which the trace of the
energy-momentum tensor vanishes [69, 75]. However, re-
cent analyses based on astrophysical observables suggest
that this conformal bound can be violated inside neutron
stars [40, 41, 53, 66, 76, 77]. Squared sound velocities
with c

2
s
> 1/3 were also found in recent Nc = 2 lattice
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behaviour of the sound speed in neutrons stars, based on
the presently available observational data.

In this work we translate the recently collected ex-
terior neutron star observables, together with state-of-
the-art ChEFT results [34, 35], into restrictions for in-
terior neutron star properties using Bayesian inference,
an approach which has been used extensively in the lit-
erature [36–54]. There are notable di↵erences between
these analyses. Here, we largely follow the procedure out-
lined in Refs. [55, 56]. Alternative approaches use neural
networks for the inference procedure [57–63] or remove
equations-of-state that do not reproduce neutron
star properties within the credible intervals of the
astrophysical observables [64–68].

In our analysis we pay particular attention to the speed
of sound inside neutron stars. It is modelled using two
general representations that were introduced in previous
studies, namely a Gaussian parametrisation [36, 69] and
a parametrisation based on segment-wise linear interpo-
lations [64, 65]. A comparison of inference results with
these two forms as input gives an impression of the model
dependence caused by possible biases in the choices of
parametrisations. In contrast to previous works we
suggest a new implementation of the ChEFT con-
straint as a Likelihood instead of employing it a
priori. This has the advantage of dealing with the
low-density constraint in a way consistent with
the treatment of the astrophysical data.

From the inferred behaviour of the sound speed and a
detailed assessment in terms of Bayes factors we deduce
implications regarding the likelihood of phase transitions
inside neutron stars. Such an extensive investiga-
tion of Bayes factors has not been performed in
previous work. Part of this discussion also concerns
the possible range of validity for a description of neutron
star matter in terms of conventional baryonic degrees of
freedom. Recent studies have examined the poten-
tial impact of asymptotic pQCD on neutron star
properties [53, 68, 70]. In this context we investi-
gate the role of di↵erent asymptotic behaviours,
particularly with regard to phase transitions.

This paper is organised as follows: In Section II, fol-
lowing a quick introduction of the TOV equations, the
EoS and the speed of sound, we give a brief survey of
possible phases at high densities and introduce the two
parametrisations to model the speed of sound inside neu-
tron stars. In Section III the statistical procedure is ex-
plained, which we use to infer constraints for neutron
star properties based on current empirical data and the-
oretical low-density conditions. The results for the sound
speed and related properties are presented and discussed
in Section IV. Based on these findings, implications for
the phase structure inside neutron stars are examined. A
summary and conclusions follow in Section V.

II. SPEED OF SOUND IN NEUTRON STARS

A. TOV equations and EoS

A description of neutron star matter as a general rel-
ativistic ideal fluid with spherical symmetry leads to a
coupled system of di↵erential equations, the Tolman-
Oppenheimer-Volko↵ (TOV) equations:
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where GN is the gravitational constant. Given an equa-
tion of state (EoS) P ("), i.e. pressure as a function of
energy density ", this system can be solved with the
boundary condition m(r = 0) = 0 and a central pres-
sure P (r = 0) = Pc. The mass of the star is given as

M = m(R) = 4⇡
R
R

0 dr r
2
"(r), while the star radius R is

determined as the point at which the pressure vanishes,
P (R) = 0. The TOV equations describe non-rotating
neutron stars. The e↵ect of the rotation on R is ex-
pected to become only relevant for very high pulsar spin
frequencies [71, 72].
Matter in the interior of a neutron star can be de-

scribed in terms of the squared speed of sound,

c
2
s
(") =

@P (")

@"
� 0 , (3)

from which the EoS is determined as

P (") =

Z
"

0
d"

0
c
2
s
("0) . (4)

Causality demands that the speed of sound must always
remain smaller than or equal to the speed of light (c =1
in our units), i.e. cs  1. In addition, thermodynamic
stability of the star dictates that the derivative @P/@" is
non-negative. At extremely high densities perturbative
QCD calculations become feasible in terms of quark and
gluon degrees of freedom. They suggest that at densities
n ⇠ 50n0 the squared speed of sound approaches the
conformal bound,

c
2
s

! 1/3 , (5)

from below [73]. This limit can be derived from naive
dimensional analysis and asymptotic freedom [74]. In
fact it is expected that this bound holds in all confor-
mal theories, i.e. field theories in which the trace of the
energy-momentum tensor vanishes [69, 75]. However, re-
cent analyses based on astrophysical observables suggest
that this conformal bound can be violated inside neutron
stars [40, 41, 53, 66, 76, 77]. Squared sound velocities
with c

2
s
> 1/3 were also found in recent Nc = 2 lattice

Equation of State :

7

energy density
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c2s (") =
@P(")

@"

Equation of state
! Determine EoS from speed of sound

c2
s (ε) = ∂P(ε)

∂ε

→ Key role of sound speed: characteristic signature of
phase structure

! Introduce general parametrization by segment-wise linear
interpolations

c2
s (ε,θ) =

(εi+1−ε)c2
s,i + (ε−εi)c2

s,i+1

εi+1−εi
[Annala et al., Nature Phys. 16, 907 (2020)]

! Constrain parameters θ based on theory and
astrophysical data

→ Analyse for signs of phase transitions!
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ", inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M� and 2.3M�, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M�) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. ⇤(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as ⇤(1.4M�) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c
2
s,max in the squared sound speed. At the 68% level this

maximum takes a value c
2
s,max = 0.78+0.18

�0.11 at a baryon

density n(c2
s,max) = 3.2+0.8

�1.2 n0. The peak in c
2
s

found in
Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c

2
s

= 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c
2
s,min, at some higher density. A fast drop in c

2
s

could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc
2
s,min>0.1

c
2
s,min0.1

are

computed, comparing the evidence for EoSs with a min-
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c2s

NEUTRON STAR MATTER : EQUATION of STATE

Bayesian inference  of  sound speed  and  EoS

Squared speed of sound exceeds conformal bound                 at baryon densities 
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PSR masses, NICER & GW data,  low-density constraints (ChEFT),  asymptotic constraints  (pQCD) 
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ", inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M� and 2.3M�, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M�) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. ⇤(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as ⇤(1.4M�) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c
2
s,max in the squared sound speed. At the 68% level this

maximum takes a value c
2
s,max = 0.78+0.18

�0.11 at a baryon

density n(c2
s,max) = 3.2+0.8

�1.2 n0. The peak in c
2
s

found in
Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c

2
s

= 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c
2
s,min, at some higher density. A fast drop in c

2
s

could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc
2
s,min>0.1

c
2
s,min0.1

are

computed, comparing the evidence for EoSs with a min-
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Bayesian reasoning implicated
in some mental disorders
An 18th century math theorem may help explain some people's processing flaws

MISGUIDED MATH  English clergyman Thomas Bayes formulated a way to calculate the likelihood of an event based on prior knowledge. Bad Bayesian reasoning
could be why perceptions of reality get muddled in people with certain mental disorders.

M. TELFER

By Laura Sanders

MAY 13, 2016 AT 11:37 AM

From within the dark confines of the skull, the brain builds its own version of reality. By

weaving together expectations and information gleaned from the senses, the brain creates

a story about the outside world. For most of us, the brain is a skilled storyteller, but to spin a

sensible yarn, it has to fill in some details itself.

“The brain is a guessing machine, trying at each moment of time to guess what is out there,”

says computational neuroscientist Peggy Seriès.
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Strongly repulsive correlations in dense baryonic matter
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conformal bound c2s = 1/3

Perturbative QCD
œ Strong coupling decreases at high densities

! Perturbative QCD calculations in terms of quark and gluon degrees of freedom

œ Asymptotic boundary condition at n ª 50n0 and beyond

œ Speed of sound reaches conformal limit c
2
s = 1/3 from below
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EQUATION of STATE and SOUND VELOCITY 

- boundary conditions -

Conformal bound
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Low densities : Extremely high densities :Chiral EFT @

Employ ChEFT constraint at 
Bayes inference as Likelihood, NOT Prior reached asymptotically

T. Gorda, A. Kurkela, P. Paatelainen, S. Säppi 

Phys. Rev. Lett. 127 (2021) 162003
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ", inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M� and 2.3M�, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M�) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. ⇤(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as ⇤(1.4M�) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c
2
s,max in the squared sound speed. At the 68% level this

maximum takes a value c
2
s,max = 0.78+0.18

�0.11 at a baryon

density n(c2
s,max) = 3.2+0.8

�1.2 n0. The peak in c
2
s

found in
Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c

2
s

= 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c
2
s,min, at some higher density. A fast drop in c

2
s

could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc
2
s,min>0.1

c
2
s,min0.1

are

computed, comparing the evidence for EoSs with a min-
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c2s

Speed of sound exceeding the conformal bound in dense 2-color QCD Etsuko Itou

Figure 3: Trace anomaly and pressure as a function of `/<%( . The circle and cross symbols denote the
gauge part and minus the fermion part of the trace anomaly, respectively. We also show ?/`4 at the relativistic
limit, ?(⌫/`4 = # 5 #2/(12c2

). The plot is originally shown in Ref. [1].
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Figure 4: (Left) The EoS as a function of `/<%( . (Right) Sound velocity squared as a function of `/<%( .
The horizontal line (orange) denotes the value in the conformal bound (the relativistic limit), 22

B
/22 = 1/3.

The blue curve shows the result of ChPT [27, 31]. These plots are originally shown in Ref. [1].

Finally, the sound velocity is depicted in the right panel in Fig. 4. Here, we evaluate

22
B
(`) =

�?(`)
�4(`)

=
?(` + �`) � ?(` � �`)
4(` + �`) � 4(` � �`)

(6)

at the fixed temperature. In this panel, the blue curve represents the ChPT prediction which is
given by 22

B
/22 = (1 � `4

2
/`4

)/(1 + 3`4
2
/`4

) [27, 31]. The ChPT analysis is valid around the phase
transition point between the hadronic and superfluid phases (` ⇡ <c/2), and we can see that our
lattice data is consistent with the prediction. In the high-density regime, on the other hand, the
curve given by the ChPT goes to unity, namely, the sound velocity approaches the speed of light.
Therefore, it is widely believed that the ChPT would fail at sufficiently high densities and that
eventually the squared sound velocity goes to 1/3.

A question to be addressed here is where it fails. Our numerical result for 22
B
/22 is consistent

with the ChPT prediction until the sound velocity exceeds the conformal bound. Such an excess
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<latexit sha1_base64="6I0JAx0gNv1ochViTrmGE76wYC4=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmRNSdBV24rGAv0A4lk2ba0CQzJBmhDH0FNy7U4taHcevOtzHTdqGtPwQ+/v8ccs4JE8608bxvp7Cyura+UdwsbW3v7O6V9w8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbDmzxvPlKlWSwfzCihgcB9ySJGsMkt3/VQt1zxXG8qtAz+HCrXn2+5JrVu+avTi0kqqDSEY63bvpeYIMPKMMLpuNRJNU0wGeI+bVuUWFAdZNNZx+jEOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1PyR7BX1x5GRpnrn/hnt/7leotzFSEIziGU/DhEqpwBzWoA4EBPMELvDrCeXYmzvustODMew7hj5yPH+OYkfg=</latexit>

1.0

<latexit sha1_base64="oee9FOdeE4Wp2jrdVYx0isbetHg=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmxNvOgi5cVrAXaIeSSTNtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DqD4GP/z+HnHPChDNtPO/LKSwtr6yuFddLG5tb2zvl3b2GjlNFaJ3EPFatEGvKmaR1wwynrURRLEJOm+HwOs+bD1RpFst7M0poIHBfsogRbHLLd89Qt1zxXG8q9Bf8OVSuPl5zTWrd8menF5NUUGkIx1q3fS8xQYaVYYTTcamTappgMsR92rYosaA6yKazjtGRdXooipV90qCp+7Mjw0LrkQhtpcBmoBez3Pwva6cmugwyJpPUUElmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHuekj2Cv7jyX2icuP65e3rnV6o3MFMRDuAQjsGHC6jCLdSgDgQG8AjP8OII58mZOG+z0oIz79mHX3LevwHrMZH9</latexit>

1.5

<latexit sha1_base64="5sMb+JUguIg89EYt9hIkC1+YGc4=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV8NMEXVnQRcuK9gLtEPJpJk2NMkMSUYoQ1/BjQu1uPVh3Lrzbcy0XWjrD4GP/z+HnHPChDNtPO/bWVldW9/YLGwVt3d29/ZLB4cNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhTZ43H6nSLJYPZpTQQOC+ZBEj2ORWxfVQt1T2XG8qtAz+HMrXn2+5JrVu6avTi0kqqDSEY63bvpeYIMPKMMLpuNhJNU0wGeI+bVuUWFAdZNNZx+jUOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1P0R7BX1x5GRoV179wz+/9cvUWZirAMZzAGfhwCVW4gxrUgcAAnuAFXh3hPDsT531WuuLMe47gj5yPH+Ufkfk=</latexit>

2.0

<latexit sha1_base64="22YiKdMBTsTQ/5WAM3A5+YEeWoU=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmiredBV24rGAv0A4lk6ZtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DWHwIf/38OOeeEMWfaeN63k1tZXVvfyG8WtrZ3dveK+wd1HSWK0BqJeKSaIdaUM0lrhhlOm7GiWIScNsLhTZY3HqnSLJIPZhTTQOC+ZD1GsMmssnuOOsWS53pToWXw51C6/nzLNKl2il/tbkQSQaUhHGvd8r3YBClWhhFOx4V2ommMyRD3acuixILqIJ3OOkYn1umiXqTskwZN3d8dKRZaj0RoKwU2A72YZeZ/WSsxvasgZTJODJVk9lEv4chEKFscdZmixPCRBUwUs7MiMsAKE2PPU7BH8BdXXoZ62fUv3LN7v1S5hZnycATHcAo+XEIF7qAKNSAwgCd4gVdHOM/OxHmfleacec8h/JHz8QPsuJH+</latexit>

2.5

<latexit sha1_base64="mq2xz6CzAf6hkNpuC94FumpSbuQ=">AAAB/3icbVDLSsNAFJ34rPUVFdzoYrAIrkoivsBNQRduChXtA5oQJpNJO3SSCTMTocQs/BVBXCjiVvwLd/6N08dCWw8MHM45l3vn+AmjUlnWtzEzOze/sFhYKi6vrK6tmxubDclTgUkdc8ZFy0eSMBqTuqKKkVYiCIp8Rpp+72LgN++IkJTHt6qfEDdCnZiGFCOlJc/czhw/zKoO1yFY9RwecJXn0DNLVtkaAk4Te0xKleObzyd397zmmV9OwHEakVhhhqRs21ai3AwJRTEjedFJJUkQ7qEOaWsao4hINxven8N9rQQw5EK/WMGh+nsiQ5GU/cjXyQiprpz0BuJ/XjtV4Zmb0ThJFYnxaFGYMqg4HJQBAyoIVqyvCcKC6lsh7iKBsNKVFXUJ9uSXp0njsGyflI+u7VLlEoxQADtgDxwAG5yCCrgCNVAHGNyDR/ACXo0H49l4M95H0RljPLMF/sD4+AG9EZji</latexit>

M
M�

<latexit sha1_base64="N50lfvCQxzzm3e13JhXoDj/+rl8=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSp4Krsi6rGgB49V7Adsl5JNs21okl2TbKEs9W948aCIV3+MN/+N6bYHbX0w8Hhvhpl5YcKZNq777Swtr6yurRc2iptb2zu7pb39ho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HriN4dUaRbLBzNKaCBwT7KIEWysFGTtMEL3T/5ABGPUKZXdipsDLRJvRsrV4yhHrVP6andjkgoqDeFYa99zExNkWBlGOB0X26mmCSYD3KO+pRILqoMsP3qMTqzSRVGsbEmDcvX3RIaF1iMR2k6BTV/PexPxP89PTXQVZEwmqaGSTBdFKUcmRpMEUJcpSgwfWYKJYvZWRPpYYWJsTkUbgjf/8iJpnFW8i8r5nVeu3sAUBTiEIzgFDy6hCrdQgzoQeIRneIU3Z+i8OO/Ox7R1yZnNHMAfOJ8/9giUiA==</latexit>

R [km]

<latexit sha1_base64="MpxcIAZSayccCtcUkHNgGq2h4HA=">AAAB/nicbVDLSgMxFM3UV1urjoorN8EiCELJaNUuC3YhruqjD2hLyaSZNjSTGZKMUIaKGz/EjQtF3Lr0G9z5N6aPhbYeuHA4517uvccNOVMaoW8rsbC4tLySTKVXM2vrG/bmVlUFkSS0QgIeyLqLFeVM0IpmmtN6KCn2XU5rbv985NfuqFQsELd6ENKWj7uCeYxgbaS2vRM3XQ+Wb67vLxE6Rocof+IMYdvOohwaA84TZ0qyxUypkHxMfZbb9lezE5DIp0ITjpVqOCjUrRhLzQinw3QzUjTEpI+7tGGowD5VrXh8/hDuG6UDvUCaEhqO1d8TMfaVGviu6fSx7qlZbyT+5zUi7RVaMRNhpKkgk0VexKEO4CgL2GGSEs0HhmAimbkVkh6WmGiTWNqE4My+PE+qRznnNJe/crLFEpggCXbBHjgADjgDRXAByqACCIjBE3gBr9aD9Wy9We+T1oQ1ndkGf2B9/AB4+pV0</latexit>

PSR J0030+ 0451

<latexit sha1_base64="DvzVYCZUI6Oq+SMy6PBvunCy58k=">AAAB/nicbVBNS0JBFJ1nX2pWr6JVmyEJgkDmiahLIRfRyj78ABWZN87TwXnzHjPzAnkYbfohbVoU0bZlv6Fd/6ZRW5R24MLhnHu59x435ExphL6sxMrq2vpGMpXezGxt79i7ew0VRJLQOgl4IFsuVpQzQeuaaU5boaTYdzltuqOzqd+8pVKxQNzocUi7Ph4I5jGCtZF69kHccT1Yu766u0ClAjotFvNoAnt2FuXQDHCZOD8kW8lUy8mH1EetZ392+gGJfCo04ViptoNC3Y2x1IxwOkl3IkVDTEZ4QNuGCuxT1Y1n50/gsVH60AukKaHhTP09EWNfqbHvmk4f66Fa9Kbif1470l65GzMRRpoKMl/kRRzqAE6zgH0mKdF8bAgmkplbIRliiYk2iaVNCM7iy8ukkc85xVzh0slWqmCOJDgER+AEOKAEKuAc1EAdEBCDR/AMXqx768l6td7mrQnrZ2Yf/IH1/g2LjJWA</latexit>

PSR J0740+ 6620

<latexit sha1_base64="L+lTonnVlcmCwZueJt428CXTMbs=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBy1JCVZvRS8eK5i20ISy2W7apZtN2N2IJeSvePGgiFf/iDf/jds2B219MPB4b4aZeUHCqFSW9W2U1tY3NrfK25Wd3b39A/Ow2pFxKjBxccxi0QuQJIxy4iqqGOklgqAoYKQbTG5nfveRCElj/qCmCfEjNOI0pBgpLQ3MauYFIXRc79xuWo0Lp3GdD8yaVbfmgKvELkgNFGgPzC9vGOM0IlxhhqTs21ai/AwJRTEjecVLJUkQnqAR6WvKUUSkn81vz+GpVoYwjIUuruBc/T2RoUjKaRTozgipsVz2ZuJ/Xj9V4ZWfUZ6kinC8WBSmDKoYzoKAQyoIVmyqCcKC6lshHiOBsNJxVXQI9vLLq6TTqNuXdefeqbVuijjK4BicgDNggyZogTvQBi7A4Ak8g1fwZuTGi/FufCxaS0YxcwT+wPj8AbVXkks=</latexit>

4U1702� 429

Nättilä et al.
Astron.  Astrophys. 608 (2017) A31

<latexit sha1_base64="DMGCZubDzmQHsGFKsP+pvWx0YkM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsR/QLiWbZtvQJLsm2UJZ2r/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHDR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4e3Mb46o0iySj2YcU1/gvmQhI9hYyU87QYgeptP2UPiTbrHklt050CrxMlKCDLVu8avTi0giqDSEY63bnhsbP8XKMMLppNBJNI0xGeI+bVsqsaDaT+dHT9CZVXoojJQtadBc/T2RYqH1WAS2U2Az0MveTPzPaycmvPZTJuPEUEkWi8KEIxOhWQKoxxQlho8twUQxeysiA6wwMTangg3BW355lTQuyt5luXJfKVVvsjjycAKncA4eXEEV7qAGdSDwBM/wCm/OyHlx3p2PRWvOyWaO4Q+czx/IGJIf</latexit>

R [km]
<latexit sha1_base64="Oc6eWbdAsHMJ2l0i1HKm0nB0zIE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VsB/QhrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKVOlkvCInnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/N752SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjtZ0IlKXLFFovCVBKMyex5MhCaM5QTSyjTwt5K2IhqytBGVLIheMsvr5LWRdW7rNbua5X6XR5HEU7gFM7Bgyuowy00oAkMJDzDK7w5j86L8+58LFoLTj5zDH/gfP4AOACPdw==</latexit>

10
<latexit sha1_base64="ngsXeI2buDbXr5f8YK0SbKOF6fo=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgRW8V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1Fipk/WCkHjVab9UdivuHGSVeDkpQ45Gv/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+75ScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY8GXCFzIiJJZQpbm8lbEQVZcZGVLQheMsvr5JWteJdVmr3tXL9Lo+jAKdwBhfgwRXU4RYa0AQGAp7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4AOwqPeQ==</latexit>

12
<latexit sha1_base64="1rt6sd/5lJiO/b1UQD49Y/Mj0j4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VsB/QhrLZTtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLFSJ+sFIfFq03654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n83ik5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz2My6T1KBki0VhKoiJyex5MuAKmRETSyhT3N5K2IgqyoyNqGRD8JZfXiWti6p3Wa3d1yr1uzyOIpzAKZyDB1dQh1toQBMYCHiGV3hzHp0X5935WLQWnHzmGP7A+fwBPhSPew==</latexit>

14

<latexit sha1_base64="q/vo9YEJUCZ/sAkItstpmzQqZwY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeCF71VsB/ShrLZbtqlu5uwuxFK6K/w4kERr/4cb/4bt2kO2vpg4PHeDDPzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh5Gbud56o0iyWD2aa0EDgkWQRI9hY6THrhxHyXW82qNY818uBVolfkBoUaA6qX/1hTFJBpSEca93zvcQEGVaGEU5nlX6qaYLJBI9oz1KJBdVBlh88Q2dWGaIoVrakQbn6eyLDQuupCG2nwGasl725+J/XS010HWRMJqmhkiwWRSlHJkbz79GQKUoMn1qCiWL2VkTGWGFibEYVG4K//PIqaV+4/qVbv6/XGndFHGU4gVM4Bx+uoAG30IQWEBDwDK/w5ijnxXl3PhatJaeYOYY/cD5/AKT2j68=</latexit>

1.0

<latexit sha1_base64="zULZP/N2DzPdS+4w+rUO5Okbo0c=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IrrXoseNFbBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8c3Mbz9RpVksH8wkoYHAQ8kiRrCx0mPWCyPku7Vpv1zxXG8OtEr8nFQgR6Nf/uoNYpIKKg3hWOuu7yUmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvnBU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwl19eJa0L1790q/fVSv0uj6MIJ3AK5+DDFdThFhrQBAICnuEV3hzlvDjvzseiteDkM8fwB87nD6yPj7Q=</latexit>

1.5

<latexit sha1_base64="wD2q6ZrYkw3i4GSCKmWCg6RjaYo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07JbSvVY8KK3CvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxwelY9P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek5u533miSrNYPphpQgOBR5JFjGBjpcesH0ao6nqzQbniud4CaJ34OalAjuag/NUfxiQVVBrCsdY930tMkGFlGOF0VuqnmiaYTPCI9iyVWFAdZIuDZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VITXQcZk0lqqCTLRVHKkYnR/Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgr768TtpV16+7tftapXGXx1GEMziHS/DhChpwC01oAQEBz/AKb45yXpx352PZWnDymVP4A+fzB6Z9j7A=</latexit>

2.0

<latexit sha1_base64="T0aGePARtg5ZoArZrQEYuMGGTW4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgadkN8XEMeNFbBPOQZAmzk9lkyMzsMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFSacaeN5305hbX1jc6u4XdrZ3ds/KB8etXScKkKbJOax6oRYU84kbRpmOO0kimIRctoOxzczv/1ElWaxfDCThAYCDyWLGMHGSo9ZL4xQ1b2Y9ssVz/XmQKvEz0kFcjT65a/eICapoNIQjrXu+l5iggwrwwin01Iv1TTBZIyHtGupxILqIJsfPEVnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ua6DrImExSQyVZLIpSjkyMZt+jAVOUGD6xBBPF7K2IjLDCxNiMSjYEf/nlVdKquv6lW7uvVep3eRxFOIFTOAcfrqAOt9CAJhAQ8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwCuFo+1</latexit>

2.5

<latexit sha1_base64="7KoNZKCaC7w+e/pmdrAyXpAfGWE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZKeqy4EYXhQr2AZ1hyGQybWgmGZKMUMZZ+CtuXCji1t9w59+YPhbaeiBwOOdc7s0JU0aVdpxvq7Syura+Ud6sbG3v7O7Z+wcdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0PfG7D0QqKvi9HqfET9CA05hipI0U2Ee5F8Ywb3rCpGAz8EQkdFEEdtWpOVPAZeLOSRXM0QrsLy8SOEsI15ghpfquk2o/R1JTzEhR8TJFUoRHaED6hnKUEOXn0/sLeGqUCMZCmsc1nKq/J3KUKDVOQpNMkB6qRW8i/uf1Mx1f+TnlaaYJx7NFccagFnBSBoyoJFizsSEIS2puhXiIJMLaVFYxJbiLX14mnfOae1Gr39Wrjdt5HWVwDE7AGXDBJWiAG9ACbYDBI3gGr+DNerJerHfrYxYtWfOZQ/AH1ucP4VSWDg==</latexit>

M

M�

Riley et al.

<latexit sha1_base64="muzdjORrt6c3eAyXQO2r4khlf6A=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbUzoIVlRPMByRH2NnvJkr29Y3dOCCE/wcZCibb+GVs7/417SQqNvrDw8L4z7MwEiRQGXffLyS0tr6yu5dcLG5tb2zvF3b26iVPNeI3FMtbNgBouheI1FCh5M9GcRoHkjWBwleWNB66NiNU9DhPuR7SnRCgYRWvdeS7pFEtu2Z2K/AVvDqXLj0mm12qn+NnuxiyNuEImqTEtz03QH1GNgkk+LrRTwxPKBrTHWxYVjbjxR9NRx+TIOl0Sxto+hWTq/uwY0ciYYRTYyohi3yxmmflf1koxvPBHQiUpcsVmH4WpJBiTbG/SFZozlEMLlGlhZyWsTzVlaK9TsEfwFlf+C/WTsndWPr31SpVrmCkPB3AIx+DBOVTgBqpQAwY9eIRneHGk8+RMnLdZac6Z9+zDLznv33hrkcA=</latexit>

10
<latexit sha1_base64="goWurl7VZ8eGgDJEQEX+rOt88gQ=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozRdSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9ColL3z8tmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF7dZHC</latexit>

12
<latexit sha1_base64="uRuG7YljhuA5Gq918r1PmCP2nvM=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3vn5cqdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF+f5HE</latexit>

14
<latexit sha1_base64="xLcQukndo16vGDtxSLVEQy0UOiY=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozItWdBV24rGgv0A4lk2ba0CQzJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aOkoUoXUS8Ui1AqwpZ5LWDTOctmJFsQg4bQbD6yxvPlKlWSQfzCimvsB9yUJGsLHWvVdB3WLJLbtToWXw5lC6+pxkeqt1i1+dXkQSQaUhHGvd9tzY+ClWhhFOx4VOommMyRD3aduixIJqP52OOkYn1umhMFL2SYOm7u+OFAutRyKwlQKbgV7MMvO/rJ2Y8NJPmYwTQyWZfRQmHJkIZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3uV8vmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AGBiZHG</latexit>

16

<latexit sha1_base64="6I0JAx0gNv1ochViTrmGE76wYC4=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmRNSdBV24rGAv0A4lk2ba0CQzJBmhDH0FNy7U4taHcevOtzHTdqGtPwQ+/v8ccs4JE8608bxvp7Cyura+UdwsbW3v7O6V9w8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbDmzxvPlKlWSwfzCihgcB9ySJGsMkt3/VQt1zxXG8qtAz+HCrXn2+5JrVu+avTi0kqqDSEY63bvpeYIMPKMMLpuNRJNU0wGeI+bVuUWFAdZNNZx+jEOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1PyR7BX1x5GRpnrn/hnt/7leotzFSEIziGU/DhEqpwBzWoA4EBPMELvDrCeXYmzvustODMew7hj5yPH+OYkfg=</latexit>

1.0

<latexit sha1_base64="oee9FOdeE4Wp2jrdVYx0isbetHg=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmxNvOgi5cVrAXaIeSSTNtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DqD4GP/z+HnHPChDNtPO/LKSwtr6yuFddLG5tb2zvl3b2GjlNFaJ3EPFatEGvKmaR1wwynrURRLEJOm+HwOs+bD1RpFst7M0poIHBfsogRbHLLd89Qt1zxXG8q9Bf8OVSuPl5zTWrd8menF5NUUGkIx1q3fS8xQYaVYYTTcamTappgMsR92rYosaA6yKazjtGRdXooipV90qCp+7Mjw0LrkQhtpcBmoBez3Pwva6cmugwyJpPUUElmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHuekj2Cv7jyX2icuP65e3rnV6o3MFMRDuAQjsGHC6jCLdSgDgQG8AjP8OII58mZOG+z0oIz79mHX3LevwHrMZH9</latexit>

1.5

<latexit sha1_base64="5sMb+JUguIg89EYt9hIkC1+YGc4=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV8NMEXVnQRcuK9gLtEPJpJk2NMkMSUYoQ1/BjQu1uPVh3Lrzbcy0XWjrD4GP/z+HnHPChDNtPO/bWVldW9/YLGwVt3d29/ZLB4cNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhTZ43H6nSLJYPZpTQQOC+ZBEj2ORWxfVQt1T2XG8qtAz+HMrXn2+5JrVu6avTi0kqqDSEY63bvpeYIMPKMMLpuNhJNU0wGeI+bVuUWFAdZNNZx+jUOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1P0R7BX1x5GRoV179wz+/9cvUWZirAMZzAGfhwCVW4gxrUgcAAnuAFXh3hPDsT531WuuLMe47gj5yPH+Ufkfk=</latexit>

2.0

<latexit sha1_base64="22YiKdMBTsTQ/5WAM3A5+YEeWoU=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmiredBV24rGAv0A4lk6ZtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DWHwIf/38OOeeEMWfaeN63k1tZXVvfyG8WtrZ3dveK+wd1HSWK0BqJeKSaIdaUM0lrhhlOm7GiWIScNsLhTZY3HqnSLJIPZhTTQOC+ZD1GsMmssnuOOsWS53pToWXw51C6/nzLNKl2il/tbkQSQaUhHGvd8r3YBClWhhFOx4V2ommMyRD3acuixILqIJ3OOkYn1umiXqTskwZN3d8dKRZaj0RoKwU2A72YZeZ/WSsxvasgZTJODJVk9lEv4chEKFscdZmixPCRBUwUs7MiMsAKE2PPU7BH8BdXXoZ62fUv3LN7v1S5hZnycATHcAo+XEIF7qAKNSAwgCd4gVdHOM/OxHmfleacec8h/JHz8QPsuJH+</latexit>

2.5

<latexit sha1_base64="mq2xz6CzAf6hkNpuC94FumpSbuQ=">AAAB/3icbVDLSsNAFJ34rPUVFdzoYrAIrkoivsBNQRduChXtA5oQJpNJO3SSCTMTocQs/BVBXCjiVvwLd/6N08dCWw8MHM45l3vn+AmjUlnWtzEzOze/sFhYKi6vrK6tmxubDclTgUkdc8ZFy0eSMBqTuqKKkVYiCIp8Rpp+72LgN++IkJTHt6qfEDdCnZiGFCOlJc/czhw/zKoO1yFY9RwecJXn0DNLVtkaAk4Te0xKleObzyd397zmmV9OwHEakVhhhqRs21ai3AwJRTEjedFJJUkQ7qEOaWsao4hINxven8N9rQQw5EK/WMGh+nsiQ5GU/cjXyQiprpz0BuJ/XjtV4Zmb0ThJFYnxaFGYMqg4HJQBAyoIVqyvCcKC6lsh7iKBsNKVFXUJ9uSXp0njsGyflI+u7VLlEoxQADtgDxwAG5yCCrgCNVAHGNyDR/ACXo0H49l4M95H0RljPLMF/sD4+AG9EZji</latexit>

M
M�

<latexit sha1_base64="N50lfvCQxzzm3e13JhXoDj/+rl8=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSp4Krsi6rGgB49V7Adsl5JNs21okl2TbKEs9W948aCIV3+MN/+N6bYHbX0w8Hhvhpl5YcKZNq777Swtr6yurRc2iptb2zu7pb39ho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HriN4dUaRbLBzNKaCBwT7KIEWysFGTtMEL3T/5ABGPUKZXdipsDLRJvRsrV4yhHrVP6andjkgoqDeFYa99zExNkWBlGOB0X26mmCSYD3KO+pRILqoMsP3qMTqzSRVGsbEmDcvX3RIaF1iMR2k6BTV/PexPxP89PTXQVZEwmqaGSTBdFKUcmRpMEUJcpSgwfWYKJYvZWRPpYYWJsTkUbgjf/8iJpnFW8i8r5nVeu3sAUBTiEIzgFDy6hCrdQgzoQeIRneIU3Z+i8OO/Ox7R1yZnNHMAfOJ8/9giUiA==</latexit>

R [km]

<latexit sha1_base64="MpxcIAZSayccCtcUkHNgGq2h4HA=">AAAB/nicbVDLSgMxFM3UV1urjoorN8EiCELJaNUuC3YhruqjD2hLyaSZNjSTGZKMUIaKGz/EjQtF3Lr0G9z5N6aPhbYeuHA4517uvccNOVMaoW8rsbC4tLySTKVXM2vrG/bmVlUFkSS0QgIeyLqLFeVM0IpmmtN6KCn2XU5rbv985NfuqFQsELd6ENKWj7uCeYxgbaS2vRM3XQ+Wb67vLxE6Rocof+IMYdvOohwaA84TZ0qyxUypkHxMfZbb9lezE5DIp0ITjpVqOCjUrRhLzQinw3QzUjTEpI+7tGGowD5VrXh8/hDuG6UDvUCaEhqO1d8TMfaVGviu6fSx7qlZbyT+5zUi7RVaMRNhpKkgk0VexKEO4CgL2GGSEs0HhmAimbkVkh6WmGiTWNqE4My+PE+qRznnNJe/crLFEpggCXbBHjgADjgDRXAByqACCIjBE3gBr9aD9Wy9We+T1oQ1ndkGf2B9/AB4+pV0</latexit>

PSR J0030+ 0451

<latexit sha1_base64="DvzVYCZUI6Oq+SMy6PBvunCy58k=">AAAB/nicbVBNS0JBFJ1nX2pWr6JVmyEJgkDmiahLIRfRyj78ABWZN87TwXnzHjPzAnkYbfohbVoU0bZlv6Fd/6ZRW5R24MLhnHu59x435ExphL6sxMrq2vpGMpXezGxt79i7ew0VRJLQOgl4IFsuVpQzQeuaaU5boaTYdzltuqOzqd+8pVKxQNzocUi7Ph4I5jGCtZF69kHccT1Yu766u0ClAjotFvNoAnt2FuXQDHCZOD8kW8lUy8mH1EetZ392+gGJfCo04ViptoNC3Y2x1IxwOkl3IkVDTEZ4QNuGCuxT1Y1n50/gsVH60AukKaHhTP09EWNfqbHvmk4f66Fa9Kbif1470l65GzMRRpoKMl/kRRzqAE6zgH0mKdF8bAgmkplbIRliiYk2iaVNCM7iy8ukkc85xVzh0slWqmCOJDgER+AEOKAEKuAc1EAdEBCDR/AMXqx768l6td7mrQnrZ2Yf/IH1/g2LjJWA</latexit>

PSR J0740+ 6620

<latexit sha1_base64="L+lTonnVlcmCwZueJt428CXTMbs=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBy1JCVZvRS8eK5i20ISy2W7apZtN2N2IJeSvePGgiFf/iDf/jds2B219MPB4b4aZeUHCqFSW9W2U1tY3NrfK25Wd3b39A/Ow2pFxKjBxccxi0QuQJIxy4iqqGOklgqAoYKQbTG5nfveRCElj/qCmCfEjNOI0pBgpLQ3MauYFIXRc79xuWo0Lp3GdD8yaVbfmgKvELkgNFGgPzC9vGOM0IlxhhqTs21ai/AwJRTEjecVLJUkQnqAR6WvKUUSkn81vz+GpVoYwjIUuruBc/T2RoUjKaRTozgipsVz2ZuJ/Xj9V4ZWfUZ6kinC8WBSmDKoYzoKAQyoIVmyqCcKC6lshHiOBsNJxVXQI9vLLq6TTqNuXdefeqbVuijjK4BicgDNggyZogTvQBi7A4Ak8g1fwZuTGi/FufCxaS0YxcwT+wPj8AbVXkks=</latexit>

4U1702� 429
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<latexit sha1_base64="muzdjORrt6c3eAyXQO2r4khlf6A=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbUzoIVlRPMByRH2NnvJkr29Y3dOCCE/wcZCibb+GVs7/417SQqNvrDw8L4z7MwEiRQGXffLyS0tr6yu5dcLG5tb2zvF3b26iVPNeI3FMtbNgBouheI1FCh5M9GcRoHkjWBwleWNB66NiNU9DhPuR7SnRCgYRWvdeS7pFEtu2Z2K/AVvDqXLj0mm12qn+NnuxiyNuEImqTEtz03QH1GNgkk+LrRTwxPKBrTHWxYVjbjxR9NRx+TIOl0Sxto+hWTq/uwY0ciYYRTYyohi3yxmmflf1koxvPBHQiUpcsVmH4WpJBiTbG/SFZozlEMLlGlhZyWsTzVlaK9TsEfwFlf+C/WTsndWPr31SpVrmCkPB3AIx+DBOVTgBqpQAwY9eIRneHGk8+RMnLdZac6Z9+zDLznv33hrkcA=</latexit>

10
<latexit sha1_base64="goWurl7VZ8eGgDJEQEX+rOt88gQ=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozRdSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9ColL3z8tmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF7dZHC</latexit>

12
<latexit sha1_base64="uRuG7YljhuA5Gq918r1PmCP2nvM=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3vn5cqdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF+f5HE</latexit>

14
<latexit sha1_base64="xLcQukndo16vGDtxSLVEQy0UOiY=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozItWdBV24rGgv0A4lk2ba0CQzJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aOkoUoXUS8Ui1AqwpZ5LWDTOctmJFsQg4bQbD6yxvPlKlWSQfzCimvsB9yUJGsLHWvVdB3WLJLbtToWXw5lC6+pxkeqt1i1+dXkQSQaUhHGvd9tzY+ClWhhFOx4VOommMyRD3aduixIJqP52OOkYn1umhMFL2SYOm7u+OFAutRyKwlQKbgV7MMvO/rJ2Y8NJPmYwTQyWZfRQmHJkIZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3uV8vmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AGBiZHG</latexit>

16

<latexit sha1_base64="6I0JAx0gNv1ochViTrmGE76wYC4=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmRNSdBV24rGAv0A4lk2ba0CQzJBmhDH0FNy7U4taHcevOtzHTdqGtPwQ+/v8ccs4JE8608bxvp7Cyura+UdwsbW3v7O6V9w8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbDmzxvPlKlWSwfzCihgcB9ySJGsMkt3/VQt1zxXG8qtAz+HCrXn2+5JrVu+avTi0kqqDSEY63bvpeYIMPKMMLpuNRJNU0wGeI+bVuUWFAdZNNZx+jEOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1PyR7BX1x5GRpnrn/hnt/7leotzFSEIziGU/DhEqpwBzWoA4EBPMELvDrCeXYmzvustODMew7hj5yPH+OYkfg=</latexit>

1.0

<latexit sha1_base64="oee9FOdeE4Wp2jrdVYx0isbetHg=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmxNvOgi5cVrAXaIeSSTNtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DqD4GP/z+HnHPChDNtPO/LKSwtr6yuFddLG5tb2zvl3b2GjlNFaJ3EPFatEGvKmaR1wwynrURRLEJOm+HwOs+bD1RpFst7M0poIHBfsogRbHLLd89Qt1zxXG8q9Bf8OVSuPl5zTWrd8menF5NUUGkIx1q3fS8xQYaVYYTTcamTappgMsR92rYosaA6yKazjtGRdXooipV90qCp+7Mjw0LrkQhtpcBmoBez3Pwva6cmugwyJpPUUElmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHuekj2Cv7jyX2icuP65e3rnV6o3MFMRDuAQjsGHC6jCLdSgDgQG8AjP8OII58mZOG+z0oIz79mHX3LevwHrMZH9</latexit>

1.5

<latexit sha1_base64="5sMb+JUguIg89EYt9hIkC1+YGc4=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV8NMEXVnQRcuK9gLtEPJpJk2NMkMSUYoQ1/BjQu1uPVh3Lrzbcy0XWjrD4GP/z+HnHPChDNtPO/bWVldW9/YLGwVt3d29/ZLB4cNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhTZ43H6nSLJYPZpTQQOC+ZBEj2ORWxfVQt1T2XG8qtAz+HMrXn2+5JrVu6avTi0kqqDSEY63bvpeYIMPKMMLpuNhJNU0wGeI+bVuUWFAdZNNZx+jUOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1P0R7BX1x5GRoV179wz+/9cvUWZirAMZzAGfhwCVW4gxrUgcAAnuAFXh3hPDsT531WuuLMe47gj5yPH+Ufkfk=</latexit>

2.0

<latexit sha1_base64="22YiKdMBTsTQ/5WAM3A5+YEeWoU=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmiredBV24rGAv0A4lk6ZtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DWHwIf/38OOeeEMWfaeN63k1tZXVvfyG8WtrZ3dveK+wd1HSWK0BqJeKSaIdaUM0lrhhlOm7GiWIScNsLhTZY3HqnSLJIPZhTTQOC+ZD1GsMmssnuOOsWS53pToWXw51C6/nzLNKl2il/tbkQSQaUhHGvd8r3YBClWhhFOx4V2ommMyRD3acuixILqIJ3OOkYn1umiXqTskwZN3d8dKRZaj0RoKwU2A72YZeZ/WSsxvasgZTJODJVk9lEv4chEKFscdZmixPCRBUwUs7MiMsAKE2PPU7BH8BdXXoZ62fUv3LN7v1S5hZnycATHcAo+XEIF7qAKNSAwgCd4gVdHOM/OxHmfleacec8h/JHz8QPsuJH+</latexit>

2.5

<latexit sha1_base64="mq2xz6CzAf6hkNpuC94FumpSbuQ=">AAAB/3icbVDLSsNAFJ34rPUVFdzoYrAIrkoivsBNQRduChXtA5oQJpNJO3SSCTMTocQs/BVBXCjiVvwLd/6N08dCWw8MHM45l3vn+AmjUlnWtzEzOze/sFhYKi6vrK6tmxubDclTgUkdc8ZFy0eSMBqTuqKKkVYiCIp8Rpp+72LgN++IkJTHt6qfEDdCnZiGFCOlJc/czhw/zKoO1yFY9RwecJXn0DNLVtkaAk4Te0xKleObzyd397zmmV9OwHEakVhhhqRs21ai3AwJRTEjedFJJUkQ7qEOaWsao4hINxven8N9rQQw5EK/WMGh+nsiQ5GU/cjXyQiprpz0BuJ/XjtV4Zmb0ThJFYnxaFGYMqg4HJQBAyoIVqyvCcKC6lsh7iKBsNKVFXUJ9uSXp0njsGyflI+u7VLlEoxQADtgDxwAG5yCCrgCNVAHGNyDR/ACXo0H49l4M95H0RljPLMF/sD4+AG9EZji</latexit>

M
M�

<latexit sha1_base64="N50lfvCQxzzm3e13JhXoDj/+rl8=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSp4Krsi6rGgB49V7Adsl5JNs21okl2TbKEs9W948aCIV3+MN/+N6bYHbX0w8Hhvhpl5YcKZNq777Swtr6yurRc2iptb2zu7pb39ho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HriN4dUaRbLBzNKaCBwT7KIEWysFGTtMEL3T/5ABGPUKZXdipsDLRJvRsrV4yhHrVP6andjkgoqDeFYa99zExNkWBlGOB0X26mmCSYD3KO+pRILqoMsP3qMTqzSRVGsbEmDcvX3RIaF1iMR2k6BTV/PexPxP89PTXQVZEwmqaGSTBdFKUcmRpMEUJcpSgwfWYKJYvZWRPpYYWJsTkUbgjf/8iJpnFW8i8r5nVeu3sAUBTiEIzgFDy6hCrdQgzoQeIRneIU3Z+i8OO/Ox7R1yZnNHMAfOJ8/9giUiA==</latexit>

R [km]

<latexit sha1_base64="MpxcIAZSayccCtcUkHNgGq2h4HA=">AAAB/nicbVDLSgMxFM3UV1urjoorN8EiCELJaNUuC3YhruqjD2hLyaSZNjSTGZKMUIaKGz/EjQtF3Lr0G9z5N6aPhbYeuHA4517uvccNOVMaoW8rsbC4tLySTKVXM2vrG/bmVlUFkSS0QgIeyLqLFeVM0IpmmtN6KCn2XU5rbv985NfuqFQsELd6ENKWj7uCeYxgbaS2vRM3XQ+Wb67vLxE6Rocof+IMYdvOohwaA84TZ0qyxUypkHxMfZbb9lezE5DIp0ITjpVqOCjUrRhLzQinw3QzUjTEpI+7tGGowD5VrXh8/hDuG6UDvUCaEhqO1d8TMfaVGviu6fSx7qlZbyT+5zUi7RVaMRNhpKkgk0VexKEO4CgL2GGSEs0HhmAimbkVkh6WmGiTWNqE4My+PE+qRznnNJe/crLFEpggCXbBHjgADjgDRXAByqACCIjBE3gBr9aD9Wy9We+T1oQ1ndkGf2B9/AB4+pV0</latexit>

PSR J0030+ 0451

<latexit sha1_base64="DvzVYCZUI6Oq+SMy6PBvunCy58k=">AAAB/nicbVBNS0JBFJ1nX2pWr6JVmyEJgkDmiahLIRfRyj78ABWZN87TwXnzHjPzAnkYbfohbVoU0bZlv6Fd/6ZRW5R24MLhnHu59x435ExphL6sxMrq2vpGMpXezGxt79i7ew0VRJLQOgl4IFsuVpQzQeuaaU5boaTYdzltuqOzqd+8pVKxQNzocUi7Ph4I5jGCtZF69kHccT1Yu766u0ClAjotFvNoAnt2FuXQDHCZOD8kW8lUy8mH1EetZ392+gGJfCo04ViptoNC3Y2x1IxwOkl3IkVDTEZ4QNuGCuxT1Y1n50/gsVH60AukKaHhTP09EWNfqbHvmk4f66Fa9Kbif1470l65GzMRRpoKMl/kRRzqAE6zgH0mKdF8bAgmkplbIRliiYk2iaVNCM7iy8ukkc85xVzh0slWqmCOJDgER+AEOKAEKuAc1EAdEBCDR/AMXqx768l6td7mrQnrZ2Yf/IH1/g2LjJWA</latexit>

PSR J0740+ 6620

<latexit sha1_base64="L+lTonnVlcmCwZueJt428CXTMbs=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBy1JCVZvRS8eK5i20ISy2W7apZtN2N2IJeSvePGgiFf/iDf/jds2B219MPB4b4aZeUHCqFSW9W2U1tY3NrfK25Wd3b39A/Ow2pFxKjBxccxi0QuQJIxy4iqqGOklgqAoYKQbTG5nfveRCElj/qCmCfEjNOI0pBgpLQ3MauYFIXRc79xuWo0Lp3GdD8yaVbfmgKvELkgNFGgPzC9vGOM0IlxhhqTs21ai/AwJRTEjecVLJUkQnqAR6WvKUUSkn81vz+GpVoYwjIUuruBc/T2RoUjKaRTozgipsVz2ZuJ/Xj9V4ZWfUZ6kinC8WBSmDKoYzoKAQyoIVmyqCcKC6lshHiOBsNJxVXQI9vLLq6TTqNuXdefeqbVuijjK4BicgDNggyZogTvQBi7A4Ak8g1fwZuTGi/FufCxaS0YxcwT+wPj8AbVXkks=</latexit>

4U1702� 429

Nättilä et al.
Astron.  Astrophys. 608 (2017) A31

Riley et al.

<latexit sha1_base64="muzdjORrt6c3eAyXQO2r4khlf6A=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbUzoIVlRPMByRH2NnvJkr29Y3dOCCE/wcZCibb+GVs7/417SQqNvrDw8L4z7MwEiRQGXffLyS0tr6yu5dcLG5tb2zvF3b26iVPNeI3FMtbNgBouheI1FCh5M9GcRoHkjWBwleWNB66NiNU9DhPuR7SnRCgYRWvdeS7pFEtu2Z2K/AVvDqXLj0mm12qn+NnuxiyNuEImqTEtz03QH1GNgkk+LrRTwxPKBrTHWxYVjbjxR9NRx+TIOl0Sxto+hWTq/uwY0ciYYRTYyohi3yxmmflf1koxvPBHQiUpcsVmH4WpJBiTbG/SFZozlEMLlGlhZyWsTzVlaK9TsEfwFlf+C/WTsndWPr31SpVrmCkPB3AIx+DBOVTgBqpQAwY9eIRneHGk8+RMnLdZac6Z9+zDLznv33hrkcA=</latexit>

10
<latexit sha1_base64="goWurl7VZ8eGgDJEQEX+rOt88gQ=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozRdSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9ColL3z8tmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF7dZHC</latexit>

12
<latexit sha1_base64="uRuG7YljhuA5Gq918r1PmCP2nvM=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3vn5cqdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF+f5HE</latexit>

14
<latexit sha1_base64="xLcQukndo16vGDtxSLVEQy0UOiY=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozItWdBV24rGgv0A4lk2ba0CQzJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aOkoUoXUS8Ui1AqwpZ5LWDTOctmJFsQg4bQbD6yxvPlKlWSQfzCimvsB9yUJGsLHWvVdB3WLJLbtToWXw5lC6+pxkeqt1i1+dXkQSQaUhHGvd9tzY+ClWhhFOx4VOommMyRD3aduixIJqP52OOkYn1umhMFL2SYOm7u+OFAutRyKwlQKbgV7MMvO/rJ2Y8NJPmYwTQyWZfRQmHJkIZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3uV8vmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AGBiZHG</latexit>

16

<latexit sha1_base64="6I0JAx0gNv1ochViTrmGE76wYC4=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmRNSdBV24rGAv0A4lk2ba0CQzJBmhDH0FNy7U4taHcevOtzHTdqGtPwQ+/v8ccs4JE8608bxvp7Cyura+UdwsbW3v7O6V9w8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbDmzxvPlKlWSwfzCihgcB9ySJGsMkt3/VQt1zxXG8qtAz+HCrXn2+5JrVu+avTi0kqqDSEY63bvpeYIMPKMMLpuNRJNU0wGeI+bVuUWFAdZNNZx+jEOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1PyR7BX1x5GRpnrn/hnt/7leotzFSEIziGU/DhEqpwBzWoA4EBPMELvDrCeXYmzvustODMew7hj5yPH+OYkfg=</latexit>

1.0

<latexit sha1_base64="oee9FOdeE4Wp2jrdVYx0isbetHg=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmxNvOgi5cVrAXaIeSSTNtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DqD4GP/z+HnHPChDNtPO/LKSwtr6yuFddLG5tb2zvl3b2GjlNFaJ3EPFatEGvKmaR1wwynrURRLEJOm+HwOs+bD1RpFst7M0poIHBfsogRbHLLd89Qt1zxXG8q9Bf8OVSuPl5zTWrd8menF5NUUGkIx1q3fS8xQYaVYYTTcamTappgMsR92rYosaA6yKazjtGRdXooipV90qCp+7Mjw0LrkQhtpcBmoBez3Pwva6cmugwyJpPUUElmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHuekj2Cv7jyX2icuP65e3rnV6o3MFMRDuAQjsGHC6jCLdSgDgQG8AjP8OII58mZOG+z0oIz79mHX3LevwHrMZH9</latexit>

1.5

<latexit sha1_base64="5sMb+JUguIg89EYt9hIkC1+YGc4=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV8NMEXVnQRcuK9gLtEPJpJk2NMkMSUYoQ1/BjQu1uPVh3Lrzbcy0XWjrD4GP/z+HnHPChDNtPO/bWVldW9/YLGwVt3d29/ZLB4cNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhTZ43H6nSLJYPZpTQQOC+ZBEj2ORWxfVQt1T2XG8qtAz+HMrXn2+5JrVu6avTi0kqqDSEY63bvpeYIMPKMMLpuNhJNU0wGeI+bVuUWFAdZNNZx+jUOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1P0R7BX1x5GRoV179wz+/9cvUWZirAMZzAGfhwCVW4gxrUgcAAnuAFXh3hPDsT531WuuLMe47gj5yPH+Ufkfk=</latexit>

2.0

<latexit sha1_base64="22YiKdMBTsTQ/5WAM3A5+YEeWoU=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmiredBV24rGAv0A4lk6ZtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DWHwIf/38OOeeEMWfaeN63k1tZXVvfyG8WtrZ3dveK+wd1HSWK0BqJeKSaIdaUM0lrhhlOm7GiWIScNsLhTZY3HqnSLJIPZhTTQOC+ZD1GsMmssnuOOsWS53pToWXw51C6/nzLNKl2il/tbkQSQaUhHGvd8r3YBClWhhFOx4V2ommMyRD3acuixILqIJ3OOkYn1umiXqTskwZN3d8dKRZaj0RoKwU2A72YZeZ/WSsxvasgZTJODJVk9lEv4chEKFscdZmixPCRBUwUs7MiMsAKE2PPU7BH8BdXXoZ62fUv3LN7v1S5hZnycATHcAo+XEIF7qAKNSAwgCd4gVdHOM/OxHmfleacec8h/JHz8QPsuJH+</latexit>

2.5

<latexit sha1_base64="mq2xz6CzAf6hkNpuC94FumpSbuQ=">AAAB/3icbVDLSsNAFJ34rPUVFdzoYrAIrkoivsBNQRduChXtA5oQJpNJO3SSCTMTocQs/BVBXCjiVvwLd/6N08dCWw8MHM45l3vn+AmjUlnWtzEzOze/sFhYKi6vrK6tmxubDclTgUkdc8ZFy0eSMBqTuqKKkVYiCIp8Rpp+72LgN++IkJTHt6qfEDdCnZiGFCOlJc/czhw/zKoO1yFY9RwecJXn0DNLVtkaAk4Te0xKleObzyd397zmmV9OwHEakVhhhqRs21ai3AwJRTEjedFJJUkQ7qEOaWsao4hINxven8N9rQQw5EK/WMGh+nsiQ5GU/cjXyQiprpz0BuJ/XjtV4Zmb0ThJFYnxaFGYMqg4HJQBAyoIVqyvCcKC6lsh7iKBsNKVFXUJ9uSXp0njsGyflI+u7VLlEoxQADtgDxwAG5yCCrgCNVAHGNyDR/ACXo0H49l4M95H0RljPLMF/sD4+AG9EZji</latexit>

M
M�

<latexit sha1_base64="N50lfvCQxzzm3e13JhXoDj/+rl8=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSp4Krsi6rGgB49V7Adsl5JNs21okl2TbKEs9W948aCIV3+MN/+N6bYHbX0w8Hhvhpl5YcKZNq777Swtr6yurRc2iptb2zu7pb39ho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HriN4dUaRbLBzNKaCBwT7KIEWysFGTtMEL3T/5ABGPUKZXdipsDLRJvRsrV4yhHrVP6andjkgoqDeFYa99zExNkWBlGOB0X26mmCSYD3KO+pRILqoMsP3qMTqzSRVGsbEmDcvX3RIaF1iMR2k6BTV/PexPxP89PTXQVZEwmqaGSTBdFKUcmRpMEUJcpSgwfWYKJYvZWRPpYYWJsTkUbgjf/8iJpnFW8i8r5nVeu3sAUBTiEIzgFDy6hCrdQgzoQeIRneIU3Z+i8OO/Ox7R1yZnNHMAfOJ8/9giUiA==</latexit>

R [km]

<latexit sha1_base64="MpxcIAZSayccCtcUkHNgGq2h4HA=">AAAB/nicbVDLSgMxFM3UV1urjoorN8EiCELJaNUuC3YhruqjD2hLyaSZNjSTGZKMUIaKGz/EjQtF3Lr0G9z5N6aPhbYeuHA4517uvccNOVMaoW8rsbC4tLySTKVXM2vrG/bmVlUFkSS0QgIeyLqLFeVM0IpmmtN6KCn2XU5rbv985NfuqFQsELd6ENKWj7uCeYxgbaS2vRM3XQ+Wb67vLxE6Rocof+IMYdvOohwaA84TZ0qyxUypkHxMfZbb9lezE5DIp0ITjpVqOCjUrRhLzQinw3QzUjTEpI+7tGGowD5VrXh8/hDuG6UDvUCaEhqO1d8TMfaVGviu6fSx7qlZbyT+5zUi7RVaMRNhpKkgk0VexKEO4CgL2GGSEs0HhmAimbkVkh6WmGiTWNqE4My+PE+qRznnNJe/crLFEpggCXbBHjgADjgDRXAByqACCIjBE3gBr9aD9Wy9We+T1oQ1ndkGf2B9/AB4+pV0</latexit>

PSR J0030+ 0451

<latexit sha1_base64="DvzVYCZUI6Oq+SMy6PBvunCy58k=">AAAB/nicbVBNS0JBFJ1nX2pWr6JVmyEJgkDmiahLIRfRyj78ABWZN87TwXnzHjPzAnkYbfohbVoU0bZlv6Fd/6ZRW5R24MLhnHu59x435ExphL6sxMrq2vpGMpXezGxt79i7ew0VRJLQOgl4IFsuVpQzQeuaaU5boaTYdzltuqOzqd+8pVKxQNzocUi7Ph4I5jGCtZF69kHccT1Yu766u0ClAjotFvNoAnt2FuXQDHCZOD8kW8lUy8mH1EetZ392+gGJfCo04ViptoNC3Y2x1IxwOkl3IkVDTEZ4QNuGCuxT1Y1n50/gsVH60AukKaHhTP09EWNfqbHvmk4f66Fa9Kbif1470l65GzMRRpoKMl/kRRzqAE6zgH0mKdF8bAgmkplbIRliiYk2iaVNCM7iy8ukkc85xVzh0slWqmCOJDgER+AEOKAEKuAc1EAdEBCDR/AMXqx768l6td7mrQnrZ2Yf/IH1/g2LjJWA</latexit>

PSR J0740+ 6620

<latexit sha1_base64="L+lTonnVlcmCwZueJt428CXTMbs=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBy1JCVZvRS8eK5i20ISy2W7apZtN2N2IJeSvePGgiFf/iDf/jds2B219MPB4b4aZeUHCqFSW9W2U1tY3NrfK25Wd3b39A/Ow2pFxKjBxccxi0QuQJIxy4iqqGOklgqAoYKQbTG5nfveRCElj/qCmCfEjNOI0pBgpLQ3MauYFIXRc79xuWo0Lp3GdD8yaVbfmgKvELkgNFGgPzC9vGOM0IlxhhqTs21ai/AwJRTEjecVLJUkQnqAR6WvKUUSkn81vz+GpVoYwjIUuruBc/T2RoUjKaRTozgipsVz2ZuJ/Xj9V4ZWfUZ6kinC8WBSmDKoYzoKAQyoIVmyqCcKC6lshHiOBsNJxVXQI9vLLq6TTqNuXdefeqbVuijjK4BicgDNggyZogTvQBi7A4Ak8g1fwZuTGi/FufCxaS0YxcwT+wPj8AbVXkks=</latexit>

4U1702� 429

Nättilä et al.
Astron.  Astrophys. 608 (2017) A31

<latexit sha1_base64="q/vo9YEJUCZ/sAkItstpmzQqZwY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeCF71VsB/ShrLZbtqlu5uwuxFK6K/w4kERr/4cb/4bt2kO2vpg4PHeDDPzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh5Gbud56o0iyWD2aa0EDgkWQRI9hY6THrhxHyXW82qNY818uBVolfkBoUaA6qX/1hTFJBpSEca93zvcQEGVaGEU5nlX6qaYLJBI9oz1KJBdVBlh88Q2dWGaIoVrakQbn6eyLDQuupCG2nwGasl725+J/XS010HWRMJqmhkiwWRSlHJkbz79GQKUoMn1qCiWL2VkTGWGFibEYVG4K//PIqaV+4/qVbv6/XGndFHGU4gVM4Bx+uoAG30IQWEBDwDK/w5ijnxXl3PhatJaeYOYY/cD5/AKT2j68=</latexit>

1.0
<latexit sha1_base64="zULZP/N2DzPdS+4w+rUO5Okbo0c=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IrrXoseNFbBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8c3Mbz9RpVksH8wkoYHAQ8kiRrCx0mPWCyPku7Vpv1zxXG8OtEr8nFQgR6Nf/uoNYpIKKg3hWOuu7yUmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvnBU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwl19eJa0L1790q/fVSv0uj6MIJ3AK5+DDFdThFhrQBAICnuEV3hzlvDjvzseiteDkM8fwB87nD6yPj7Q=</latexit>

1.5
<latexit sha1_base64="wD2q6ZrYkw3i4GSCKmWCg6RjaYo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07JbSvVY8KK3CvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxwelY9P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek5u533miSrNYPphpQgOBR5JFjGBjpcesH0ao6nqzQbniud4CaJ34OalAjuag/NUfxiQVVBrCsdY930tMkGFlGOF0VuqnmiaYTPCI9iyVWFAdZIuDZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VITXQcZk0lqqCTLRVHKkYnR/Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgr768TtpV16+7tftapXGXx1GEMziHS/DhChpwC01oAQEBz/AKb45yXpx352PZWnDymVP4A+fzB6Z9j7A=</latexit>

2.0

<latexit sha1_base64="Jv7ZN+M3hziIHY7WJaYMJBH4L0o=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqmTE17LgRncV7EPaoWTSTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPXDhcM693HtPmAhuLMbfXmFldW19o7hZ2tre2d0r7x80TZxqyho0FrFuh8QwwRVrWG4FayeaERkK1gpHN1O/9cS04bF6sOOEBZIMFI84JdZJj1k3jNAFxpNeuYKreAa0TPycVCBHvVf+6vZjmkqmLBXEmI6PExtkRFtOBZuUuqlhCaEjMmAdRxWRzATZ7OAJOnFKH0WxdqUsmqm/JzIijRnL0HVKYodm0ZuK/3md1EbXQcZVklqm6HxRlApkYzT9HvW5ZtSKsSOEau5uRXRINKHWZVRyIfiLLy+T5lnVv6ye359Xand5HEU4gmM4BR+uoAa3UIcGUJDwDK/w5mnvxXv3PuatBS+fOYQ/8D5/AK4ej7U=</latexit>

500

<latexit sha1_base64="1gWlKtkgMkP8WnxmAT6qgTja5qw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8lKUY8FL3qrYD+wXUo2zbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8MBHcWIy/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCUf7CRhQUyGkkecEuukx6wXRsjHGE/75Qqu4jnQKvFzUoEcjX75qzdQNI2ZtFQQY7o+TmyQEW05FWxa6qWGJYSOyZB1HZUkZibI5hdP0ZlTBihS2pW0aK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrEKz99GAa0atmDhCqObuVkRHRBNqXUglF4K//PIqaV1U/ctq7b5Wqd/lcRThBE7hHHy4gjrcQgOaQEHCM7zCm2e8F+/d+1i0Frx85hj+wPv8ARhFj+s=</latexit>

1000
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Conformal matter is characterized by an equation of state P = #/3, so the signature for
its occurrence is D ! 0 over an extended energy density range. The posterior credible
bands for the trace anomaly measure deduced from the data-based EoS are shown in
Figure 4. Starting from D = 1/3 at zero energy density, the median of D turns negative at
# ⇠ 0.7 GeV/fm3, entering a high-pressure domain with P > #/3. This crossing appears
within the range of energy densities possibly realized in the cores of the heaviest neutron
stars. At much higher energy densities beyond those displayed in Figure 3, pQCD then
implies a switch back to positive D before the asymptotic limit D ! 0 is approached.
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FIG.12.Posterior95%and68%crediblebandsandmedians
forthebaryonchemicalpotentialµasafunctionofbaryon
densityninunitsofthenuclearsaturationdensity,n0=
0.16fm�3

.

�[GeVfm�3
]c

2
sP[MeVfm�3

]n/n0µ[GeV]

0.10.020.80.660.96

0.20.075.41.310.98

0.30.2017.41.931.03

0.40.4449.02.501.12

0.50.59101.33.031.24

0.60.64163.03.521.35

0.70.64226.83.971.46

0.80.62289.84.391.55

0.90.60350.94.781.64

1.00.59410.65.151.71

1.10.60470.45.501.78

1.20.61531.15.841.85

TABLEV.Tabulatedvaluesofthemedianforthesquared
soundvelocity,c

2
s,asafunctionofenergydensity�asshown

inFig.3,i.e.includingthepreviouslyavailabledataandthe
newinformationfromPSRJ0952-0607.Basedonthesevalues
thepressureiscomputedaswellasthebaryondensityn(in
unitsofthenuclearsaturationdensityn0)andthebaryon
chemicalpotentialµ.

Acomparisonofthistablewiththecorresponding
tableinAppendixCofRef.[16]isinstructiveasitun-
derlinesthesignificantsti�eningoftheEoSthatemerges

whenthenewPSRJ0952-0607dataareincorporated
togetherwiththeupdatedimplementationsofChEFT
andpQCDconstraints.Forexample,intherange
�=0.5�0.9GeVfm�3thepressurehasincreasedby
typicallyaboutonethirdascomparedtotheprevious
resultsinRef.[16].

APPENDIXC:BAYESFACTORTABULAR

Akeyresultofthepresentworkisthesystematics

oftheBayesfactorB
c

2
s,min>0.1

c2
s,min�0.1,quantifyingtheevidence

againstadroppingofthesquaredsoundspeedtovalues
belowc2

s,min0.1,asafunctionofthemaximummass
inneutronstars.Forafurtherdocumentationofthese
resultsatableofnumericalvaluesisusefultounderscore
theincreaseofthisevidencewhenthenewinformation
fromPSRJ0952-0607isincorporated.

Thereisextremeevidencethattheminimumsquared
soundspeed,afterexceedingtheconformallimit,does
notdroptovaluessmallerthan0.1forneutronstarswith
massesM1.9M�.Thereisstrongevidencethatc2

s,min
doesnotbecomesmallerthan0.1inneutronstarswith
massM2.0M�.TheBayesfactorsincreasefurther
withtheinclusionoftheblackwidow(BW)massdata.
Withthisnewempiricalinformationthereisstrongevi-
denceagainstsmallsoundspeedsc2

s,min<0.1insideneu-
tronstarsevenuptomassesM2.1M�.

B
c2

s,min>0.1

c2
s,min�0.1

M/M�PreviousPrevious+BW

1.9201.02500.86

2.046.26229.80

2.14.5515.00

2.21.883.63

2.31.452.16

TABLEVI.BayesfactorsB
c2

s,min>0.1

c2
s,min�0.1comparingEoSsamples

withthefollowingcompetingscenarios:a)minimumsquared
speedofsound(followingamaximum),withc

2
s,minlargerthan

0.1,excludingafirst-orderphasetransitionwithMaxwellcon-
struction;versusb)EoSwithc

2
s,min�0.1.TheBayesfactors

arecalculatedforagivenmaximumneutronstarmassM,i.e.
theminimumspeedofsounduptothecorrespondingmaxi-
mummassisused.inthecomputation.
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FIG. 12. Posterior 95% and 68% credible bands and medians
for the baryon chemical potential µ as a function of baryon
density n in units of the nuclear saturation density, n0 =
0.16 fm�3.

� [GeV fm�3] c2
s P [MeV fm�3] n/n0 µ [GeV]

0.1 0.02 0.8 0.66 0.96

0.2 0.07 5.4 1.31 0.98

0.3 0.20 17.4 1.93 1.03

0.4 0.44 49.0 2.50 1.12

0.5 0.59 101.3 3.03 1.24

0.6 0.64 163.0 3.52 1.35

0.7 0.64 226.8 3.97 1.46

0.8 0.62 289.8 4.39 1.55

0.9 0.60 350.9 4.78 1.64

1.0 0.59 410.6 5.15 1.71

1.1 0.60 470.4 5.50 1.78

1.2 0.61 531.1 5.84 1.85

TABLE V. Tabulated values of the median for the squared
sound velocity, c2

s, as a function of energy density � as shown
in Fig. 3, i.e. including the previously available data and the
new information from PSR J0952-0607. Based on these values
the pressure is computed as well as the baryon density n (in
units of the nuclear saturation density n0) and the baryon
chemical potential µ.

A comparison of this table with the corresponding
table in Appendix C of Ref. [16] is instructive as it un-
derlines the significant sti�ening of the EoS that emerges

when the new PSR J0952-0607 data are incorporated
together with the updated implementations of ChEFT
and pQCD constraints. For example, in the range
� = 0.5 � 0.9 GeV fm�3 the pressure has increased by
typically about one third as compared to the previous
results in Ref. [16].

APPENDIX C: BAYES FACTOR TABULAR

A key result of the present work is the systematics

of the Bayes factor Bc2
s,m in >0.1

c2
s,m in �0.1

, quantifying the evidence

against a dropping of the squared sound speed to values
below c2

s,min  0.1, as a function of the maximum mass
in neutron stars. For a further documentation of these
results a table of numerical values is useful to underscore
the increase of this evidence when the new information
from PSR J0952-0607 is incorporated.

There is extreme evidence that the minimum squared
sound speed, after exceeding the conformal limit, does
not drop to values smaller than 0.1 for neutron stars with
masses M  1.9 M�. There is strong evidence that c2

s,min
does not become smaller than 0.1 in neutron stars with
mass M  2.0 M�. The Bayes factors increase further
with the inclusion of the black widow (BW) mass data.
With this new empirical information there is strong evi-
dence against small sound speeds c2

s,min < 0.1 inside neu-
tron stars even up to masses M  2.1 M�.

Bc2
s,m in >0.1

c2
s,m in �0.1

M/M� Previous Previous + BW

1.9 201.02 500.86

2.0 46.26 229.80

2.1 4.55 15.00

2.2 1.88 3.63

2.3 1.45 2.16

TABLE VI. Bayes factors Bc2
s,m in >0.1

c2
s,m in �0.1

comparing EoS samples

with the following competing scenarios: a) minimum squared
speed of sound (following a maximum), with c2

s,min larger than
0.1, excluding a first-order phase transition with Maxwell con-
struction; versus b) EoS with c2

s,min � 0.1. The Bayes factors
are calculated for a given maximum neutron star mass M , i.e.
the minimum speed of sound up to the corresponding maxi-
mum mass is used. in the computation.
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Figure 3. Baryon chemical potential µ(r) in neutron star matter, normalized at µ(r = 0) = 939 MeV.
Posterior credible bands [31] at the 68% level (gray band) and 95% level (dashed lines) are shown.
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disconnected mass-radius relation with multiple stable
branches. This value further increases with the inclu-
sion of the new data from the black widow pulsar. The
conclusion agrees well with that of Ref. [90] where the
authors find only an extremely small possible parameter
space for a twin-star scenario that is consistent with the
low-density constraint from ChEFT and the astrophysi-
cal data. Furthermore, the authors already note that the
observation of a still more massive neutron star beyond
M ' 2 M� would make a twin-star scenario even more
unlikely.

If the low-density constraint involving likelihood from
ChEFT is ignored, the pertinent Bayes factor decreases
to BNbranches=1

Nbranches>1 = 11.8, providing ’only’ strong evidence
against a scenario with multiple disconnected branches.
This value increases to BNbranches=1

Nbranches>1 = 13.0 with the in-
clusion of the new heavy-mass data. In comparison,
the Bayesian analyses in Refs. [18, 33], where the au-
thors do not employ ChEFT information find only mod-
erate evidence. This di�erence may be traced to the dif-
ferent treatment of the neutron star crust. It appears
that the only possibility for a twin-star scenario, given
the astrophysical data base as a constraint, is through
a phase transition that takes place at very low energy
densities shortly above those in the neutron star crust,
which is also noted in Ref. [33]. Accordingly, the mass
at which the mass-radius branches become disconnected
is as low as M ⇠ 0.8 M�. Such a behaviour is ex-
tremely unlikely from the point of view of nuclear phe-
nomenology, as already discussed. (Note that in our anal-
ysis similar to Ref. [33], we do not consider disconnected
branches below the assumed minimum neutron star mass,
Mmin = 0.5 M�.)

The additional inclusion of the new information from
HESS J1731-347 further strengthens the evidence against
a twin-star scenario, even in absence of ChEFT con-
straints: the evidence now becomes very strong with a
Bayes factor of BNbranches=1

Nbranches>1 ' 35. This is quite interest-
ing as some authors considered the unusually light HESS
supernova remnant as a hint in favour of a twin-star sce-
nario [91].

E. Trace anomaly measure

Based on the equation of state P (�) the trace anomaly
measure � can be computed, given by the normalized
trace of the energy momentum tensor Tµ� :

� =
gµ�Tµ�

3�
=

1

3
� P

�
. (18)

Causality and thermodynamic stability dictate that the
trace anomaly measure has to be within the range
�2/3 � � � 1/3. Moreover, � ! 0 for conformal
matter realized at high densities. The posterior credi-
ble bands for the trace anomaly measure are shown in
Fig. 7. Starting with a value � = 1/3 at zero density,
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FIG. 7. Posterior 95% and 68% credible bands and medians
for the trace anomaly measure � = 1/3 � P/� as a function
of energy density �.

the trace anomaly measure decreases with increasing en-
ergy density until at � ⇠ 700 MeV fm�3, the median
of � turns negative. At even higher energy densities,
� & 900 MeV fm�3, encountered only in extremely heavy
neutron stars, the 68% credible band becomes altogether
negative.

In order to access the evidence for a negative trace
anomaly measure we compute Bayes factors B�<0

��0,
comparing the likelihood for EoSs with negative trace
anomaly, � < 0, up to �c,max versus EoSs with positive
�. Given only the previously available data with a re-
sulting Bayes factor B�<0

��0 = 6.32, there is moderate evi-
dence that � becomes negative within neutron stars. The
Bayes factor further increases to B�<0

��0 = 8.11 with the
inclusion of the new information from PSR J0952-0607.
These results are consistent with the deduced empirical
band for � in Refs. [42, 92], which also starts turning
negative around � ⇠ 700 MeV fm�3. At the same time,
the authors Ref. [42] motivate a scenario with positive
trace anomaly measure � � 0, which is in light contrast
to our Bayes factor analysis.

Lattice QCD calculations suggest that the trace
anomaly measure always stays larger than zero at
finite temperatures and vanishing baryon chemical
potential [93, 94]. However, in two-colour QCD the
trace anomaly can become negative at finite chemical
potentials [95, 96]. Other recent Bayesian studies have
also found a negative trace anomaly measure at high
densities [17, 21, 23] or in extremely heavy neutron stars
[25]. At much higher energy densities beyond those
displayed in Fig. 7, the asymptotic pQCD limit does im-
ply a switch back to positive � in the approach to � ! 0.
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Figure 4. Median and credible bands [31] of the trace anomaly measure, D = 1
3 � P

# , at the 68% level
(gray band) and 95% level (dashed lines).

2.3. Selected Neutron Star Properties
Numerically solving the Tolman–Oppenheimer–Volkov (TOV) equations leads to

posterior credible bands for the mass–radius relation of neutron stars, as displayed in
Figure 5. Notably, the median of R(M) suggests an almost constant radius R, which is
independent of M.

The density profiles r(r) computed for neutron stars in the mass range 1.4–2.3 M�
reach central baryon densities, rc = r(r = 0), that are systematically below 5 r0 in the cores
of even the heaviest stars. For example,

rc(1.4 M�) = (2.6 ± 0.4) r0 and rc(2.3 M�) = (3.8 ± 0.8) r0 , (12)

at the 68% level [31]. In a baryonic picture of neutron stars, this implies that the average
distance between baryons even in the highly compressed star center exceeds 1 fm, more
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NEUTRON  STAR  PROPERTIES (contd.)

Baryon chemical potential

L. Brandes, W. W., N. Kaiser :  Phys. Rev. D 107 (2023) 014011 ;  Phys. Rev. D 108 (2023) 094014.

Density profiles of neutron stars
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i = n, p, . . .

Stiff equation of state central core densities in neutron stars are NOT extreme :
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⇢c(1.4M�) = 2.6+0.3
�0.4 ⇢0
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⇢c(2.1M�) = 3.6 ± 0.7 ⇢0
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imum speed of sound larger than c
2
s,min > 0.1 over EoSs

with small c2
s,min  0.1, the latter hinting towards a first-

order phase transition. It is assumed that this minimum
is positioned above the maximum located at lower den-
sities, n(c2

s,min) > n(c2
s,max). In Fig. 6 these Bayes fac-

tors are displayed, calculated for a given maximum mass,
i.e. the minimum speed of sound up to the correspond-
ing Mmax is used in the likelihood computation. As in
Ref. [16] there is extreme or very strong evidence against
small sound speeds inside neutron stars with masses up
to M  2M�. The Bayes factors increase further with
inclusion of the black widow (BW) pulsar information.
With these new data, there is strong evidence against

small sound speeds, c
2
s,min < 0.1, inside neutron stars

with masses even up to M  2.1M�.
In Refs. [17, 24], the authors also find sound speeds

larger than c
2
s
> 0.1 at the 95% level for neutron stars

with mass M = 2M�. In their analyses the authors use
di↵erent parametrisations and accordingly di↵erent prior
distributions. With that much consistent evidence it is
safe to say that a strong first-order phase transition in
the core of neutron stars with mass M  2.0M� is fairly
unlikely based on the current data. With the new in-
formation from the black widow pulsar PSR J0952-0607
the Bayes factors in Fig. 6 further increase such that the
evidence against small sound speeds inside even heavier
neutron stars with masses up to M  2.1M� becomes
strong. The Bayes factors feature a plateau at extreme
evidence for maximum masses smaller than M . 1.9M�,
because all relevant EoSs must support these masses in
order to fulfil the Shapiro and NICER constraints. Nu-

merical values of the Bayes factors Bc
2
s,min>0.1

c
2
s,min0.1

for di↵erent

maximum masses can be found in Tab. VI in Appendix C.
The Bayes factors corresponding to a stronger criterium

of smaller minimum speeds of sound, Bc
2
s,min>0.05

c
2
s,min0.05

, are

larger especially at small maximum masses, but lead to
similar evidence classifications. In contrast to the strong
restrictions that exclude a first-order phase transition in
the core of neutron stars, a continuous crossover is possi-
ble within neutron stars with masses up to M . 2.1M�
and beyond. This includes EoSs featuring quark-hadron
continuity [48, 85] or percolation scenarios [86]. More-
over, small sound speeds c2

s
< 0.1 in the cores of neutron

stars with even higher masses, M & 2.2M�, less con-
strained by the currently available astrophysical data,
cannot be firmly excluded. Similarly, a phase transition
with Gibbs (rather than Maxwell) construction [87] does
not necessarily result in a local drop of the sound speed
to c

2
s

⇠ 0 and can also not be ruled out.
By analysing minima occuring at densities beyond the
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Maxwell construction for nuclear liquid-gas phase transition 
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ", inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M� and 2.3M�, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M�) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. ⇤(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as ⇤(1.4M�) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c
2
s,max in the squared sound speed. At the 68% level this

maximum takes a value c
2
s,max = 0.78+0.18

�0.11 at a baryon

density n(c2
s,max) = 3.2+0.8

�1.2 n0. The peak in c
2
s

found in
Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c

2
s

= 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c
2
s,min, at some higher density. A fast drop in c

2
s

could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc
2
s,min>0.1

c
2
s,min0.1

are

computed, comparing the evidence for EoSs with a min-
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ", inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M� and 2.3M�, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M�) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. ⇤(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as ⇤(1.4M�) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c
2
s,max in the squared sound speed. At the 68% level this

maximum takes a value c
2
s,max = 0.78+0.18

�0.11 at a baryon

density n(c2
s,max) = 3.2+0.8

�1.2 n0. The peak in c
2
s

found in
Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c

2
s

= 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c
2
s,min, at some higher density. A fast drop in c

2
s

could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc
2
s,min>0.1

c
2
s,min0.1

are

computed, comparing the evidence for EoSs with a min-
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<latexit sha1_base64="7WVEZroAOEhRKeyMw3cuzqJzwAQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6rXjxWsR/YLiWbZtvQbLIkWaEs/RdePCji1X/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2MbzK//USVZlI8mElM/QgPBQsZwcZKj2kvCNFV435a6pcrbtWdAS0TLycVyNHol796A0mSiApDONa667mx8VOsDCOcTku9RNMYkzEe0q6lAkdU++ns4ik6scoAhVLZEgbN1N8TKY60nkSB7YywGelFLxP/87qJCS/9lIk4MVSQ+aIw4chIlL2PBkxRYvjEEkwUs7ciMsIKE2NDykLwFl9eJq2zqnderd3VKvXrPI4iHMExnIIHF1CHW2hAEwgIeIZXeHO08+K8Ox/z1oKTzxzCHzifP1oLkBA=</latexit>

APR

<latexit sha1_base64="DRaAAucgzXEl5U7ww/C0Eqi/1WA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHxXjLo=</latexit>

1
<latexit sha1_base64="PNIH3ODgJD9c7W13cUsHuKA0K8o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNSr9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flaqNaqt1mceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB33bjLs=</latexit>

2
<latexit sha1_base64="xEMwumy3qQ+WOfCYNDxpTna5KpU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6pe9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9q7KlXqlVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD39fjLw=</latexit>

3
<latexit sha1_base64="uADts9qy6BMZhUYNznve61VGZSI=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6kkKXjxWsB/QhrLZTtq1m03Y3Qgl9Bd48aB49Td589+4bXPQ1gcDj/dmmJkXpoJr43nfTmljc2t7p7zr7u0fHB5V3OO2TjLFsMUSkahuSDUKLrFluBHYTRXSOBTYCSd3c7/zjErzRD6aaYpBTEeSR5xRY6WH+qBS9WreAmSd+AWpQoHmoPLVHyYsi1EaJqjWPd9LTZBTZTgTOHP7mcaUsgkdYc9SSWPUQb44dEbOrTIkUaJsSUMW6u+JnMZaT+PQdsbUjPWqNxf/83qZiW6CnMs0MyjZclGUCWISMv+aDLlCZsTUEsoUt7cSNqaKMmOzcW0I/urL66R9WfOvavVq47YIowyncAYX4MM1NOAemtACBggv8AbvzpPz6nwsG0tOMXECf+B8/gAWcYuT</latexit>

4
<latexit sha1_base64="6zP0HM+kwIRzC9A8n5xFmbsm+Mk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfJwk4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmsfywYwT9CM6kDzkjBor1S97xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOi7F2VK/VKqXqbxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4JnjL4=</latexit>

5
<latexit sha1_base64="mvutkLEXGsvk8Q5mAKB6wTcIM5o=">AAACAXicbVBNS8MwGE79nPOr6kXwEhyCp9nKUE8y8OJxgvuAtZQ0TbewNClJKowyL/4VLx4U8eq/8Oa/Md160M0Hkjw8z/uS933ClFGlHefbWlpeWV1br2xUN7e2d3btvf2OEpnEpI0FE7IXIkUY5aStqWakl0qCkpCRbji6KfzuA5GKCn6vxynxEzTgNKYYaSMF9qEXChapcWKe3JNDcVZcgTMJ7JpTd6aAi8QtSQ2UaAX2lxcJnCWEa8yQUn3XSbWfI6kpZmRS9TJFUoRHaED6hnKUEOXn0w0m8MQoEYyFNIdrOFV/d+QoUcWQpjJBeqjmvUL8z+tnOr7yc8rTTBOOZx/FGYNawCIOGFFJsGZjQxCW1MwK8RBJhLUJrWpCcOdXXiSd87p7UW/cNWrN6zKOCjgCx+AUuOASNMEtaIE2wOARPINX8GY9WS/Wu/UxK12yyp4D8AfW5w/x45cz</latexit>

⇢/⇢0

<latexit sha1_base64="YUTv8dlgiDxopWLQ9hBWuWP7C2o=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqs5IUZcFN7qrYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcSDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vtqLC/yb+AOqjW37s6BVolXkBoUaA2qX/2hJGlMhSEca+17bmKCDCvDCKezSj/VNMFkgkfUt1TgmOogm688Q2dWGaJIKvuEQXP1d0eGY62ncWgrY2zGetnLxf88PzXRTZAxkaSGCrIYFKUcGYny+9GQKUoMn1qCiWJ2V0TGWGFibEoVG4K3fPIq6VzWvat646FRa94XcZThBE7hHDy4hibcQQvaQEDCM7zCm2OcF+fd+ViUlpyi5xj+wPn8AdgzkQA=</latexit>

⇢/⇢0

<latexit sha1_base64="G/NemGWtb5RrIoOYc+fOaCky5fY=">AAAB/3icbVDLSsNQEL2pr1pfVcGNm2ARXGhJtKjLgghuhAr2AWksN7eT9tKbB/dOxBKz8FfcuFDErb/hzr8xbbPQ1gMDh3NmmJnjhIIrNIxvLTc3v7C4lF8urKyurW8UN7caKogkgzoLRCBbDlUguA915CigFUqgniOg6QwuRn7zHqTigX+LwxBsj/Z87nJGMZU6xR2rjfCA8TU02oeul9zFRyeJXegUS0bZGEOfJWZGSiRDrVP8ancDFnngIxNUKcs0QrRjKpEzAUmhHSkIKRvQHlgp9akHyo7H9yf6fqp0dTeQafmoj9XfEzH1lBp6TtrpUeyraW8k/udZEbrndsz9MELw2WSRGwkdA30Uht7lEhiKYUookzy9VWd9KinDNLJRCOb0y7OkcVw2T8uVm0qpepnFkSe7ZI8cEJOckSq5IjVSJ4w8kmfySt60J+1Fe9c+Jq05LZvZJn+gff4AHVGVhw==</latexit>

[MeV fm�3]

<latexit sha1_base64="y41vOtXxheugy3cf5OnS8ukJ5Og=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4TMQ9IljA76U3GzM4uM7NCWPIFXjwo4tUv8Ru8+TdOHgdNLGgoqrrp7goSwbVx3W8nt7a+sbmV3y7s7O7tHxQPj5o6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M/dYjKs1jeW/GCfoRHUgeckaNlepur1hyy+4MZJV4C1KCBWq94le3H7M0QmmYoFp3PDcxfkaV4UzgpNBNNSaUjegAO5ZKGqH2s9mhE3JmlT4JY2VLGjJTf09kNNJ6HAW2M6JmqJe9qfif10lNeO1nXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStW7z3kceTiBUzgHD66gCrdQgwYwQHiCF3h1Hpxn5815n7fmnEWEx/AHzscPudeNjQ==</latexit>

0

<latexit sha1_base64="pCl/AgcV2Jz7sULVdhaUoF5RSm0=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMSoseAF49xyQLJEHo6NUmTnp6hu0cIQz7BiwdFvPohfoM3/8bOctDEBwWP96qoqhckgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV1nCqGDRaLWLUDqlFwiQ3DjcB2opBGgcBWMLqe+q1HVJrH8sGME/QjOpA85IwaK917rtsrltyyOwNZJd6ClGCBeq/41e3HLI1QGiao1h3PTYyfUWU4EzgpdFONCWUjOsCOpZJGqP1sduqEnFmlT8JY2ZKGzNTfExmNtB5Hge2MqBnqZW8q/ud1UhNe+RmXSWpQsvmiMBXExGT6N+lzhcyIsSWUKW5vJWxIFWXGplOwIXjLL6+S5kXZq5Yrt5VS7e5zHkceTuAUzsGDS6jBDdShAQwG8AQv8OoI59l5c97nrTlnEeEx/IHz8QOXRo4C</latexit>

100

<latexit sha1_base64="qCd7BNx4UX2T8bVzpTgVPG76s2M=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMhqMeAF49xyQLJEHo6NUmTnp6hu0cIQz7BiwdFvPohfoM3/8bOctDEBwWP96qoqhckgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV1nCqGDRaLWLUDqlFwiQ3DjcB2opBGgcBWMLqe+q1HVJrH8sGME/QjOpA85IwaK91XXLdXLLlldwaySrwFKcEC9V7xq9uPWRqhNExQrTuemxg/o8pwJnBS6KYaE8pGdIAdSyWNUPvZ7NQJObNKn4SxsiUNmam/JzIaaT2OAtsZUTPUy95U/M/rpCa88jMuk9SgZPNFYSqIicn0b9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZuyhXb6ul2t3nPI48nMApnIMHl1CDG6hDAxgM4Ale4NURzrPz5rzPW3POIsJj+APn4weYzI4D</latexit>

200

<latexit sha1_base64="w6X/BQqAHRl6ptXJNrwe8DMVaYA=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMa1GPAi8e4ZIFkCD2dmqRJT8/Q3SOEIZ/gxYMiXv0Qv8Gbf2NnOWjig4LHe1VU1QsSwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/OYjKs1j+WBGCfoR7UseckaNle7PXbdbLLlldwqyTLw5KcEctW7xq9OLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObFKj4SxsiUNmaq/JzIaaT2KAtsZUTPQi95E/M9rpya88jMuk9SgZLNFYSqIicnkb9LjCpkRI0soU9zeStiAKsqMTadgQ/AWX14mjbOyd1Gu3FZK1bvPWRx5OIJjOAUPLqEKN1CDOjDowxO8wKsjnGfnzXmfteaceYSH8AfOxw+aUo4E</latexit>

300

<latexit sha1_base64="26bhU1iOumSWiVH2uPwtr2eBozw=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMSoseAF49xyQLJEHo6PUmTnp6hu0YIQz7BiwdFvPohfoM3/8bOctDEBwWP96qoqhckUhh03W8nt7a+sbmV3y7s7O7tHxQPj5omTjXjDRbLWLcDargUijdQoOTtRHMaBZK3gtH11G89cm1ErB5wnHA/ogMlQsEoWum+4rq9YsktuzOQVeItSAkWqPeKX91+zNKIK2SSGtPx3AT9jGoUTPJJoZsanlA2ogPesVTRiBs/m506IWdW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfam4n9eJ8Xwys+ESlLkis0XhakkGJPp36QvNGcox5ZQpoW9lbAh1ZShTadgQ/CWX14lzYuyVy1Xbiul2t3nPI48nMApnIMHl1CDG6hDAxgM4Ale4NWRzrPz5rzPW3POIsJj+APn4web2I4F</latexit>

400

<latexit sha1_base64="F+kB3xHD6eXP7e5pJ+jA82MUGJc=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMSl2PAi8e4ZIFkCD2dmqRJT8/Q3SOEIZ/gxYMiXv0Qv8Gbf2NnOWjig4LHe1VU1QsSwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/OYjKs1j+WBGCfoR7UseckaNle7PXbdbLLlldwqyTLw5KcEctW7xq9OLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObFKj4SxsiUNmaq/JzIaaT2KAtsZUTPQi95E/M9rpya88jMuk9SgZLNFYSqIicnkb9LjCpkRI0soU9zeStiAKsqMTadgQ/AWX14mjbOyd1Gu3FZK1bvPWRx5OIJjOAUPLqEKN1CDOjDowxO8wKsjnGfnzXmfteaceYSH8AfOxw+dXo4G</latexit>

500

<latexit sha1_base64="G/NemGWtb5RrIoOYc+fOaCky5fY=">AAAB/3icbVDLSsNQEL2pr1pfVcGNm2ARXGhJtKjLgghuhAr2AWksN7eT9tKbB/dOxBKz8FfcuFDErb/hzr8xbbPQ1gMDh3NmmJnjhIIrNIxvLTc3v7C4lF8urKyurW8UN7caKogkgzoLRCBbDlUguA915CigFUqgniOg6QwuRn7zHqTigX+LwxBsj/Z87nJGMZU6xR2rjfCA8TU02oeul9zFRyeJXegUS0bZGEOfJWZGSiRDrVP8ancDFnngIxNUKcs0QrRjKpEzAUmhHSkIKRvQHlgp9akHyo7H9yf6fqp0dTeQafmoj9XfEzH1lBp6TtrpUeyraW8k/udZEbrndsz9MELw2WSRGwkdA30Uht7lEhiKYUookzy9VWd9KinDNLJRCOb0y7OkcVw2T8uVm0qpepnFkSe7ZI8cEJOckSq5IjVSJ4w8kmfySt60J+1Fe9c+Jq05LZvZJn+gff4AHVGVhw==</latexit> [M
eV

fm
�
3
]

<latexit sha1_base64="2P4D5rc02rR2w8QDES/fx+1v+40=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqxIILHCvYD2lA220m7dLMJu5tCDf0lXjwo4tWf4s1/46bNQVsfDDzem2Fmnh9zprTjfFuFjc2t7Z3ibmlv/+CwbB8dt1WUSAotGvFIdn2igDMBLc00h24sgYQ+h44/uc38zhSkYpF41LMYvJCMBAsYJdpIA7vcrPanREKsGI/ERWlgV5yaswBeJ25OKihHc2B/9YcRTUIQmnKiVM91Yu2lRGpGOcxL/URBTOiEjKBnqCAhKC9dHD7H50YZ4iCSpoTGC/X3REpCpWahbzpDosdq1cvE/7xeooMbL2UiTjQIulwUJBzrCGcp4CGTQDWfGUKoZOZWTMdEEqpNVlkI7urL66R9WXOvavWHeqVxl8dRRKfoDFWRi65RA92jJmohihL0jF7Rm/VkvVjv1seytWDlMyfoD6zPH9xekpc=</latexit> P
("
)

<latexit sha1_base64="BQNJXpSFeRykbKAoP5U2iH6VvwM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMhLseAF49xSQwkQ+jp9CRNenqG7hohDPkELx4U8eqH+A3e/Bs7y0ETHxQ83quiql6QSGHQdb+d3Mrq2vpGfrOwtb2zu1fcP2iaONWMN1gsY90KqOFSKN5AgZK3Es1pFEj+EAyvJv7DI9dGxOoeRwn3I9pXIhSMopXuKmdut1hyy+4UZJl4c1KCOerd4lenF7M04gqZpMa0PTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6anjsmJVXokjLUthWSq/p7IaGTMKApsZ0RxYBa9ifif104xvPQzoZIUuWKzRWEqCcZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2BC8xZeXSbNS9s7L1ZtqqXb7OYsjD0dwDKfgwQXU4Brq0AAGfXiCF3h1pPPsvDnvs9acM4/wEP7A+fgBoGWOCA==</latexit>

250
<latexit sha1_base64="F+kB3xHD6eXP7e5pJ+jA82MUGJc=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMSl2PAi8e4ZIFkCD2dmqRJT8/Q3SOEIZ/gxYMiXv0Qv8Gbf2NnOWjig4LHe1VU1QsSwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/OYjKs1j+WBGCfoR7UseckaNle7PXbdbLLlldwqyTLw5KcEctW7xq9OLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObFKj4SxsiUNmaq/JzIaaT2KAtsZUTPQi95E/M9rpya88jMuk9SgZLNFYSqIicnkb9LjCpkRI0soU9zeStiAKsqMTadgQ/AWX14mjbOyd1Gu3FZK1bvPWRx5OIJjOAUPLqEKN1CDOjDowxO8wKsjnGfnzXmfteaceYSH8AfOxw+dXo4G</latexit>

500
<latexit sha1_base64="i9/N/EMDtRfY307uW9fT1g/v32s=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjOixmPAi8e4ZIFkCD2dmqRJT8/Q3SOEIZ/gxYMiXv0Qv8Gbf2NnOWjig4LHe1VU1QsSwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/OYjKs1j+WBGCfoR7UseckaNle4rF263WHLL7hRkmXhzUoI5at3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/blkoaofaz6aljcmKVHgljZUsaMlV/T2Q00noUBbYzomagF72J+J/XTk145WdcJqlByWaLwlQQE5PJ36THFTIjRpZQpri9lbABVZQZm07BhuAtvrxMGmdl77J8fnteqt59zuLIwxEcwyl4UIEq3EAN6sCgD0/wAq+OcJ6dN+d91ppz5hEewh84Hz+oA44N</latexit>

750
<latexit sha1_base64="a+R7Ct4Zn8csKsXaaBAhB41R6ds=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqmSkqMuCG5dV7APaoWTSTBuaZIYkI5Shv+DGhSJu/Q+/wZ1/Y6btQlsPXDiccy/33hMmghuL8bdXWFvf2Nwqbpd2dvf2D8qHRy0Tp5qyJo1FrDshMUxwxZqWW8E6iWZEhoK1w/FN7rcfmTY8Vg92krBAkqHiEafE5pKPMe6XK7iKZ0CrxF+QCizQ6Je/eoOYppIpSwUxpuvjxAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2u3WKzpwyQFGsXSmLZurviYxIYyYydJ2S2JFZ9nLxP6+b2ug6yLhKUssUnS+KUoFsjPLH0YBrRq2YOEKo5u5WREdEE2pdPCUXgr/88ippXVT9y2rtrlap33/O4yjCCZzCOfhwBXW4hQY0gcIInuAFXj3pPXtv3vu8teAtIjyGP/A+fgAFjo48</latexit>

1000
<latexit sha1_base64="ChF6kx4scyUhrzNDEhfKseSKMTw=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKqMeAF49RzAM2S5id9CZDZmeWmd5AWPIZXjwo4tWP8Bu8+TdOHgdNLGgoqrrp7opSwQ163rdTWFvf2Nwqbpd2dvf2D8qHR02jMs2gwZRQuh1RA4JLaCBHAe1UA00iAa1oeDv1WyPQhiv5iOMUwoT2JY85o2iloDOiGlLDhZLdcsWrejO4q8RfkApZoN4tf3V6imUJSGSCGhP4XophTjVyJmBS6mQGUsqGtA+BpZImYMJ8dvLEPbNKz42VtiXRnam/J3KaGDNOItuZUByYZW8q/ucFGcY3Yc5lmiFINl8UZ8JF5U7/d3tcA0MxtoQyze2tLhtQTRnalEo2BH/55VXSvKj6V9XL+8tK7eFzHkeRnJBTck58ck1q5I7USYMwosgTeSGvDjrPzpvzPm8tOIsIj8kfOB8/+o2SYA==</latexit>"

<latexit sha1_base64="X2z9kSzDfr9vdQWDrh93LvXJTKE=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXZF1DIggmUE84AkhNnJTTJkdnaZuSuGJb2Nv2JjoYitP2Dn3zibpNDEAwOHc869wz1BLIVBz/t2ciura+sb+c3C1vbO7p67f1A3UaI51HgkI90MmAEpFNRQoIRmrIGFgYRGMLrK/MY9aCMidYfjGDohGyjRF5yhlbpusY3wgKlvkEa6B5rGQ7uNombKiCwyKXTdklf2pqDLxJ+TEpmj2nW/2r2IJyEo5JIZ0/K9GDsp0yi4hEmhnRiIGR+xAbQsVSwE00mnt0zosVV6tB9p+xTSqfp7ImWhMeMwsMmQ4dAsepn4n9dKsH/ZSYWKEwTFZx/1E0kxolkxtCc0cJRjSxjX9nZO+ZBpxtHWl5XgL568TOqnZf+8fHZ7Vqpcz+vIkyNSJCfEJxekQm5IldQIJ4/kmbySN+fJeXHenY9ZNOfMZw7JHzifPyABmx4=</latexit>

1st order phase transition
<latexit sha1_base64="gF7RJBvY8HP9gybY2Db1lJQf17E=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAYhXsKuBPUYEMGLEME8IAlhdtJJhszOLjO9mrDk5sVf8eJBEa/+gjf/xt0kB00saCiquunucgMpDNr2t5VaWl5ZXUuvZzY2t7Z3srt7VeOHmkOF+9LXdZcZkEJBBQVKqAcamOdKqLmDy8Sv3YM2wld3OAqg5bGeEl3BGcZSO3vYRBhilL9hwweQknJfGdQhT9yTcaadzdkFewK6SJwZyZEZyu3sV7Pj89ADhVwyYxqOHWArYhoFlzDONEMDAeMD1oNGTBXzwLSiyR9jehwrHdr1dVwK6UT9PRExz5iR58adHsO+mfcS8T+vEWL3ohUJFYQIik8XdUNJ0adJKLQjNHCUo5gwrkV8K+V9phnHOLokBGf+5UVSPS04Z4XibTFXuprFkSYH5IjkiUPOSYlckzKpEE4eyTN5JW/Wk/VivVsf09aUNZvZJ39gff4AIK2ZfA==</latexit>

(Maxwell construction)

L. Brandes,  W. W.,  N. Kaiser :  Phys. Rev. D 108 (2023) 094014  -  L. Brandes,  W. W. :  Symmetry 16 (2024) 111

<latexit sha1_base64="F4a4vZ1Qmib0FFMPRrMenaL6xmg=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEidSlKhwlgBA2OR6ENqospxblurThzZDlIV9RdY+BUWBhBiZWPjb3DaDtByJNtH59wr33uChDOlHefbWlldW9/YLGwVt3d29/btg8OWEqmk0KSCC9kJiALOYmhqpjl0EgkkCji0g9F17rcfQCom4ns9TsCPyCBmfUaJNlLPLnuB4KEaR+bJvBvgmnhyKM7yy+OglGIRdirVSc8uORVnCrxM3DkpoTkaPfvLCwVNI4g15USprusk2s+I1IxymBS9VEFC6IgMoGtoTCJQfjbdaIJPjRLivpDmxBpP1d8dGYlUPrSpjIgeqkUvF//zuqnuX/oZi5NUQ0xnH/VTjrXAeTw4ZBKo5mNDCJXMzIrpkEhCtQmxaEJwF1deJq1qxa1VanfnpfrVPI4COkYnqIxcdIHq6BY1UBNR9Iie0St6s56sF+vd+piVrljzniP0B9bnD8vlnZw=</latexit>

�⇢/⇢ . 0.2 (68% c.l.)
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INTERMEDIATE  SUMMARY

Bayesian inference analysis 
<latexit sha1_base64="ns+ppd+MfAAIr3pUvJ/bLCXJ5mw=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4tQQUJSq3UjFN24KVSwD2hCmEwm7dBJJsxMhBK6d+OvuHGhiFt/wJ1/Y9pmoa0HLhzOuZd773EjRqUyjG8tt7K6tr6R3yxsbe/s7hX3DzqSxwKTNuaMi56LJGE0JG1FFSO9SBAUuIx03dHN1O8+ECEpD+/VOCJ2gAYh9SlGKpWcYimxXB9WmvAKVvWzcysKoKGbdeu06Vjc4+pkUnCKZUM3ZoDLxMxIGWRoOcUvy+M4DkioMENS9k0jUnaChKKYkUnBiiWJEB6hAemnNEQBkXYy+2UCj1PFgz4XaYUKztTfEwkKpBwHbtoZIDWUi95U/M/rx8q/tBMaRrEiIZ4v8mMGFYfTYKBHBcGKjVOCsKDprRAPkUBYpfFNQzAXX14mnapuXui1u1q5cZ3FkQdHoAQqwAR10AC3oAXaAINH8AxewZv2pL1o79rHvDWnZTOH4A+0zx+IH5eW</latexit>

(M = 2.35± 0.17M�)

Extreme evidence  for sound velocities 
<latexit sha1_base64="+yEvl2j1F1Zj1bmypIRF+FEArAA=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQTLepJil48VrAf0ISy2W7apZtN3J0IJeTiX/HiQRGv/gxv/huTNgdtfTDweG+GmXleJLgGy/o2FhaXlldWS2vl9Y3NrW1zZ7elw1hR1qShCFXHI5oJLlkTOAjWiRQjgSdY2xvd5H77kSnNQ3kP44i5ARlI7nNKIJN65n7ieD6mPY2vsH3i6AcFyVmalntmxapaE+B5Yhekggo0euaX0w9pHDAJVBCtu7YVgZsQBZwKlpadWLOI0BEZsG5GJQmYdpPJAyk+ypQ+9kOVlQQ8UX9PJCTQehx4WWdAYKhnvVz8z+vG4F+6CZdRDEzS6SI/FhhCnKeB+1wxCmKcEUIVz27FdEgUoZBllodgz748T1qnVfu8WrurVerXRRwldIAO0TGy0QWqo1vUQE1EUYqe0St6M56MF+Pd+Ji2LhjFzB76A+PzB8vplUQ=</latexit>

cs > 1/
p
3 in neutron star cores

strongly repulsive correlations at work

Evidence against strong 1st order phase transition in neutron star cores

not excluded: baryonic matter or hadron-quark continuous crossover

No extreme central core densities  even in the heaviest neutron stars:

for

average baryon-baryon distance in the core:
<latexit sha1_base64="j8elNrj+bdBqX7aiYnoZtVeGego=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAILqQkUtRl0Y3LCvYBTSiT6aQdOpOEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy73zgkSzpR2nG+rtLK6tr5R3qxsbe/s7tn7B20Vp5LQFol5LLsBVpSziLY005x2E0mxCDjtBOPb3O88UqlYHD3oSUJ9gYcRCxnB2kh9+yjzghANvKE2GYFc7zwU00rfrjo1Zwa0TNyCVKFAs29/eYOYpIJGmnCsVM91Eu1nWGpGOJ1WvFTRBJMxHtKeoREWVPnZ7PwpOjXKAIWxNC/SaKb+nsiwUGoiApMUWI/UopeL/3m9VIfXfsaiJNU0IvNFYcqRjlHeBRowSYnmE0MwkczcisgIS0y0aSwvwV388jJpX9Tcy1r9vl5t3BR1lOEYTuAMXLiCBtxBE1pAIINneIU368l6sd6tj3m0ZBUzh/AH1ucP5iWUzg==</latexit>

d & 1 fm

even stiffer equation of state required

almost constant neutron star radii  for all masses

PHYSIK
DEPARTMENT

<latexit sha1_base64="FiEsFoD1sHMshJOwIvKAAbG0DdU=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEgKIElcdYwcJYJPqQmihyHKe16sSR7SBVUb+AhV9hYQAhVmY2/ganzQAtR7J8dM69uveeIGVUKtv+Niorq2vrG9XN2tb2zu6euX/QlTwTmHQwZ1z0AyQJownpKKoY6aeCoDhgpBeMbwq/90CEpDy5V5OUeDEaJjSiGCkt+WbDDTgL5STWX+6KEXcZkVLSGDatc/e0UHx76pt127JngMvEKUkdlGj75pcbcpzFJFGYISkHjp0qL0dCUczItOZmkqQIj9GQDDRNUEykl8/OmcKGVkIYcaFfouBM/d2Ro1gWG+vKGKmRXPQK8T9vkKnoystpkmaKJHg+KMoYVBwW2cCQCoIVm2iCsKB6V4hHSCCsdII1HYKzePIy6Z5ZzoXVvGvWW9dlHFVwBI7BCXDAJWiBW9AGHYDBI3gGr+DNeDJejHfjY15aMcqeQ/AHxucPI+KcJQ==</latexit>

⇢ . 4.5 ⇢0
<latexit sha1_base64="HTXBPItle8RkG2vmtuT4Aa7yRnA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAguJCS1qMuiGzeFCvYBTQiTybQdOsnEmYlQQrdu/BU3LhRx6x+482+ctFlo64FhDufcy733BAmjUtn2t7G0vLK6tl7aKG9ube/smnv7bclTgUkLc8ZFN0CSMBqTlqKKkW4iCIoCRjrB6Dr3Ow9ESMrjOzVOiBehQUz7FCOlJd+EbsBZKMeR/rIGdBm5h1XrzD1t+C4PuZr4ZsW27CngInEKUgEFmr755YYcpxGJFWZIyp5jJ8rLkFAUMzIpu6kkCcIjNCA9TWMUEell00sm8FgrIexzoV+s4FT93ZGhSObL6soIqaGc93LxP6+Xqv6ll9E4SRWJ8WxQP2VQcZjHAkMqCFZsrAnCgupdIR4igbDS4ZV1CM78yYukXbWcc6t2W6vUr4o4SuAQHIET4IALUAc3oAlaAINH8AxewZvxZLwY78bHrHTJKHoOwB8Ynz9mR5mD</latexit>

M  2.3M�

<latexit sha1_base64="kFtUe4WGQbmMq2X31sq7tRKppCY=">AAACB3icbVDLSgMxFM34rPU16lKQYBEqlDJTirosunFZxT6gM5RMmmlDk8yYZIQydOfGX3HjQhG3/oI7/8a0nYW2HrhwOOde7r0niBlV2nG+raXlldW19dxGfnNre2fX3ttvqiiRmDRwxCLZDpAijArS0FQz0o4lQTxgpBUMryZ+64FIRSNxp0cx8TnqCxpSjLSRuvZR6gUhLN5CT1FO7qFb8WIOXa/klYb8dNy1C07ZmQIuEjcjBZCh3rW/vF6EE06Exgwp1XGdWPspkppiRsZ5L1EkRniI+qRjqECcKD+d/jGGJ0bpwTCSpoSGU/X3RIq4UiMemE6O9EDNexPxP6+T6PDCT6mIE00Eni0KEwZ1BCehwB6VBGs2MgRhSc2tEA+QRFib6PImBHf+5UXSrJTds3L1plqoXWZx5MAhOAZF4IJzUAPXoA4aAINH8AxewZv1ZL1Y79bHrHXJymYOwB9Ynz+2BZdP</latexit>

(R ' 12± 1 km)

(68% c.l.)
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Part Two
Phenomenology, Models


and 

Possible Dense Matter Scenarios



<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q
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Historical reminder:   SIZES of the NUCLEON

 mesonic cloud
〈r2〉1/2

E,isoscalar # 0.8 fm

   baryonic core
〈r2〉1/2

B
# 0.5 fm

PHYSIK
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NUCLEON :  compact valence quark core  +  mesonic (multi      ) cloud

Separation of scales 

Low-energy QCD: spontaneously broken chiral symmetry + localisation (confinement)
<latexit sha1_base64="frESfbSmQ7I8v+i4Q4TqprWx7s0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oYtlsN+3SzSbd3Sgl5H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5fsyZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv++Gbmdx6pVCwS93oaUy/EQ8ECRrA20kPq+gFyfSzTSTbJ+uWKXbXnQKvEyUkFcjT75S93EJEkpEITjpXqOXasvRRLzQinWclNFI0xGeMh7RkqcEiVl86vztCZUQYoiKQpodFc/T2R4lCpaeibzhDrkVr2ZuJ/Xi/RwZWXMhEnmgqyWBQkHOkIzSJAAyYp0XxqCCaSmVsRGWGJiTZBlUwIzvLLq6R9UXXq1dpdrdK4zuMowgmcwjk4cAkNuIUmtICAhGd4hTfryXqx3q2PRWvBymeO4Q+szx/HwpK2</latexit>

q̄q

Example:  Chiral Soliton Model of the Nucleon

N. Kaiser, 

U.-G. Meißner,  


W. W. 

Nucl. Phys.  A466 (1987) 685

<latexit sha1_base64="eM9QrTSEJ76IFdpCoVZ6AjJNKOc=">AAACInicbVDLSsQwFE19juNr1KWb4CDoZmhFfOxENy5HcVSYDkOa3naCaVOSW2Eo/RY3/oobF4q6EvwY03EWvi6EnJx7DzfnBJkUBl333ZmYnJqema3N1ecXFpeWGyurl0blmkOHK6n0dcAMSJFCBwVKuM40sCSQcBXcnFT9q1vQRqj0AocZ9BIWpyISnKGl+o1DP1AyNMPEXoUvIcKt4rxfcKnysPSVldLqqTSUpa9FPMBt6scx9cp+o+m23FHRv8AbgyYZV7vfePVDxfMEUuSSGdP13Ax7BdMouISy7ucGMsZvWAxdC1OWgOkVI4sl3bRMSCOl7UmRjtjvioIlpnJhJxOGA/O7V5H/9bo5Rge9QqRZjpDyr0VRLikqWuVFQ6GBoxxawLgW9q+UD5hmHG2qdRuC99vyX3C50/L2Wrtnu82j43EcNbJONsgW8cg+OSKnpE06hJM78kCeyLNz7zw6L87b1+iEM9askR/lfHwCBOmlKA==</latexit>✓
Rcloud

Rcore

◆
� 1

<latexit sha1_base64="T0wKj0cE3o9RyTHHKw40DU+Ucsw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQnI57ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SloXVe+qWnuoVeq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPJEI84</latexit>

3



<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q
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<latexit sha1_base64="e4EeS6udAOjrr38kv8qOTmxt2Co="></latexit>

Gi(q
2) = Gi(0) +

q2

⇡

Z 1

t0

dt
ImGi(t)

t(t � q2 � i✏)

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="U36uH+H8TsOQFkFmjx/N/kNaSR0="></latexit>

hr2i i =
6

Gi(0)

dGi(q2)

dq2

���
q2=0

=
6

⇡

Z 1

t0

dt

t2
Si(t)

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="GTA9Hr6EfYF+rAu1v/kqlJWLhP0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgtSE2kqBuh6ELdVbQPaEKYTKbt0MmDmYlQQj/Bjb/ixoUibl2682+cpFlo64Hhnjn3Xu69x40YFdIwvrW5+YXFpeXCSnF1bX1jU9/abokw5pg0cchC3nGRIIwGpCmpZKQTcYJ8l5G2O7xM8+0HwgUNg3s5iojto35AexQjqSRHP7DckHli5KuQ3Dm0LCvwHN741uFV9jlKg1EZO3rJqBoZ4Cwxc1ICORqO/mV5IY59EkjMkBBd04iknSAuKWZkXLRiQSKEh6hPuooGyCfCTrKDxnBfKR7shVy9QMJM/d2RIF+kO6tKH8mBmM6l4n+5bix7Z3ZCgyiWJMCTQb2YQRnC1B3oUU6wZCNFEOZU7QrxAHGEpfKwqEwwp0+eJa3jqnlSrd3WSvWL3I4C2AV7oAxMcArq4Bo0QBNg8AiewSt40560F+1d+5iUzml5zw74A+3zB37DmvM=</latexit>

Si(t) = ImGi(t)/Gi(0)

<latexit sha1_base64="Wxf8zeEl6SeRtDktoFtKIfJo45w=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eA7c9+uOw1nAbxO3JLUUYm2b38Nw4RmMZNABdF64DopeDlRwKlg89ow0ywldEJGbGCoJDHTXr5IPscXRglxlChzJOCF+nsjJ7EuwpnJmMBYr3qF+J83yCC69XIu0wyYpMuHokxgSHBRAw65YhTEzBBCFTdZMR0TRSiYsmqmBHf1y+uke9VwrxvNx2a9dVfWUUVn6BxdIhfdoBZ6QG3UQRRN0TN6RW9Wbr1Y79bHcrRilTun6A+szx/2tZPi</latexit>

t0

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core
<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud
<latexit sha1_base64="dWSL3Gpe9jHxCOSPPeO7FQQ6Qx8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktldmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdQJpMO</latexit>

t
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<latexit sha1_base64="4Xj9G2I5LoiJwOenJHg1S3bw0nY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eDTuW/XnYazAF4nbknqqETbt7+GYUKzmEmggmg9cJ0UvJwo4FSweW2YaZYSOiEjNjBUkphpL18kn+MLo4Q4SpQ5EvBC/b2Rk1gX4cxkTGCsV71C/M8bZBDdejmXaQZM0uVDUSYwJLioAYdcMQpiZgihipusmI6JIhRMWTVTgrv65XXSvWq4143mY7PeuivrqKIzdI4ukYtuUAs9oDbqIIqm6Bm9ojcrt16sd+tjOVqxyp1T9AfW5w9EQ5QV</latexit>

tc

<latexit sha1_base64="DHeqIXSfw1UBTPH3ousjU36BEt0="></latexit>

hr2i i = hr2i icloud + hr2i icore =
6

⇡

Z tc

t0

dt

t2
Si(t) +

Z 1

tc

dt

t2
Si(t)

�



X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

Isoscalar electric form factor
<latexit sha1_base64="2dmk3RsvtL/uoGJb0FzPHKrDbBU="></latexit>

GS
E(q2) =

1

2

⇥
Gp

E(q2) + Gn
E(q2)

⇤

Empirical : 

Simplest Vector Dominance Model: “cloud” dominated by      meson

Example 1:  ISOSCALAR ELECTRIC FORM FACTOR of the NUCLEON

Y.H. Lin, 

H.-W. Hammer, 

U.-G. Meißner 


PRL 128 (2022) 052002

<latexit sha1_base64="Nb5KUbvGJ+ZtDjJ+KCrG/aBvpak=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqeyKqMeiF48V7AO6S8lm0zY0jyXJCstS/4oXD4p49Yd489+YbfegrQMhw8z3kclECaPaeN63U1lb39jcqm7Xdnb39g/cw6OulqnCpIMlk6ofIU0YFaRjqGGknyiCeMRIL5reFn7vkShNpXgwWUJCjsaCjihGxkpDtx5EksU64/bKA8nJGM2GbsNrenPAVeKXpAFKtIfuVxBLnHIiDGZI64HvJSbMkTIUMzKrBakmCcJTNCYDSwXiRIf5PPwMnlolhiOp7BEGztXfGzniushnJzkyE73sFeJ/3iA1o+swpyJJDRF48dAoZdBIWDQBY6oINiyzBGFFbVaIJ0ghbGxfNVuCv/zlVdI9b/qXzYv7i0brpqyjCo7BCTgDPrgCLXAH2qADMMjAM3gFb86T8+K8Ox+L0YpT7tTBHzifP5QYlWI=</latexit>!

PHYSIK
DEPARTMENT

18

<latexit sha1_base64="CjoXgtyiClzhUGg8kli79dRqFxY="></latexit>

hr2pi1/2 = 0.840 ± 0.004 fm <latexit sha1_base64="IpgsCKmlqO6D+td2Bpdl5IUIh1g="></latexit>
hr2Si1/2 = 0.775 ± 0.011 fm<latexit sha1_base64="7bs123fc6LnQQy68208ZGf0hG9w="></latexit>

hr2ni = �0.105 ± 0.006 fm2

<latexit sha1_base64="xrWEy7rGsMIRR7HKNcz7WWH+j8E=">AAACUHicbVHLSgMxFL1TX7W+qi7dBIsgCGWmFHUjFN24rGgf0BmHTJq2oZnMkGSEMvQT3XTnd7hxoWj6kGrbC+GenHtucnMSxJwpbdtvVmZtfWNzK7ud29nd2z/IHx7VVZRIQmsk4pFsBlhRzgStaaY5bcaS4jDgtBH078b1xguVikXiSQ9i6oW4K1iHEawN5ee7bhDxthqEJqUux6LLKZL+43PJlZPNEN2g1Zp4rrlYrRBzhZ8v2EV7EmgZODNQgFlU/fzIbUckCanQhGOlWo4day/FUjNizsu5iaIxJn3cpS0DBQ6p8tKJIUN0Zpg26kTSLKHRhP3bkeJQjac1yhDrnlqsjclVtVaiO9deykScaCrI9KJOwpGO0Nhd1GaSEs0HBmAimZkVkR6WmGjzBzljgrP45GVQLxWdy2L5oVyo3M7syMIJnMI5OHAFFbiHKtSAwCu8wyd8WSPrw/rOWFPpb4Zj+BeZ3A/gXral</latexit>

hr2Si = hr2pi+ hr2ni

<latexit sha1_base64="Nb5KUbvGJ+ZtDjJ+KCrG/aBvpak=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqeyKqMeiF48V7AO6S8lm0zY0jyXJCstS/4oXD4p49Yd489+YbfegrQMhw8z3kclECaPaeN63U1lb39jcqm7Xdnb39g/cw6OulqnCpIMlk6ofIU0YFaRjqGGknyiCeMRIL5reFn7vkShNpXgwWUJCjsaCjihGxkpDtx5EksU64/bKA8nJGM2GbsNrenPAVeKXpAFKtIfuVxBLnHIiDGZI64HvJSbMkTIUMzKrBakmCcJTNCYDSwXiRIf5PPwMnlolhiOp7BEGztXfGzniushnJzkyE73sFeJ/3iA1o+swpyJJDRF48dAoZdBIWDQBY6oINiyzBGFFbVaIJ0ghbGxfNVuCv/zlVdI9b/qXzYv7i0brpqyjCo7BCTgDPrgCLXAH2qADMMjAM3gFb86T8+K8Ox+L0YpT7tTBHzifP5QYlWI=</latexit>!

… based on  precision fits to form factors at both spacelike and timelike 
<latexit sha1_base64="AT5/W2R+NYhpm16sXpkrTEHkrr0=">AAAB+XicbVC7TsMwFL3hWcorwMhiUSExVUlVAWMFC2OR6ENqQ+U4TmvVcYLtVKqi/gkLAwix8ids/A1OmwFajmT56Jx75ePjJ5wp7Tjf1tr6xubWdmmnvLu3f3BoHx23VZxKQlsk5rHs+lhRzgRtaaY57SaS4sjntOOPb3O/M6FSsVg86GlCvQgPBQsZwdpIA9vu+zEP1DQyV/b0WJsN7IpTdeZAq8QtSAUKNAf2Vz+ISRpRoQnHSvVcJ9FehqVmhNNZuZ8qmmAyxkPaM1TgiCovmyefoXOjBCiMpTlCo7n6eyPDkcrDmckI65Fa9nLxP6+X6vDay5hIUk0FWTwUphzpGOU1oIBJSjSfGoKJZCYrIiMsMdGmrLIpwV3+8ipp16ruZbV+X680boo6SnAKZ3ABLlxBA+6gCS0gMIFneIU3K7NerHfrYzG6ZhU7J/AH1ucP86ST4A==</latexit>

q2

<latexit sha1_base64="kgEyrSo9Pu19cw1CLwYGAN3U6LU=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqexKUY8FLx5bsA9ol5LNZtvQPJYkKyxLxX/ixYMiXv0h3vw3ZtsetHUgZJj5PjKZMGFUG8/7dkobm1vbO+Xdyt7+weGRe3zS1TJVmHSwZFL1Q6QJo4J0DDWM9BNFEA8Z6YXT28LvPRClqRT3JktIwNFY0JhiZKw0cqvDULJIZ9xe+VByMkazkVvz6t4ccJ34S1IDS7RG7tcwkjjlRBjMkNYD30tMkCNlKGZkVhmmmiQIT9GYDCwViBMd5PPwM3hulQjGUtkjDJyrvzdyxHWRz05yZCZ61SvE/7xBauKbIKciSQ0RePFQnDJoJCyagBFVBBuWWYKwojYrxBOkEDa2r4otwV/98jrpXtb9q3qj3ag120+LOsrgFJyBC+CDa9AEd6AFOgCDDDyDV/DmPDovzrvzsRgtOcsKq+APnM8fvpuV8Q==</latexit>!

<latexit sha1_base64="R3HRgk1o1c2CeHVuN5BVT3dkOHE=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIrsqMFHVZcOOyBdsKnaFkMpk2NDMZkoxQh6Kf4saFIm79D3f+jZm2C209EHI4515ycoKUM6Ud59sqrayurW+UNytb2zu7e/b+QUeJTBLaJoILeRdgRTlLaFszzeldKimOA067wei68Lv3VComkls9Tqkf40HCIkawNlLfPvICwUM1js2Ve3IovJRN+nbVqTlToGXizkkV5mj27S8vFCSLaaIJx0r1XCfVfo6lZoTTScXLFE0xGeEB7Rma4JgqP5+mn6BTo4QoEtKcRKOp+nsjx7EqAprJGOuhWvQK8T+vl+noys9ZkmaaJmT2UJRxpAUqqkAhk5RoPjYEE8lMVkSGWGKiTWEVU4K7+OVl0jmvuRe1eqtebbSeZnWU4RhO4AxcuIQG3EAT2kDgAZ7hFd6sR+vFerc+ZqMla17hIfyB9fkDnR+WcA==</latexit>⇢⇡

<latexit sha1_base64="Bs7MbmcNBq+/uCBE8r9Gjhe5W80=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCqzIjoi4Lbly2YB/QGUomk2lDM5MhyShlLPgjblwo4tYvceffmGm70NYDIYdz7iUnJ0g5U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPO0pkktA2EVzIXoAV5Syhbc00p71UUhwHnHaD8U3hd++pVEwkd3qSUj/Gw4RFjGBtpIFd9QLBQzWJzZV76YhNB3bNqTszoFXiLkgNFmgO7C8vFCSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP59Fn6JTo4QoEtKcRKOZ+nsjx7Eq0pnJGOuRWvYK8T+vn+no2s9ZkmaaJmT+UJRxpAUqekAhk5RoPjEEE8lMVkRGWGKiTVsVU4K7/OVV0jmvu5f1i9ZFrdF6mtdRhmM4gTNw4QoacAtNaAOBB3iGV3izHq0X6936mI+WrEWFR/AH1ucPNpyVFQ==</latexit>

�

<latexit sha1_base64="vQuCZLvf6t+Eqa8RCrkmUcb/tFU=">AAAB/nicbVDNS8MwHE3n15xfVfHkJTgET6OVoR4HXoRdNnAfsJaRpukWliYlSYVRCvtXvHhQxKt/hzf/G9NtB918EPJ47/cjLy9IGFXacb6t0sbm1vZOebeyt39weGQfn3SVSCUmHSyYkP0AKcIoJx1NNSP9RBIUB4z0gsl94feeiFRU8Ec9TYgfoxGnEcVIG2lon3mBYKGaxubKml6AZNbM86FddWrOHHCduEtSBUu0hvaXFwqcxoRrzJBSA9dJtJ8hqSlmJK94qSIJwhM0IgNDOYqJ8rN5/BxeGiWEkZDmcA3n6u+NDMWqSGgmY6THatUrxP+8QaqjOz+jPEk14XjxUJQyqAUsuoAhlQRrNjUEYUlNVojHSCKsTWMVU4K7+uV10r2uuTe1ertebbRnizrK4BxcgCvgglvQAA+gBToAgww8g1fwZs2sF+vd+liMlqxlhafgD6zPHzIBlr8=</latexit>

KK̄

<latexit sha1_base64="ahA4Yac2M0hxatoXs3W7lKiYLEU=">AAACC3icbVDLSsNAFJ34rPUVdekmtAgVpCRS1GVBEN21aB/Q1DKZTtqhk0mYuRFLKLh046+4caGIW3/AnX/jpO1CWw9c7uGcO8y9x4s4U2Db38bC4tLyympmLbu+sbm1be7s1lUYS0JrJOShbHpYUc4ErQEDTpuRpDjwOG14g/PUb9xRqVgobmAY0XaAe4L5jGDQUsfMuUDvwfOTq2DkHrleyLtqGOiWXHTY7XUBDkcdM28X7TGseeJMSR5NUemYX243JHFABRCOlWo5dgTtBEtghNNR1o0VjTAZ4B5taSpwQFU7Gd8ysg600rX8UOoSYI3V3y8SHKh0Qz0ZYOirWS8V//NaMfhn7YSJKAYqyOQjP+YWhFYajNVlkhLgQ00wkUzvapE+lpiAji+rQ3BmT54n9eOic1IsVUv5cvVhEkcG7aMcKiAHnaIyukQVVEMEPaJn9IrejCfjxXg3PiajC8Y0wj30B8bnD3jPm8U=</latexit>

ImFS
i (t)

<latexit sha1_base64="LEYgur0kSOG74YnLVy45nK3tg5M=">AAAB9XicbZBLSwMxFIXv1Fetr6pLN8EiuCozIuqy4MZlC/YBbS2ZTKYNzWSG5I5ahoI/w40LRdz6X9z5b0wfC209EPg454bcHD+RwqDrfju5ldW19Y38ZmFre2d3r7h/0DBxqhmvs1jGuuVTw6VQvI4CJW8lmtPIl7zpD68nefOeayNidYujhHcj2lciFIyite46yB/RDzMm4zQY94olt+xORZbBm0MJ5qr2il+dIGZpxBUySY1pe26C3YxqFEzycaGTGp5QNqR93raoaMRNN5tuPSYn1glIGGt7FJKp+/tGRiNjRpFvJyOKA7OYTcz/snaK4VU3EypJkSs2eyhMJcGYTCoggdCcoRxZoEwLuythA6opQ1tUwZbgLX55GRpnZe+ifF47L1VqT7M68nAEx3AKHlxCBW6gCnVgoOEZXuHNeXBenHfnYzaac+YVHsIfOZ8/cKyTlg==</latexit>

cloud <latexit sha1_base64="HcrPY8j9rQTiZOtUTH/CbAhxWxU=">AAAB9HicbZBLSwMxFIUz9VXrq+rSTbAIrsqMiLosuHHZgn1AO5RMeqcNzUzG5E6xDAX/hRsXirj1x7jz35g+Ftp6IPBxzg25OUEihUHX/XZya+sbm1v57cLO7t7+QfHwqGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMY3k7z5gi0ESq+x3ECfsT6sQgFZ2gtv4PwiEGYcaVh0i2W3LI7E10FbwElslC1W/zq9BRPI4iRS2ZM23MT9DOmUXAJk0InNZAwPmR9aFuMWQTGz2ZLT+iZdXo0VNqeGOnM/X0jY5Ex4yiwkxHDgVnOpuZ/WTvF8MbPRJykCDGfPxSmkqKi0wZoT2jgKMcWGNfC7kr5gGnG0fZUsCV4y19ehcZF2bsqX9YuS5Xa07yOPDkhp+SceOSaVMgdqZI64eSBPJNX8uaMnBfn3fmYj+acRYXH5I+czx+fbZMe</latexit>core

<latexit sha1_base64="Chhk34P9+hHzIpnKcpy2argfyII=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4TMImQhDA7mU3GzM4sM71CWAJ+ghcPinj1f7z5N04eB00saCiquunuChMpLPr+t5dbW9/Y3MpvF3Z29/YPiodHTatTw3iDaanNfUgtl0LxBgqU/D4xnMah5K1wdDP1W4/cWKHVHY4T3o3pQIlIMIpOanbCKMNJr1jyy/4MZJUEC1KCBWq94lenr1kac4VMUmvbgZ9gN6MGBZN8UuiklieUjeiAtx1VNOa2m82unZAzp/RJpI0rhWSm/p7IaGztOA5dZ0xxaJe9qfif104xuu5mQiUpcsXmi6JUEtRk+jrpC8MZyrEjlBnhbiVsSA1l6AIquBCC5ZdXSfOiHFyWK/VKqVp/mseRhxM4hXMI4AqqcAs1aACDB3iGV3jztPfivXsf89act4jwGP7A+/wB/r6P3g==</latexit>

t

<latexit sha1_base64="C7BlkTpX3UexowQR/LUrvgVbCTM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4TMA9IljA7mU2GzM5uZnqFsAT8Bi8eFPHq73jzb5w8DppY0FBUddPdFSRSGHTdbye3sbm1vZPfLeztHxweFY9PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0d3Mbz1ybUSsHnCScD+iAyVCwShaqd0NwgynPdYrltyyOwdZJ96SlGCJWq/41e3HLI24QiapMR3PTdDPqEbBJJ8WuqnhCWUjOuAdSxWNuPGz+b1TcmGVPgljbUshmau/JzIaGTOJAtsZURyaVW8m/ud1Ugxv/UyoJEWu2GJRmEqCMZk9T/pCc4ZyYgllWthbCRtSTRnaiAo2BG/15XXSvCp71+VKvVKq1p8WceThDM7hEjy4gSrcQw0awEDCM7zCmzN2Xpx352PRmnOWEZ7CHzifP3RBkLQ=</latexit>

tc

Detailed analysis using 

best-fit spectral functions :

<latexit sha1_base64="B1Gz3JuykDkiy77YqsB/FnWLtxM="></latexit>

hr2Si1/2core ' 0.47 fm

<latexit sha1_base64="3WQHdz04rb2Fa8TUm2z5xvr3if0="></latexit>

hr2Si1/2core ⌘ hr2Bi1/2 = 0.50 ± 0.01 fm

<latexit sha1_base64="EFxxicmLiG+p1VUAEfSH4Umw7gs=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpREirosiqi7ivYBTQyT6aQdOnkwMxFKyNKNv+LGhSJu/QR3/o2TNgttPTDM4Zx7ufceN2JUSMP41gpz8wuLS8Xl0srq2vqGvrnVEmHMMWnikIW84yJBGA1IU1LJSCfiBPkuI213eJ757QfCBQ2DOzmKiO2jfkA9ipFUkqPvJpbrwWs/tQ4tN2Q9MfLVl1w6F/e3FXmQOnrZqBpjwFli5qQMcjQc/cvqhTj2SSAxQ0J0TSOSdoK4pJiRtGTFgkQID1GfdBUNkE+EnYwPSeG+UnrQC7l6gYRj9XdHgnyRbagqfSQHYtrLxP+8biy9UzuhQRRLEuDJIC9mUIYwSwX2KCdYspEiCHOqdoV4gDjCUmVXUiGY0yfPktZR1Tyu1m5q5fpZHkcR7IA9UAEmOAF1cAUaoAkweATP4BW8aU/ai/aufUxKC1resw3+QPv8AfgqmVA=</latexit> Im
G

S E
(t
)

<latexit sha1_base64="aEuV0LG3+YshpMCAse9mtmA417E="></latexit>

hr2Si ' hr2Sicore +
6

m2
!
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Axial form factor 
X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="GTA9Hr6EfYF+rAu1v/kqlJWLhP0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgtSE2kqBuh6ELdVbQPaEKYTKbt0MmDmYlQQj/Bjb/ixoUibl2682+cpFlo64Hhnjn3Xu69x40YFdIwvrW5+YXFpeXCSnF1bX1jU9/abokw5pg0cchC3nGRIIwGpCmpZKQTcYJ8l5G2O7xM8+0HwgUNg3s5iojto35AexQjqSRHP7DckHli5KuQ3Dm0LCvwHN741uFV9jlKg1EZO3rJqBoZ4Cwxc1ICORqO/mV5IY59EkjMkBBd04iknSAuKWZkXLRiQSKEh6hPuooGyCfCTrKDxnBfKR7shVy9QMJM/d2RIF+kO6tKH8mBmM6l4n+5bix7Z3ZCgyiWJMCTQb2YQRnC1B3oUU6wZCNFEOZU7QrxAHGEpfKwqEwwp0+eJa3jqnlSrd3WSvWL3I4C2AV7oAxMcArq4Bo0QBNg8AiewSt40560F+1d+5iUzml5zw74A+3zB37DmvM=</latexit>

Si(t) = ImGi(t)/Gi(0)

<latexit sha1_base64="Wxf8zeEl6SeRtDktoFtKIfJo45w=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eA7c9+uOw1nAbxO3JLUUYm2b38Nw4RmMZNABdF64DopeDlRwKlg89ow0ywldEJGbGCoJDHTXr5IPscXRglxlChzJOCF+nsjJ7EuwpnJmMBYr3qF+J83yCC69XIu0wyYpMuHokxgSHBRAw65YhTEzBBCFTdZMR0TRSiYsmqmBHf1y+uke9VwrxvNx2a9dVfWUUVn6BxdIhfdoBZ6QG3UQRRN0TN6RW9Wbr1Y79bHcrRilTun6A+szx/2tZPi</latexit>

t0

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core
<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud
<latexit sha1_base64="dWSL3Gpe9jHxCOSPPeO7FQQ6Qx8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktldmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdQJpMO</latexit>

t

<latexit sha1_base64="EYJF8/4hb6z03Hznn3kl3PovVHs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrhz77ty3607DWQCtE7ckdSjR9u2vYZiQLKZCE46VGrhOqr0cS80Ip/PaMFM0xWSCR3RgqMAxVV6+SD5HF0YJUZRIc4RGC/X3Ro5jVYQzkzHWY7XqFeJ/3iDT0a2XM5FmmgqyfCjKONIJKmpAIZOUaD4zBBPJTFZExlhiok1ZNVOCu/rlddK9arjXjeZjs966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/bNZPQ</latexit>a1
<latexit sha1_base64="oiq2j3BE7yrwCZUVvxem1QdcX+c=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktlfWmQ6qNbfuzoCWiVeQGhRoDqpf/VCSNKbCEI617nluYvwMK8MIp9NKP9U0wWSMh7RnqcAx1X42Sz1FJ1YJUSSVPcKgmfp7I8OxzqPZyRibkV70cvE/r5ea6MrPmEhSQwWZPxSlHBmJ8gpQyBQlhk8swUQxmxWREVaYGFtUxZbgLX55mbTP6t5F/fzuvNa4LuoowxEcwyl4cAkNuIUmtICAgmd4hTfnyXlx3p2P+WjJKXYO4Q+czx8kFZLx</latexit>

W

<latexit sha1_base64="EMzZGwJtY7oVIh0YKPvwwmAZe6E=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktleWTAfVmlt3Z0DLxCtIDQo0B9WvfihJGlNhCMda9zw3MX6GlWGE02mln2qaYDLGQ9qzVOCYaj+bpZ6iE6uEKJLKHmHQTP29keFY59HsZIzNSC96ufif10tNdOVnTCSpoYLMH4pSjoxEeQUoZIoSwyeWYKKYzYrICCtMjC2qYkvwFr+8TNpnde+ifn53XmtcF3WU4QiO4RQ8uIQG3EITWkBAwTO8wpvz5Lw4787HfLTkFDuH8AfO5w9KEpMK</latexit>p

<latexit sha1_base64="Q0ZmnSX1aSGJZnM84hs+bjmwq6Q=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktlcmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdHCJMI</latexit>n

<latexit sha1_base64="ocEtO9tSYqWHJzx95LfjNXjZ3OY=">AAAB+3icbVA7T8MwGHR4lvIKZWSJqJBYqBJUAWMFC2OR6ENqQuU4TmvVj8h2EFWUv8LCAEKs/BE2/g1OmwFaTrJ8uvs++XxhQonSrvttrayurW9sVraq2zu7e/v2Qa2rRCoR7iBBheyHUGFKOO5ooinuJxJDFlLcCyc3hd97xFIRwe/1NMEBgyNOYoKgNtLQrvmhoJGaMnNlPksfzvKhXXcb7gzOMvFKUgcl2kP7y48EShnmGlGo1MBzEx1kUGqCKM6rfqpwAtEEjvDAUA4ZVkE2y547J0aJnFhIc7h2ZurvjQwyVcQzkwzqsVr0CvE/b5Dq+CrICE9SjTmaPxSn1NHCKYpwIiIx0nRqCESSmKwOGkMJkTZ1VU0J3uKXl0n3vOFdNJp3zXrruqyjAo7AMTgFHrgELXAL2qADEHgCz+AVvFm59WK9Wx/z0RWr3DkEf2B9/gB6yZS8</latexit>

µ�

<latexit sha1_base64="asx9tYT27MUDnAl6RUctkhtcnb8=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWpCVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrkoyiUkHJyyR/RApwqggHU01I/1UEsRDRnrh+Kbwew9EKpqIez1Jic/RUNCYYqSNFNhHXpiwSE24uXJPZIHHs2lg152GMwNcJm5J6qBEO7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OalymSIjxGQzIwVCBOlJ/P0k/hqVEiGCfSHKHhTP29kSOuioBmkiM9UoteIf7nDTIdX/k5FWmmicDzh+KMQZ3AogoYUUmwZhNDEJbUZIV4hCTC2hRWMyW4i19eJt3zhnvRaN41663rso4qOAYn4Ay44BK0wC1ogw7A4BE8g1fwZj1ZL9a79TEfrVjlziH4A+vzB3WTleM=</latexit>⌫µ

Empirical : 

<latexit sha1_base64="7X3bKhZKElO9g78lDT78qvAI6Cs="></latexit>

GA(q2) = gA


1 +

1

6
hr2Aiq2 + . . .

�
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PHYSIK
DEPARTMENT

Example I1:  ISOVECTOR AXIAL FORM FACTOR of the NUCLEON

<latexit sha1_base64="KmqP6Pzy36sNQ6bNyGPMW/t7AC0=">AAAB+3icbVBLSwMxGMzWV62vtR69BIvgqeyKqMeiF48V7AO6S8lms21oHkuSFcvSv+LFgyJe/SPe/Ddm2z1o60DIMPN9ZDJRyqg2nvftVNbWNza3qtu1nd29/QP3sN7VMlOYdLBkUvUjpAmjgnQMNYz0U0UQjxjpRZPbwu89EqWpFA9mmpKQo5GgCcXIWGno1oNIslhPub3ygGcwnQ3dhtf05oCrxC9JA5RoD92vIJY440QYzJDWA99LTZgjZShmZFYLMk1ShCdoRAaWCsSJDvN59hk8tUoME6nsEQbO1d8bOeK6iGcnOTJjvewV4n/eIDPJdZhTkWaGCLx4KMkYNBIWRcCYKoINm1qCsKI2K8RjpBA2tq6aLcFf/vIq6Z43/cvmxf1Fo3VT1lEFx+AEnAEfXIEWuANt0AEYPIFn8ArenJnz4rw7H4vRilPuHIE/cD5/AIIklME=</latexit>µp
<latexit sha1_base64="ngbUGLo048hkjXSgcfxlScE5kkk=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+piSrHcVqrjhPZDqKK+issDCDEyo+w8Tc4bQZoOZLlo3PulY9PkHKmtON8W5W19Y3Nrep2bWd3b//APqx3VZJJQjsk4YnsB1hRzgTtaKY57aeS4jjgtBdMbgu/90ilYol40NOU+jEeCRYxgrWRhnbdCxIeqmlsrtwTGQpnQ7vhNJ050CpxS9KAEu2h/eWFCcliKjThWKmB66Taz7HUjHA6q3mZoikmEzyiA0MFjqny83n2GTo1SoiiRJojNJqrvzdyHKsinpmMsR6rZa8Q//MGmY6u/ZyJNNNUkMVDUcaRTlBRBAqZpETzqSGYSGayIjLGEhNt6qqZEtzlL6+S7nnTvWxe3F80WjdlHVU4hhM4AxeuoAV30IYOEHiCZ3iFN2tmvVjv1sditGKVO0fwB9bnD3FwlLY=</latexit>

⌫d

scattering analysis)  

<latexit sha1_base64="O5XfN8vKEthksXafjpw7/Cy29lI="></latexit>

hr2Ai = 0.46 ± 0.16 fm2
<latexit sha1_base64="mXBKcnE/k2/tC/d7RfazMQBUwE4="></latexit>

hr2Ai = 0.454 ± 0.013 fm2

dipole fits) 
(from      scattering and 

<latexit sha1_base64="1sedhICwQTEtWMQyv2fLwc/LLrA=">AAACEXicbVDLSgMxFM3UV62vUZdugkUoKGVGirosunFZwT6gM5ZMJm1DM8mQZJQy9Bfc+CtuXCji1p07/8ZMOwttPRByOOde7r0niBlV2nG+rcLS8srqWnG9tLG5tb1j7+61lEgkJk0smJCdACnCKCdNTTUjnVgSFAWMtIPRVea374lUVPBbPY6JH6EBp32KkTZSz654gWChGkfmS4l3AmNP0sFQIynFA8wE7sX07njSs8tO1ZkCLhI3J2WQo9Gzv7xQ4CQiXGOGlOq6Tqz9FElNMSOTkpcoEiM8QgPSNZSjiCg/nV40gUdGCWFfSPO4hlP1d0eKIpUtbSojpIdq3svE/7xuovsXfkp5nGjC8WxQP2FQC5jFA0MqCdZsbAjCkppdIR4iibA2IZZMCO78yYukdVp1z6q1m1q5fpnHUQQH4BBUgAvOQR1cgwZoAgwewTN4BW/Wk/VivVsfs9KClffsgz+wPn8ASKSdSg==</latexit>

e p ! e n⇡+<latexit sha1_base64="ngbUGLo048hkjXSgcfxlScE5kkk=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+piSrHcVqrjhPZDqKK+issDCDEyo+w8Tc4bQZoOZLlo3PulY9PkHKmtON8W5W19Y3Nrep2bWd3b//APqx3VZJJQjsk4YnsB1hRzgTtaKY57aeS4jjgtBdMbgu/90ilYol40NOU+jEeCRYxgrWRhnbdCxIeqmlsrtwTGQpnQ7vhNJ050CpxS9KAEu2h/eWFCcliKjThWKmB66Taz7HUjHA6q3mZoikmEzyiA0MFjqny83n2GTo1SoiiRJojNJqrvzdyHKsinpmMsR6rZa8Q//MGmY6u/ZyJNNNUkMVDUcaRTlBRBAqZpETzqSGYSGayIjLGEhNt6qqZEtzlL6+S7nnTvWxe3F80WjdlHVU4hhM4AxeuoAV30IYOEHiCZ3iFN2tmvVjv1sditGKVO0fwB9bnD3FwlLY=</latexit>⌫d

Detailed analysis using three-pion spectrum dominated by broad       meson :<latexit sha1_base64="EYJF8/4hb6z03Hznn3kl3PovVHs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrhz77ty3607DWQCtE7ckdSjR9u2vYZiQLKZCE46VGrhOqr0cS80Ip/PaMFM0xWSCR3RgqMAxVV6+SD5HF0YJUZRIc4RGC/X3Ro5jVYQzkzHWY7XqFeJ/3iDT0a2XM5FmmgqyfCjKONIJKmpAIZOUaD4zBBPJTFZExlhiok1ZNVOCu/rlddK9arjXjeZjs966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/bNZPQ</latexit>a1
<latexit sha1_base64="+WDNVvugYAd0Y7mYqKsY504SW4o="></latexit>

hr2Ai = hr2Aicore +
6

m2
a

(1 + �a)

4

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="GTA9Hr6EfYF+rAu1v/kqlJWLhP0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgtSE2kqBuh6ELdVbQPaEKYTKbt0MmDmYlQQj/Bjb/ixoUibl2682+cpFlo64Hhnjn3Xu69x40YFdIwvrW5+YXFpeXCSnF1bX1jU9/abokw5pg0cchC3nGRIIwGpCmpZKQTcYJ8l5G2O7xM8+0HwgUNg3s5iojto35AexQjqSRHP7DckHli5KuQ3Dm0LCvwHN741uFV9jlKg1EZO3rJqBoZ4Cwxc1ICORqO/mV5IY59EkjMkBBd04iknSAuKWZkXLRiQSKEh6hPuooGyCfCTrKDxnBfKR7shVy9QMJM/d2RIF+kO6tKH8mBmM6l4n+5bix7Z3ZCgyiWJMCTQb2YQRnC1B3oUU6wZCNFEOZU7QrxAHGEpfKwqEwwp0+eJa3jqnlSrd3WSvWL3I4C2AV7oAxMcArq4Bo0QBNg8AiewSt40560F+1d+5iUzml5zw74A+3zB37DmvM=</latexit>

Si(t) = Im Gi(t)/Gi(0)

<latexit sha1_base64="Wxf8zeEl6SeRtDktoFtKIfJo45w=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eA7c9+uOw1nAbxO3JLUUYm2b38Nw4RmMZNABdF64DopeDlRwKlg89ow0ywldEJGbGCoJDHTXr5IPscXRglxlChzJOCF+nsjJ7EuwpnJmMBYr3qF+J83yCC69XIu0wyYpMuHokxgSHBRAw65YhTEzBBCFTdZMR0TRSiYsmqmBHf1y+uke9VwrxvNx2a9dVfWUUVn6BxdIhfdoBZ6QG3UQRRN0TN6RW9Wbr1Y79bHcrRilTun6A+szx/2tZPi</latexit>

t0

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core
<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud
<latexit sha1_base64="dWSL3Gpe9jHxCOSPPeO7FQQ6Qx8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktldmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdQJpMO</latexit>

t

<latexit sha1_base64="EYJF8/4hb6z03Hznn3kl3PovVHs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrhz77ty3607DWQCtE7ckdSjR9u2vYZiQLKZCE46VGrhOqr0cS80Ip/PaMFM0xWSCR3RgqMAxVV6+SD5HF0YJUZRIc4RGC/X3Ro5jVYQzkzHWY7XqFeJ/3iDT0a2XM5FmmgqyfCjKONIJKmpAIZOUaD4zBBPJTFZExlhiok1ZNVOCu/rlddK9arjXjeZjs966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/bNZPQ</latexit>a1
<latexit sha1_base64="oiq2j3BE7yrwCZUVvxem1QdcX+c=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktlfWmQ6qNbfuzoCWiVeQGhRoDqpf/VCSNKbCEI617nluYvwMK8MIp9NKP9U0wWSMh7RnqcAx1X42Sz1FJ1YJUSSVPcKgmfp7I8OxzqPZyRibkV70cvE/r5ea6MrPmEhSQwWZPxSlHBmJ8gpQyBQlhk8swUQxmxWREVaYGFtUxZbgLX55mbTP6t5F/fzuvNa4LuoowxEcwyl4cAkNuIUmtICAgmd4hTfnyXlx3p2P+WjJKXYO4Q+czx8kFZLx</latexit>

W

<latexit sha1_base64="EMzZGwJtY7oVIh0YKPvwwmAZe6E=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktleWTAfVmlt3Z0DLxCtIDQo0B9WvfihJGlNhCMda9zw3MX6GlWGE02mln2qaYDLGQ9qzVOCYaj+bpZ6iE6uEKJLKHmHQTP29keFY59HsZIzNSC96ufif10tNdOVnTCSpoYLMH4pSjoxEeQUoZIoSwyeWYKKYzYrICCtMjC2qYkvwFr+8TNpnde+ifn53XmtcF3WU4QiO4RQ8uIQG3EITWkBAwTO8wpvz5Lw4787HfLTkFDuH8AfO5w9KEpMK</latexit>p

<latexit sha1_base64="Q0ZmnSX1aSGJZnM84hs+bjmwq6Q=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktlcmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdHCJMI</latexit>n

<latexit sha1_base64="ocEtO9tSYqWHJzx95LfjNXjZ3OY=">AAAB+3icbVA7T8MwGHR4lvIKZWSJqJBYqBJUAWMFC2OR6ENqQuU4TmvVj8h2EFWUv8LCAEKs/BE2/g1OmwFaTrJ8uvs++XxhQonSrvttrayurW9sVraq2zu7e/v2Qa2rRCoR7iBBheyHUGFKOO5ooinuJxJDFlLcCyc3hd97xFIRwe/1NMEBgyNOYoKgNtLQrvmhoJGaMnNlPksfzvKhXXcb7gzOMvFKUgcl2kP7y48EShnmGlGo1MBzEx1kUGqCKM6rfqpwAtEEjvDAUA4ZVkE2y547J0aJnFhIc7h2ZurvjQwyVcQzkwzqsVr0CvE/b5Dq+CrICE9SjTmaPxSn1NHCKYpwIiIx0nRqCESSmKwOGkMJkTZ1VU0J3uKXl0n3vOFdNJp3zXrruqyjAo7AMTgFHrgELXAL2qADEHgCz+AVvFm59WK9Wx/z0RWr3DkEf2B9/gB6yZS8</latexit>

µ�

<latexit sha1_base64="asx9tYT27MUDnAl6RUctkhtcnb8=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWpCVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrkoyiUkHJyyR/RApwqggHU01I/1UEsRDRnrh+Kbwew9EKpqIez1Jic/RUNCYYqSNFNhHXpiwSE24uXJPZIHHs2lg152GMwNcJm5J6qBEO7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OalymSIjxGQzIwVCBOlJ/P0k/hqVEiGCfSHKHhTP29kSOuioBmkiM9UoteIf7nDTIdX/k5FWmmicDzh+KMQZ3AogoYUUmwZhNDEJbUZIV4hCTC2hRWMyW4i19eJt3zhnvRaN41663rso4qOAYn4Ay44BK0wC1ogw7A4BE8g1fwZj1ZL9a79TEfrVjlziH4A+vzB3WTleM=</latexit>�µ

FIG. 3. Axial form factor of the nucleon as measured in muon cap-
ture on the proton and sketched in a ’core plus cloud’ picture. The
meson cloud is dominated by the isovector JP = 1+ three-pion
spectrum in which the a1 meson figures prominently.

GP (q2). It contains the pion pole at q2 = m2
⇡ and behaves

in such a way that PCAC and the GT relation are fulfilled (for
details see e.g. [24]).

Determinations of hr2Ai reported in [24] refer to two sources
of information: a combined dipole fit to the axial form fac-
tor extracted from ⌫d scattering and pion electroproduction,
which gives hr2Ai = 0.454 ± 0.013 fm2, and a more conser-
vative analysis of ⌫d scattering and µp capture data, without
resorting to an assumed dipole form, which consequently in-
volves larger uncertainties: hr2Ai = 0.46± 0.16 fm2. In either
of these two cases,

hr2Ai1/2 = 0.67 ± 0.01 fm (24)
(from ⌫d scattering and e�p ! e�n⇡+ dipole fits) ,

hr2Ai1/2 = 0.68 ± 0.11 fm (25)
(from ⌫d scattering and µp capture analysis) ,

the axial radius is evidently smaller than the proton charge
radius by about 20 %.

Writing the axial formfactor as a unsubtracted dispersion
relation,

GA(q2) =
1

⇡

Z 1

t0

dt
Im GA(t)

t � q2 � i✏
, (26)

and recalling the normalisation GA(q2 = 0) = gA, the corre-
sponding mean-squared radius is:

hr2Ai =
6

gA

dGA(q2)

dq2

���
q2=0

=
6

gA⇡

Z 1

t0

dt

t2
Im GA(t) , (27)

The isovector JP = 1+ spectrum, Im GA(t), starts at the
three-pion threshold, t0 = 9m2

⇡ , and prominently features the
broad a1 meson resonance as sketched in Fig. 3.

Let us start again with a simple estimate using a schematic
axial vector dominance picture. It assigns the leading part
of the surface contribution to GA(q2) through the spectrum
of the a1 meson (with its large width). An approximate
scale of this ‘cloud’ part can be introduced by an a1 pole,
Im GA(t) = gA⇡�(t � m2

a), with a mass ma ' 1.2 GeV.
Using the empirical hr2Ai one finds for the remaining ‘core’

size:

hr2Ai1/2core =

✓
hr2Ai � 6

m2
a

◆1/2

' 0.54 ± 0.01 fm, (28)

if the dipole fit value (24) is taken for reference. Using (25)
instead the uncertainty in hr2Ai1/2core increases to about 25%.

A more detailed evaluation requires full account of the
broad isovector JP = 1+ three-pion spectral distribution. We
start from the ansatz:

GA(q2) =
gA m2

a

m2
a � q2 + ⌃a(q2) � i ma �a(q2)

. (29)

The real self-energy correction ⌃a(q2), compatible with the
dispersion relation (26), is determined by a twice-subtracted
dispersion relation:

⌃a(q
2) =

q2

⇡
(q2 � m2

a) �
Z 1

9m2
⇡

dt

t

ma �a(t)

(t � m2
a)(t � q2)

,

(30)

where the subtractions leave gA and ma untouched. Results
from ⌧ ! ⇡⇡⇡⌫⌧ decays can be used to set constraints
on the energy dependence of the a1 width, �a(t). In the
present work we employ the widths shown in Fig. 4 taken
from [26, 27]. In the latter work [27] the a1 ! ⇢⇡ ! 3⇡
amplitude is integrated over the three-pion phase space, the
information needed in order to identify the meson-cloud sec-
tor of GA(q2). With this input the principal value integral
in (30) is performed. This is done over a limited range,
9m2

⇡  t  tu, with the upper limit chosen symmetrically
as tu = 2m2

a � 9m2
⇡ for simple practical reasons. Taking the

derivative of (29) at q2 = 0, the a1 contribution to the squared
axial radius is given by:

hr2Aia1 =
6

m2
a

(1 + �a) , (31)

with the correction term

�a = �m3
a

⇡
�
Z tu

9m2
⇡

dt
�a(t)

t2(t � m2
a)

(32)

depending on the chosen energy-dependent a1 width.
As an example, setting ma = 1.23 GeV and using the

energy-dependent width from [27] shown by the full line in
Fig. 4, one finds �a = 0.12 and hr2Aia1 = 0.173 fm2, so that

hr2Ai1/2core ' 0.53 ± 0.02, fm , (33)

with an estimated uncertainty based on (24) and a correspond-
ingly larger one if (25) is used. The alternative choice [26] of
the a1 width gives �a = 0.04 and a slightly larger core radius
of 0.54 fm, still consistent within the uncertainties. Variations
of ma by ± 3% and of �a by about ± 40% as indicated by
the PDG values for the a1(1260) [28] lead to only marginal
changes well within the uncertainties in (33).

The core radius (33) deduced from the axial formfactor is
less accurately determined than the core radius (18) extracted
from the analysis of the isoscalar electric form factor. It is
nonetheless remarkable that, starting from two independent

<latexit sha1_base64="/o57TpYAS9QCywJT+O4vPRSY5MQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDbbTbt0dxN2J2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqmTjVlDVpLGLdCYlhgivWRI6CdRLNiAwFa4fj25nffmTa8Fg94CRhgSRDxSNOCVqpjf1Mkqdpv1zxqt4c7irxc1KBHI1++as3iGkqmUIqiDFd30swyIhGTgWblnqpYQmhYzJkXUsVkcwE2fzcqXtmlYEbxdqWQneu/p7IiDRmIkPbKQmOzLI3E//zuilG10HGVZIiU3SxKEqFi7E7+90dcM0oioklhGpub3XpiGhC0SZUsiH4yy+vktZF1b+s1u5rlfpNHkcRTuAUzsGHK6jDHTSgCRTG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gC/zI/a</latexit>

tmax
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hr2Ai1/2core = 0.53 ± 0.02 fm N. Kaiser,  W. W.  (2024)
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FIG. 1: Left: the Feynman diagram of J/ photoproduction o↵ a proton. Right: the di↵erential

cross section of J/ photoproduction at the center-of-mass energy Ecm = 4.58 GeV (lab. energy

of the photon E� = 10.72 GeV); the data is from the GlueX Collaboration [9]; the theory curve

corresponds to the dipole form of the scalar gravitational formfactor with the parameter ms =

1.24± 0.07 GeV, corresponding to the mass radius of the proton Rm = 0.55± 0.03 fm.

of ⇡r2cc̄, where the size of the cc̄ pair rcc̄ ' 1/2mc ' 0.08 fm. We will fit this parameter to

the GlueX Collaboration data [9], and then check that it is in the expected range.

Let us briefly discuss the kinematics of the � + p ! J/ + p process. Because of the

large mass of J/ , close to the threshold the process is characterized by a sizable minimal

momentum transfer tmin; right at the threshold, its value is tmin = �M
2
 M/(M + M) '

�2.23 GeV2 ' �(1.5 GeV)2, where M ' 3.097 GeV is the mass of J/ and M ' 0.938

GeV is the mass of the proton. The large magnitude of tmin close to the threshold makes the

use of the vector meson dominance model questionable. On the other hand, t is still much

smaller than 4m2
c ' 6.25 GeV2 which justifies the approach based on Eqs (31) and (32). In

this kinematical domain, the factor c2 in (31) can indeed be treated as a constant; when the

magnitude of t becomes comparable to 4m2
c ' 6.25 GeV2, this factor can be expected to

acquire a significant t dependence. Because tmin rapidly varies with the c.m.s. energy close

to the threshold, the energy dependence of the integrated cross section (33) is sensitive the

scalar gravitational formfactor. However the quantity that is most sensitive to the scalar

gravitational formfactor is the di↵erential cross section (32).

The dominance of the scalar gluon operator over the operators with covariant derivatives

11
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corresponds to the dipole form of the scalar gravitational formfactor with the parameter ms =

1.24± 0.07 GeV, corresponding to the mass radius of the proton Rm = 0.55± 0.03 fm.
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Gµ⌫
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dGm(q2)

dq2

���
q2=0

Empirical mass radius
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hr2mi1/2 = (0.55 ± 0.03) fm

D. Kharzeev :  Phys. Rev. D104 (2021) 054015
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Effects of open-charm coupled channels ?
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Core (gluon) dominance plus small corrections from sigma terms
<latexit sha1_base64="XSe8owQaIhJHuSxTrLUcoox2A6o="></latexit>
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u
+

d̄
d
)
+

m
s s̄
s|P

i

<latexit sha1_base64="r8x9AFmjWA+mkCzYTmAcKcsDYjM=">AAACGXicbVDLSsNAFJ34tr6iLt0MFkFBSiLFx0IouqgbRcFWoQlhMr2xgzNJnJkIJfQ33Pgrblwo4lJX/o3TmoW2HhjmcM693HtPmHKmtON8WWPjE5NT0zOzpbn5hcUle3mlqZJMUmjQhCfyOiQKOIuhoZnmcJ1KICLkcBXeHvf9q3uQiiXxpe6m4AtyE7OIUaKNFNiOFya8rbrCfHk9EJvOFj7Ep8EZ9hQTcIedykHV2+7lXhjhOjR7gV12Ks4AeJS4BSmjAueB/eG1E5oJiDXlRKmW66Taz4nUjHLolbxMQUroLbmBlqExEaD8fHBZD28YpY2jRJoXazxQf3fkRKj+8qZSEN1Rw15f/M9rZTra93MWp5mGmP4MijKOdYL7MeE2k0A17xpCqGRmV0w7RBKqTZglE4I7fPIoae5U3N1K9aJarh0VccygNbSONpGL9lANnaBz1EAUPaAn9IJerUfr2Xqz3n9Kx6yiZxX9gfX5DRO7nnY=</latexit>

G
m
(0

)
=

M
N

'
0
.9
4
G
eV

<latexit sha1_base64="suuCFhVm5gE4G/+HQzCcsttlSBc="></latexit>

hr
2m
i
=

6

M
N

d
G

m
(q

2)

d
q
2

���q
2
=

0

C
ore (gluon) dom

inance plus 
sm

all corrections from
 sigm

a term
s

<latexit sha1_base64="6Q7PcyQEM6icaUTCUGRdXLAksMA="></latexit>

hr
2m
i
=

1

M
N

⇥M
0 hr

c
o
r
e i

2
+

�
N
hr

2� i
+

�
s hr

2s i ⇤

M
ass radius

<latexit sha1_base64="LWsR1/5ssa5DA9iERWd8c4BgriQ="></latexit>

hr
2m
i
1
/
2
=

(0
.5
5
±

0
.0
3
)
fm

…
 equals “core” radius in the chiral lim

it

D
. K

harzeev :  Phys. R
ev. D

104 (2021) 054015

PH
Y
SIK

D
EPA
RT
M
EN
T

<latexit sha1_base64="Aq/ra+SZiMTipD9fXLBzjSE8pdY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSEik+NgV3bipVLAPaEKYTCbt0MmDmYlQQvdu/BU3LhRx6w+482+ctFlo64VhDuecy733eAmjQprmt7a0vLK6tl7aKG9ube/s6nv7HRGnHJM2jlnMex4ShNGItCWVjPQSTlDoMdL1Rte53n0gXNA4upfjhDghGkQ0oBhJRbl6xfZi5otxqL6s1nRNeyCVO4SmcWmfNN3b44mrV03DnBZcBFYBqqColqt/2X6M05BEEjMkRN8yE+lkiEuKGZmU7VSQBOERGpC+ghEKiXCy6S0TeKQYHwYxVy+ScMr+7shQKPJ1lTNEcijmtZz8T+unMrhwMholqSQRng0KUgZlDPNgoE85wZKNFUCYU7UrxEPEEZYqvrIKwZo/eRF0Tg3rzKjf1auNqyKOEjgEFVADFjgHDXADWqANMHgEz+AVvGlP2ov2rn3MrEta0XMA/pT2+QNLO5nr</latexit>

(M
0
&

0
.9

M
N
)

17

M
A

SS R
A

D
IU

S of the N
U

C
LEO

N

0.6
0.8

1.0
1.2

1.4
0.0

0.5

1.0

1.5

2.0

F
IG

.
1:

L
eft:

th
e
F
eyn

m
an

d
iagram

of
J
/ 

p
h
otop

rod
u
ction

o↵
a
p
roton

.
R
ight:

th
e
d
i↵
erential

cross
section

of
J
/ 

p
h
otop

rod
u
ction

at
th
e
center-of-m

ass
en
ergy

E
cm

=
4.58

G
eV

(lab
.
en
ergy

of
th
e
p
h
oton

E
�
=

10.72
G
eV

);
th
e
d
ata

is
from

th
e
G
lu
eX

C
ollab

oration
[9];

th
e
th
eory

cu
rve

corresp
on

d
s
to

th
e
d
ip
ole

form
of

th
e
scalar

gravitation
al

form
factor

w
ith

th
e
p
aram

eter
m

s
=

1.24
±
0.07

G
eV

,
corresp

on
d
in
g
to

th
e
m
ass

rad
iu
s
of

th
e
p
roton

R
m
=

0.55
±

0.03
fm

.

of
⇡
r
2cc̄ ,

w
h
ere

th
e
size

of
th
e
c
c̄
p
air

r
cc̄ '

1
/2
m

c '
0
.08

fm
.
W
e
w
ill

fi
t
th
is

p
aram

eter
to

th
e
G
lu
eX

C
ollab

oration
d
ata

[9],
an

d
th
en

ch
eck

th
at

it
is
in

th
e
exp

ected
ran

ge.

L
et

u
s
b
riefl

y
d
iscu

ss
th
e
kin

em
atics

of
th
e
�
+

p
!

J
/
 
+

p
p
rocess.

B
ecau

se
of

th
e

large
m
ass

of
J
/
 
,
close

to
th
e
th
resh

old
th
e
p
rocess

is
ch
aracterized

by
a
sizab

le
m
in
im

al

m
om

entu
m

tran
sfer

tm
in ;

right
at

th
e
th
resh

old
,
its

valu
e
is

tm
in

=
�
M

2 
M
/(
M

 
+

M
)
'

�
2
.23

G
eV

2
'

�
(1
.5

G
eV

)
2,

w
h
ere

M
 
'

3
.097

G
eV

is
th
e
m
ass

of
J
/
 

an
d
M

'
0
.938

G
eV

is
th
e
m
ass

of
th
e
p
roton

.
T
h
e
large

m
agn

itu
d
e
of

tm
in
close

to
th
e
th
resh

old
m
akes

th
e

u
se

of
th
e
vector

m
eson

d
om

in
an

ce
m
od

el
qu

estion
ab

le.
O
n
th
e
oth

er
h
an

d
,
t
is

still
m
u
ch

sm
aller

th
an

4
m

2c '
6
.25

G
eV

2
w
h
ich

ju
stifi

es
th
e
ap

p
roach

b
ased

on
E
qs

(31)
an

d
(32).

In

th
is
kin

em
atical

d
om

ain
,
th
e
factor

c
2
in

(31)
can

in
d
eed

b
e
treated

as
a
con

stant;
w
h
en

th
e

m
agn

itu
d
e
of

t
b
ecom

es
com

p
arab

le
to

4
m

2c
'

6
.25

G
eV

2,
th
is

factor
can

b
e
exp

ected
to

acqu
ire

a
sign

ifi
cant

t
d
ep

en
d
en
ce.

B
ecau

se
tm

in
rap

id
ly

varies
w
ith

th
e
c.m
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e
en
ergy

d
ep

en
d
en
ce

of
th
e
integrated

cross
section

(33)
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erators
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L
eft:

the
Feynm

an
diagram

of
J
/ 

photoproduction
o↵

a
proton.

R
ight:

the
di↵erential

cross
section

of
J
/ 

photoproduction
at

the
center-of-m

ass
energy

E
cm

=
4.58

G
eV

(lab.
energy

of
the

photon
E
�
=

10.72
G
eV

);
the

data
is
from

the
G
lueX

C
ollaboration

[9];
the

theory
curve

corresponds
to

the
dipole

form
of

the
scalar

gravitational
form

factor
w
ith

the
param

eter
m

s
=

1.24±
0.07

G
eV

,
corresponding

to
the

m
ass

radius
of

the
proton

R
m
=
0.55±

0.03
fm

.

of
⇡
r 2cc̄ ,

w
here

the
size

of
the

c
c̄
pair

r
cc̄ '

1
/2
m

c '
0
.08

fm
.
W
e
w
ill

fit
this

param
eter

to

the
G
lueX

C
ollaboration

data
[9],

and
then

check
that

it
is
in

the
expected

range.

L
et

us
briefly

discuss
the

kinem
atics

of
the

�
+
p
!

J
/
 
+
p
process.

B
ecause

of
the

large
m
ass

of
J
/
 
,
close

to
the

threshold
the

process
is
characterized

by
a
sizable

m
inim

al

m
om

entum
transfer

t
m
in ;

right
at

the
threshold,

its
value

is
t
m
in
=

�
M

2 
M
/(
M
 
+
M
) '

�
2
.23

G
eV

2
'

�
(1
.5

G
eV

) 2,
w
here

M
 
'

3
.097

G
eV

is
the

m
ass

of
J
/
 
and

M
'

0
.938

G
eV

is
the

m
ass

of the
proton.

T
he

large
m
agnitude

of
t
m
in
close

to
the

threshold
m
akes

the

use
of

the
vector

m
eson

dom
inance

m
odel

questionable.
O
n
the

other
hand,

t
is
still

m
uch

sm
aller

than
4
m
2c '

6
.25

G
eV

2
w
hich

justifies
the

approach
based

on
E
qs

(31)
and

(32).
In

this
kinem

atical dom
ain, the

factor
c
2
in

(31)
can

indeed
be

treated
as

a
constant; w

hen
the

m
agnitude

of
t
becom

es
com

parable
to

4
m
2c '

6
.25

G
eV

2
,
this

factor
can

be
expected

to

acquire
a
significant

t
dependence.

B
ecause

t
m
in
rapidly

varies
w
ith

the
c.m

.s.
energy

close

to
the

threshold,
the

energy
dependence

of
the

integrated
cross

section
(33)

is
sensitive

the

scalar
gravitational

form
factor.

H
ow

ever
the

quantity
that

is
m
ost

sensitive
to

the
scalar

gravitational
form

factor
is
the

di↵erential
cross

section
(32).

T
he

dom
inance

of
the

scalar
gluon

operator
over

the
operators

w
ith

covariant
derivatives
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<latexit sha1_base64="KUSsQ5cH/YiUb0KuMRSKks5d0Ig=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vjw4kkq2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqAccJ9yM6UCIUjKKV2lk3CMnd2aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYbXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpXlS8y0r1vlquVfM4CnAMJ3AOHlxBDW6hDg1gIOEZXuHNeXRenHfnY9664uQzR/AHzucPUDCPdg==</latexit>

N
0

<latexit sha1_base64="3BIX88yoMuHITd8amijwAZC9hAA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZS1GXBjbiqYB/QhDKZTNqhk5kwMxFKCG78FTcuFHHrV7jzb5y0WWjrgWEO59zLvfcECaNKO863tbS8srq2Xtmobm5t7+zae/sdJVKJSRsLJmQvQIowyklbU81IL5EExQEj3WB8XfjdByIVFfxeTxLix2jIaUQx0kYa2IeZF0TwNj/zAsFCNYnNl3mJovnArjl1Zwq4SNyS1ECJ1sD+8kKB05hwjRlSqu86ifYzJDXFjORVL1UkQXiMhqRvKEcxUX42PSGHJ0YJYSSkeVzDqfq7I0OxKrYzlTHSIzXvFeJ/Xj/V0ZWfUZ6kmnA8GxSlDGoBizxgSCXBmk0MQVhSsyvEIyQR1ia1qgnBnT95kXTO6+5FvXHXqDUbZRwVcASOwSlwwSVoghvQAm2AwSN4Bq/gzXqyXqx362NWumSVPQfgD6zPH5URl4g=</latexit>J
/ 

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="Jbm60ZVtl9KwRl1mjBrI2LzLIKo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNy4r2Ae0Y8lkMm1oJhmSjFKG/ocbF4q49V/c+Tdm2llo64GQwzn3kpMTJJxp47rfTmltfWNzq7xd2dnd2z+oHh51tEwVoW0iuVS9AGvKmaBtwwynvURRHAecdoPJTe53H6nSTIp7M02oH+ORYBEj2FjpYRBIHuppbK9sNBtWa27dnQOtEq8gNSjQGla/BqEkaUyFIRxr3ffcxPgZVoYRTmeVQappgskEj2jfUoFjqv1snnqGzqwSokgqe4RBc/X3RoZjnUezkzE2Y73s5eJ/Xj810bWfMZGkhgqyeChKOTIS5RWgkClKDJ9agoliNisiY6wwMbaoii3BW/7yKulc1L3LeuOuUWs2ijrKcAKncA4eXEETbqEFbSCg4Ble4c15cl6cd+djMVpyip1j+APn8wc4L5Lz</latexit>g

<latexit sha1_base64="Jbm60ZVtl9KwRl1mjBrI2LzLIKo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNy4r2Ae0Y8lkMm1oJhmSjFKG/ocbF4q49V/c+Tdm2llo64GQwzn3kpMTJJxp47rfTmltfWNzq7xd2dnd2z+oHh51tEwVoW0iuVS9AGvKmaBtwwynvURRHAecdoPJTe53H6nSTIp7M02oH+ORYBEj2FjpYRBIHuppbK9sNBtWa27dnQOtEq8gNSjQGla/BqEkaUyFIRxr3ffcxPgZVoYRTmeVQappgskEj2jfUoFjqv1snnqGzqwSokgqe4RBc/X3RoZjnUezkzE2Y73s5eJ/Xj810bWfMZGkhgqyeChKOTIS5RWgkClKDJ9agoliNisiY6wwMbaoii3BW/7yKulc1L3LeuOuUWs2ijrKcAKncA4eXEETbqEFbSCg4Ble4c15cl6cd+djMVpyip1j+APn8wc4L5Lz</latexit>g

<latexit sha1_base64="IACulQ8HU2KY7e8DuA0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+iduXCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQjmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>⇡
<latexit sha1_base64="IACulQ8HU2KY7e8DuA0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+iduXCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQjmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>⇡

<latexit sha1_base64="esOgoV3tWKVNuu0k8z+sr8xykoU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN4qbCvYB7VgymbQNzSRDklHK0P9w40IRt/6LO//GTDsLbT0QcjjnXnJygpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsr89iNVmklxbyYx9SM8FGzACDZWeugFkod6EtkrvZ32yxW36s6AlomXkwrkaPTLX71QkiSiwhCOte56bmz8FCvDCKfTUi/RNMZkjIe0a6nAEdV+Oks9RSdWCdFAKnuEQTP190aKI51Fs5MRNiO96GXif143MYNLP2UiTgwVZP7QIOHISJRVgEKmKDF8YgkmitmsiIywwsTYokq2BG/xy8ukdVb1zqu1u1qlfpPXUYQjOIZT8OAC6nANDWgCAQXP8ApvzpPz4rw7H/PRgpPvHMIfOJ8/E/SS7A==</latexit>

K

<latexit sha1_base64="r+JeO4DLcJteBgfxgL1Hp+P2PEo=">AAAB/XicbVDNS8MwHE39nPOrfty8BIfgabQy1OPAi+JlgvuAtYw0TbewNClJKsxS/Fe8eFDEq/+HN/8b060H3XwQ8njv9yMvL0gYVdpxvq2l5ZXVtfXKRnVza3tn197b7yiRSkzaWDAhewFShFFO2ppqRnqJJCgOGOkG46vC7z4Qqajg93qSED9GQ04jipE20sA+9ALBQjWJzZV5AZLZbZ4P7JpTd6aAi8QtSQ2UaA3sLy8UOI0J15ghpfquk2g/Q1JTzEhe9VJFEoTHaEj6hnIUE+Vn0/Q5PDFKCCMhzeEaTtXfGxmKVRHQTMZIj9S8V4j/ef1UR5d+RnmSasLx7KEoZVALWFQBQyoJ1mxiCMKSmqwQj5BEWJvCqqYEd/7Li6RzVnfP6427Rq15U9ZRAUfgGJwCF1yAJrgGLdAGGDyCZ/AK3qwn68V6tz5mo0tWuXMA/sD6/AFrT5Xi</latexit>

K̄

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>
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u
+

d̄
d
)
+

m
s s̄s|P

i

<latexit sha1_base64="r8x9AFmjWA+mkCzYTmAcKcsDYjM=">AAACGXicbVDLSsNAFJ34tr6iLt0MFkFBSiLFx0IouqgbRcFWoQlhMr2xgzNJnJkIJfQ33Pgrblwo4lJX/o3TmoW2HhjmcM693HtPmHKmtON8WWPjE5NT0zOzpbn5hcUle3mlqZJMUmjQhCfyOiQKOIuhoZnmcJ1KICLkcBXeHvf9q3uQiiXxpe6m4AtyE7OIUaKNFNiOFya8rbrCfHk9EJvOFj7Ep8EZ9hQTcIedykHV2+7lXhjhOjR7gV12Ks4AeJS4BSmjAueB/eG1E5oJiDXlRKmW66Taz4nUjHLolbxMQUroLbmBlqExEaD8fHBZD28YpY2jRJoXazxQf3fkRKj+8qZSEN1Rw15f/M9rZTra93MWp5mGmP4MijKOdYL7MeE2k0A17xpCqGRmV0w7RBKqTZglE4I7fPIoae5U3N1K9aJarh0VccygNbSONpGL9lANnaBz1EAUPaAn9IJerUfr2Xqz3n9Kx6yiZxX9gfX5DRO7nnY=</latexit>G
m
(0)

=
M

N
'

0.94
G
eV

<latexit sha1_base64="suuCFhVm5gE4G/+HQzCcsttlSBc="></latexit>hr 2m i
=

6M
N d
G

m
(q 2

)

d
q
2

���
q
2
=
0

C
ore (gluon) dom

inance plus 

sm
all corrections from

 sigm
a term

s

<latexit sha1_base64="6Q7PcyQEM6icaUTCUGRdXLAksMA="></latexit>hr 2m i
=

1M
N ⇥

M
0 hr

co
r
e i 2

+
�
N hr 2� i

+
�
s hr 2s i ⇤

M
ass radius

<latexit sha1_base64="LWsR1/5ssa5DA9iERWd8c4BgriQ="></latexit>hr 2m i 1
/
2
=

(0.55
±

0.03)
fm

…
 equals “core” radius in the chiral lim

it
D

. K
harzeev :  Phys. Rev. D

104 (2021) 054015

PH
YSIK

D
EPA
RTM
EN
T

<latexit sha1_base64="Aq/ra+SZiMTipD9fXLBzjSE8pdY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSEik+NgV3bipVLAPaEKYTCbt0MmDmYlQQvdu/BU3LhRx6w+482+ctFlo64VhDuecy733eAmjQprmt7a0vLK6tl7aKG9ube/s6nv7HRGnHJM2jlnMex4ShNGItCWVjPQSTlDoMdL1Rte53n0gXNA4upfjhDghGkQ0oBhJRbl6xfZi5otxqL6s1nRNeyCVO4SmcWmfNN3b44mrV03DnBZcBFYBqqColqt/2X6M05BEEjMkRN8yE+lkiEuKGZmU7VSQBOERGpC+ghEKiXCy6S0TeKQYHwYxVy+ScMr+7shQKPJ1lTNEcijmtZz8T+unMrhwMholqSQRng0KUgZlDPNgoE85wZKNFUCYU7UrxEPEEZYqvrIKwZo/eRF0Tg3rzKjf1auNqyKOEjgEFVADFjgHDXADWqANMHgEz+AVvGlP2ov2rn3MrEta0XMA/pT2+QNLO5nr</latexit>(M
0 &

0.9
M

N
)

<latexit sha1_base64="qt2KSil/0pBIBJ0wnEHvyFQxwKs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GUsWm/VPYr/hxklQQ5KUOOer/01R1olsZcIZPU2k7gJ9jLqEHBJJ8Wu6nlCWVjOuQdRxWNue1l82un5NwpAxJp40ohmau/JzIaWzuJQ9cZUxzZZW8m/ud1UoxueplQSYpcscWiKJUENZm9TgbCcIZy4ghlRrhbCRtRQxm6gIouhGD55VXSvKwEV5XqfbVcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8ftjCPMA==</latexit>c <latexit sha1_base64="Td7SwZiVY5OJnoC50AP8wigqO2Q=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ac0pWy2m3bpZhN2J0IJ+RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnCBxEdKxEKRtFKvh+EmR9QnbE8H1Zrbt1dgKwTryA1KNAaVr/8UczSiCtkkhrT99wEBxnVKJjkecVPDU8om9Ix71uqaMTNIFvcnJMLq4xIGGtbCslC/T2R0ciYWRTYzojixKx6c/E/r59ieDvIhEpS5IotF4WpJBiTeQBkJDRnKGeWUKaFvZWwCdWUoY2pYkPwVl9eJ52runddbzw0as1GEUcZzuAcLsGDG2jCPbSgDQwSeIZXeHNS58V5dz6WrSWnmDmFP3A+fwCAWZH1</latexit>c̄

<latexit sha1_base64="jL12LjWJO3vRalXmENafILIeL1I=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5pIUZcFN+Kqgn1AE8pkMmmHTmbCzEQoIW78FTcuFHHrX7jzb5y0WWjrgWEO59zLvfcECaNKO863tbS8srq2Xtmobm5t7+zae/sdJVKJSRsLJmQvQIowyklbU81IL5EExQEj3WB8XfjdByIVFfxeTxLix2jIaUQx0kYa2IdeEGW3+ZkXCBaqSWy+zGspmg/smlN3poCLxC1JDZRoDewvLxQ4jQnXmCGl+q6TaD9DUlPMSF71UkUShMdoSPqGchQT5WfTC3J4YpQQRkKaxzWcqr87MhSrYjtTGSM9UvNeIf7n9VMdXfkZ5UmqCcezQVHKoBawiAOGVBKs2cQQhCU1u0I8QhJhbUKrmhDc+ZMXSee87l7UG3eNWrNRxlEBR+AYnAIXXIImuAEt0AYYPIJn8ArerCfrxXq3PmalS1bZcwD+wPr8AQoUlz4=</latexit>J
/ 

<latexit sha1_base64="wPinNQMLHq6NOidg3iqUfLqv+OU=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqexKUY8FLx4r2Ad0l5LNpm1oHkuSFZal/hUvHhTx6g/x5r8x2+5BWwdChpnvI5OJEka18bxvp7KxubW9U92t7e0fHB65xyc9LVOFSRdLJtUgQpowKkjXUMPIIFEE8YiRfjS7Lfz+I1GaSvFgsoSEHE0EHVOMjJVGbj2IJIt1xu2VBxPEOZqP3IbX9BaA68QvSQOU6IzcryCWOOVEGMyQ1kPfS0yYI2UoZmReC1JNEoRnaEKGlgrEiQ7zRfg5PLdKDMdS2SMMXKi/N3LEdZHPTnJkpnrVK8T/vGFqxjdhTkWSGiLw8qFxyqCRsGgCxlQRbFhmCcKK2qwQT5FC2Ni+arYEf/XL66R32fSvmq37VqPdKuuoglNwBi6AD65BG9yBDugCDDLwDF7Bm/PkvDjvzsdytOKUO3XwB87nD4aWlU4=</latexit>�

<latexit sha1_base64="ax2j1smoURtO7rECuMGM2l1K67I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL56kgv2ANpTNdtMu3WzC7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt1Mn6QUjuZ4Nyxa26C5B14uWkAjmag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W587IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP47GQrNGcqpJZRpYW8lbEw1ZWgTKtkQvNWX10n7qurVq7WHWqVRy+MowhmcwyV4cA0NuIMmtIDBBJ7hFd6cxHlx3p2PZWvByWdO4Q+czx/t4Y9F</latexit>

N

<latexit sha1_base64="KUSsQ5cH/YiUb0KuMRSKks5d0Ig=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vjw4kkq2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqAccJ9yM6UCIUjKKV2lk3CMnd2aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYbXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpXlS8y0r1vlquVfM4CnAMJ3AOHlxBDW6hDg1gIOEZXuHNeXRenHfnY9664uQzR/AHzucPUDCPdg==</latexit>

N
0

<latexit sha1_base64="3BIX88yoMuHITd8amijwAZC9hAA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZS1GXBjbiqYB/QhDKZTNqhk5kwMxFKCG78FTcuFHHrV7jzb5y0WWjrgWEO59zLvfcECaNKO863tbS8srq2Xtmobm5t7+zae/sdJVKJSRsLJmQvQIowyklbU81IL5EExQEj3WB8XfjdByIVFfxeTxLix2jIaUQx0kYa2IeZF0TwNj/zAsFCNYnNl3mJovnArjl1Zwq4SNyS1ECJ1sD+8kKB05hwjRlSqu86ifYzJDXFjORVL1UkQXiMhqRvKEcxUX42PSGHJ0YJYSSkeVzDqfq7I0OxKrYzlTHSIzXvFeJ/Xj/V0ZWfUZ6kmnA8GxSlDGoBizxgSCXBmk0MQVhSsyvEIyQR1ia1qgnBnT95kXTO6+5FvXHXqDUbZRwVcASOwSlwwSVoghvQAm2AwSN4Bq/gzXqyXqx362NWumSVPQfgD6zPH5URl4g=</latexit>J
/ 

17

M
A

SS R
A

D
IU

S of the N
U

C
LEO

N

0.6
0.8

1.0
1.2

1.4
0.0

0.5

1.0

1.5

2.0

F
IG

.
1:

L
eft:

th
e
F
eyn

m
an

d
iagram

of
J
/ 

p
h
otop

rod
u
ction

o↵
a
p
roton

.
R
ight:

th
e
d
i↵
erential

cross
section

of
J
/ 

p
h
otop

rod
u
ction

at
th
e
center-of-m

ass
en
ergy

E
cm

=
4.58

G
eV

(lab
.
en
ergy

of
th
e
p
h
oton

E
�
=

10.72
G
eV

);
th
e
d
ata

is
from

th
e
G
lu
eX

C
ollab

oration
[9];

th
e
th
eory

cu
rve

corresp
on

d
s
to

th
e
d
ip
ole

form
of

th
e
scalar

gravitation
al

form
factor

w
ith

th
e
p
aram

eter
m

s
=

1.24
±
0.07

G
eV

,
corresp

on
d
in
g
to

th
e
m
ass

rad
iu
s
of

th
e
p
roton

R
m
=

0.55
±
0.03

fm
.

of
⇡
r
2cc̄ ,

w
h
ere

th
e
size

of
th
e
c
c̄
p
air

r
cc̄ '

1
/2
m

c '
0
.08

fm
.
W
e
w
ill

fi
t
th
is

p
aram

eter
to

th
e
G
lu
eX

C
ollab

oration
d
ata

[9],
an

d
th
en

ch
eck

th
at

it
is
in

th
e
exp

ected
ran

ge.

L
et

u
s
b
riefl

y
d
iscu

ss
th
e
kin

em
atics

of
th
e
�
+

p
!

J
/
 
+

p
p
rocess.

B
ecau

se
of

th
e

large
m
ass

of
J
/
 
,
close

to
th
e
th
resh

old
th
e
p
rocess

is
ch
aracterized

by
a
sizab

le
m
in
im

al

m
om

entu
m

tran
sfer

tm
in ;

right
at

th
e
th
resh

old
,
its

valu
e
is

tm
in

=
�
M

2 
M
/(
M

 
+

M
)
'

�
2
.23

G
eV

2
'

�
(1
.5

G
eV

)
2,

w
h
ere

M
 
'

3
.097

G
eV

is
th
e
m
ass

of
J
/
 

an
d
M

'
0
.938

G
eV

is
th
e
m
ass

of
th
e
p
roton

.
T
h
e
large

m
agn

itu
d
e
of

tm
in
close

to
th
e
th
resh

old
m
akes

th
e

u
se

of
th
e
vector

m
eson

d
om

in
an

ce
m
od

el
qu

estion
ab

le.
O
n
th
e
oth

er
h
an

d
,
t
is

still
m
u
ch

sm
aller

th
an

4
m

2c '
6
.25

G
eV

2
w
h
ich

ju
stifi

es
th
e
ap

p
roach

b
ased

on
E
qs

(31)
an

d
(32).

In

th
is
kin

em
atical

d
om

ain
,
th
e
factor

c
2
in

(31)
can

in
d
eed

b
e
treated

as
a
con

stant;
w
h
en

th
e

m
agn

itu
d
e
of

t
b
ecom

es
com

p
arab

le
to

4
m

2c
'

6
.25

G
eV

2,
th
is

factor
can

b
e
exp

ected
to

acqu
ire

a
sign

ifi
cant

t
d
ep

en
d
en
ce.

B
ecau

se
tm

in
rap

id
ly

varies
w
ith

th
e
c.m

.s.
en
ergy

close

to
th
e
th
resh

old
,
th
e
en
ergy

d
ep

en
d
en
ce

of
th
e
integrated

cross
section

(33)
is
sen

sitive
th
e

scalar
gravitation

al
form

factor.
H
ow

ever
th
e
qu

antity
th
at

is
m
ost

sen
sitive

to
th
e
scalar

gravitation
al

form
factor

is
th
e
d
i↵
erential

cross
section

(32).

T
h
e
d
om

in
an

ce
of

th
e
scalar

glu
on

op
erator

over
th
e
op

erators
w
ith

covariant
d
erivatives

11

0.6
0.8

1.0
1.2

1.4
0.0

0.5

1.0

1.5

2.0

F
IG

.
1:

L
eft:

th
e
F
eyn

m
an

d
iagram

of
J
/ 

p
h
otop

rod
u
ction

o↵
a
p
roton

.
R
ight:

th
e
d
i↵
erential

cross
section

of
J
/ 

p
h
otop

rod
u
ction

at
th
e
center-of-m

ass
en
ergy

E
cm

=
4.58

G
eV

(lab
.
en
ergy

of
th
e
p
h
oton

E
�
=

10.72
G
eV

);
th
e
d
ata

is
from

th
e
G
lu
eX

C
ollab

oration
[9];

th
e
th
eory

cu
rve

corresp
on

d
s
to

th
e
d
ip
ole

form
of

th
e
scalar

gravitation
al

form
factor

w
ith

th
e
p
aram

eter
m

s
=

1.24
±

0.07
G
eV

,
corresp

on
d
in
g
to

th
e
m
ass

rad
iu
s
of

th
e
p
roton

R
m
=

0.55
±

0.03
fm

.

of
⇡
r
2cc̄ ,

w
h
ere

th
e
size

of
th
e
c
c̄
p
air

r
cc̄ '

1
/2
m

c '
0
.08

fm
.
W
e
w
ill

fi
t
th
is

p
aram

eter
to

th
e
G
lu
eX

C
ollab

oration
d
ata

[9],
an

d
th
en

ch
eck

th
at

it
is
in

th
e
exp

ected
ran

ge.

L
et

u
s
b
riefl

y
d
iscu

ss
th
e
kin

em
atics

of
th
e
�
+

p
!

J
/
 
+

p
p
rocess.

B
ecau

se
of

th
e

large
m
ass

of
J
/
 
,
close

to
th
e
th
resh

old
th
e
p
rocess

is
ch
aracterized

by
a
sizab

le
m
in
im

al

m
om

entu
m

tran
sfer

tm
in ;

right
at

th
e
th
resh

old
,
its

valu
e
is

tm
in

=
�
M

2 
M
/(
M

 
+

M
)
'

�
2
.23

G
eV

2
'

�
(1
.5

G
eV

)
2,

w
h
ere

M
 
'

3
.097

G
eV

is
th
e
m
ass

of
J
/
 

an
d
M

'
0
.938

G
eV

is
th
e
m
ass

of
th
e
p
roton

.
T
h
e
large

m
agn

itu
d
e
of

tm
in
close

to
th
e
th
resh

old
m
akes

th
e

u
se

of
th
e
vector

m
eson

d
om

in
an

ce
m
od

el
qu

estion
ab

le.
O
n
th
e
oth

er
h
an

d
,
t
is

still
m
u
ch

sm
aller

th
an

4
m

2c '
6
.25

G
eV

2
w
h
ich

ju
stifi

es
th
e
ap

p
roach

b
ased

on
E
qs

(31)
an

d
(32).

In

th
is
kin

em
atical

d
om

ain
,
th
e
factor

c
2
in

(31)
can

in
d
eed

b
e
treated

as
a
con

stant;
w
h
en

th
e

m
agn

itu
d
e
of

t
b
ecom

es
com

p
arab

le
to

4
m

2c
'

6
.25

G
eV

2,
th
is

factor
can

b
e
exp

ected
to

acqu
ire

a
sign

ifi
cant

t
d
ep

en
d
en
ce.

B
ecau

se
tm

in
rap

id
ly

varies
w
ith

th
e
c.m

.s.
en
ergy

close

to
th
e
th
resh

old
,
th
e
en
ergy

d
ep

en
d
en
ce

of
th
e
integrated

cross
section

(33)
is
sen

sitive
th
e

scalar
gravitation

al
form

factor.
H
ow

ever
th
e
qu

antity
th
at

is
m
ost

sen
sitive

to
th
e
scalar

gravitation
al

form
factor

is
th
e
d
i↵
erential

cross
section

(32).

T
h
e
d
om

in
an

ce
of

th
e
scalar

glu
on

op
erator

over
th
e
op

erators
w
ith

covariant
d
erivatives

11

<latexit sha1_base64="8zbeWx0N8ihDlyIP0BiL8UEKU5M=">AAACAHicbVC7TsMwFHXKq5RXgIGBJaJCYqoSVAFjBQOMRaIPKY0qx3Faq44d2Q5SlaYDv8LCAEKsfAYbf4PTZoCWI1k+Oude3XuPH1MilW1/G6WV1bX1jfJmZWt7Z3fP3D9oS54IhFuIUy66PpSYEoZbiiiKu7HAMPIp7vijm9zvPGIhCWcPahxjL4IDRkKCoNJS3zzq+ZwGchzpL52oyXTq3uK2l/XNql2zZ7CWiVOQKijQ7JtfvYCjJMJMIQqldB07Vl4KhSKI4qzSSySOIRrBAXY1ZTDC0ktnB2TWqVYCK+RCP6asmfq7I4WRzHfUlRFUQ7no5eJ/npuo8MpLCYsThRmaDwoTailu5WlYAREYKTrWBCJB9K4WGkIBkdKZVXQIzuLJy6R9XnMuavX7erVxXcRRBsfgBJwBB1yCBrgDTdACCGTgGbyCN+PJeDHejY95ackoeg7BHxifP++Bl0c=</latexit>

|t|
[G

e
V
]

<latexit sha1_base64="i+E7jMN2hjDJGxAqFPnZjjPqBlw=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKEgLGChbFI9CE1UeU4TmvVjiPbQarSrCz8CgsDCLHyB2z8DU6bAVquZPnonHt07z1BwqjSjvNtVVZW19Y3qpu1re2d3T17/6CjRCoxaWPBhOwFSBFGY9LWVDPSSyRBPGCkG4xvCr37QKSiIr7Xk4T4HA1jGlGMtKEGNvQCwUI14ebLstBTdMiRJ4wFhlM9zfOBXXcazqzgMnBLUAdltQb2lxcKnHISa8yQUn3XSbSfIakpZiSveakiCcJjNCR9A2PEifKz2SU5PDFMCCMhzYs1nLG/HRniqljWdHKkR2pRK8j/tH6qoys/o3GSahLj+aAoZVALWMQCQyoJ1mxiAMKSml0hHiGJsDbh1UwI7uLJy6Bz1nAvGud35/XmdRlHFRyBY3AKXHAJmuAWtEAbYPAInsEreLOerBfr3fqYt1as0nMI/pT1+QM205tQ</latexit>d
�

d|t|

<latexit sha1_base64="X4MGY4U2qaQ4BdYHehaltqLNwf4=">AAACEnicbVC7SgNBFJ31bXxFLW0Gg6BN2JWglqKFlhFMFLJrmJ3cTQZnZ5aZu0JY8g02/oqNhSK2Vnb+jZNH4evCMIdz7uHee+JMCou+/+lNTc/Mzs0vLJaWlldW18rrG02rc8OhwbXU5jpmFqRQ0ECBEq4zAyyNJVzFt6dD/eoOjBVaXWI/gyhlXSUSwRk6ql3eC2MtO7afuq8IJSTYKlQcauehZ9C82R+ERnR7GA3a5Ypf9UdF/4JgAipkUvV2+SPsaJ6noJBLZm0r8DOMCmZQcAmDUphbyBi/ZV1oOahYCjYqRicN6I5jOjTRxj2FdMR+dxQstcOtXWfKsGd/a0PyP62VY3IUFUJlOYLi40FJLilqOsyHdoQBjrLvAONGuF0p7zHDOLoUSy6E4PfJf0FzvxocVGsXtcrxySSOBbJFtskuCcghOSbnpE4ahJN78kieyYv34D15r97buHXKm3g2yY/y3r8Ah4qepA==</latexit>


n
b

G
e
V

2 � M
ass (“gravitational”) form

 factor
Trace of the Q

C
D

 energy-m
om

entum
 tensor 

<latexit sha1_base64="kl84YHpMc+MNLJPF+3XSKd35cLw="></latexit>

G
m
(q

2)
⇠

hP
0|T

µµ
|P

i
=

hP
0|
�2
g
G

µ
⌫

a
G

aµ
⌫
+

m
q (ū
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d
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cross
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J
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p
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rod
u
ction

at
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center-of-m
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en
ergy

E
cm

=
4.58

G
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(lab
.
en
ergy

of
th
e
p
h
oton

E
�
=

10.72
G
eV
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th
e
d
ata
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th
e
G
lu
eX

C
ollab

oration
[9];

th
e
th
eory

cu
rve

corresp
on

d
s
to

th
e
d
ip
ole

form
of

th
e
scalar

gravitation
al

form
factor

w
ith

th
e
p
aram

eter
m

s
=

1.24
±

0.07
G
eV

,
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d
in
g
to

th
e
m
ass

rad
iu
s
of

th
e
p
roton

R
m
=
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.
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⇡
r
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size
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th
e
c
c̄
p
air

r
cc̄ '

1
/2
m

c '
0
.08

fm
.
W
e
w
ill
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eX

C
ollab

oration
d
ata
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en
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b
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atics

of
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rocess.
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of
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rocess
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im

al
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om

entu
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tran
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e
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+
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�
2
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G
eV
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�
(1
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w
h
ere
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3
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G
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is
th
e
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of
J
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an
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0
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is
th
e
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th
e
p
roton

.
T
h
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large

m
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d
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th
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akes

th
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vector

m
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le.
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n
th
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,
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an
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.25

G
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w
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ich

ju
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es
th
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ap

p
roach

b
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(32).
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,
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b
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b
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se
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in
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e
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of
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scalar

glu
on
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erator

over
th
e
op

erators
w
ith

covariant
d
erivatives
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L
eft:

the
Feynm

an
diagram

of
J
/ 

photoproduction
o↵

a
proton.

R
ight:

the
di↵erential

cross
section

of
J
/ 

photoproduction
at

the
center-of-m

ass
energy

E
cm

=
4.58

G
eV

(lab.
energy

of
the

photon
E
�
=

10.72
G
eV

);
the

data
is
from

the
G
lueX

C
ollaboration

[9];
the

theory
curve

corresponds
to

the
dipole

form
of

the
scalar

gravitational
form

factor
w
ith

the
param

eter
m

s
=

1.24±
0.07

G
eV

,
corresponding

to
the

m
ass

radius
of

the
proton

R
m
=
0.55±

0.03
fm

.

of
⇡
r 2cc̄ ,

w
here

the
size

of
the

c
c̄
pair

r
cc̄ '

1
/2
m

c '
0
.08

fm
.
W
e
w
ill

fit
this

param
eter

to

the
G
lueX

C
ollaboration

data
[9],

and
then

check
that

it
is
in

the
expected

range.

L
et

us
briefly

discuss
the

kinem
atics

of
the

�
+
p
!

J
/
 
+
p
process.

B
ecause

of
the

large
m
ass

of
J
/
 
,
close

to
the

threshold
the

process
is
characterized

by
a
sizable

m
inim

al

m
om

entum
transfer

t
m
in ;

right
at

the
threshold,

its
value

is
t
m
in
=

�
M

2 
M
/(
M
 
+
M
) '

�
2
.23

G
eV

2
'

�
(1
.5

G
eV

) 2,
w
here

M
 
'

3
.097

G
eV

is
the

m
ass

of
J
/
 
and

M
'

0
.938

G
eV

is
the

m
ass

of the
proton.

T
he

large
m
agnitude

of
t
m
in
close

to
the

threshold
m
akes

the

use
of

the
vector

m
eson

dom
inance

m
odel

questionable.
O
n
the

other
hand,

t
is
still

m
uch

sm
aller

than
4
m
2c '

6
.25

G
eV

2
w
hich

justifies
the

approach
based

on
E
qs

(31)
and

(32).
In

this
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Tµ
µ

<latexit sha1_base64="Jbm60ZVtl9KwRl1mjBrI2LzLIKo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNy4r2Ae0Y8lkMm1oJhmSjFKG/ocbF4q49V/c+Tdm2llo64GQwzn3kpMTJJxp47rfTmltfWNzq7xd2dnd2z+oHh51tEwVoW0iuVS9AGvKmaBtwwynvURRHAecdoPJTe53H6nSTIp7M02oH+ORYBEj2FjpYRBIHuppbK9sNBtWa27dnQOtEq8gNSjQGla/BqEkaUyFIRxr3ffcxPgZVoYRTmeVQappgskEj2jfUoFjqv1snnqGzqwSokgqe4RBc/X3RoZjnUezkzE2Y73s5eJ/Xj810bWfMZGkhgqyeChKOTIS5RWgkClKDJ9agoliNisiY6wwMbaoii3BW/7yKulc1L3LeuOuUWs2ijrKcAKncA4eXEETbqEFbSCg4Ble4c15cl6cd+djMVpyip1j+APn8wc4L5Lz</latexit>g

<latexit sha1_base64="Jbm60ZVtl9KwRl1mjBrI2LzLIKo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNy4r2Ae0Y8lkMm1oJhmSjFKG/ocbF4q49V/c+Tdm2llo64GQwzn3kpMTJJxp47rfTmltfWNzq7xd2dnd2z+oHh51tEwVoW0iuVS9AGvKmaBtwwynvURRHAecdoPJTe53H6nSTIp7M02oH+ORYBEj2FjpYRBIHuppbK9sNBtWa27dnQOtEq8gNSjQGla/BqEkaUyFIRxr3ffcxPgZVoYRTmeVQappgskEj2jfUoFjqv1snnqGzqwSokgqe4RBc/X3RoZjnUezkzE2Y73s5eJ/Xj810bWfMZGkhgqyeChKOTIS5RWgkClKDJ9agoliNisiY6wwMbaoii3BW/7yKulc1L3LeuOuUWs2ijrKcAKncA4eXEETbqEFbSCg4Ble4c15cl6cd+djMVpyip1j+APn8wc4L5Lz</latexit>g

<latexit sha1_base64="IACulQ8HU2KY7e8DuA0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+iduXCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQjmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>⇡
<latexit sha1_base64="IACulQ8HU2KY7e8DuA0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+iduXCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQjmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>⇡

<latexit sha1_base64="esOgoV3tWKVNuu0k8z+sr8xykoU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN4qbCvYB7VgymbQNzSRDklHK0P9w40IRt/6LO//GTDsLbT0QcjjnXnJygpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsr89iNVmklxbyYx9SM8FGzACDZWeugFkod6EtkrvZ32yxW36s6AlomXkwrkaPTLX71QkiSiwhCOte56bmz8FCvDCKfTUi/RNMZkjIe0a6nAEdV+Oks9RSdWCdFAKnuEQTP190aKI51Fs5MRNiO96GXif143MYNLP2UiTgwVZP7QIOHISJRVgEKmKDF8YgkmitmsiIywwsTYokq2BG/xy8ukdVb1zqu1u1qlfpPXUYQjOIZT8OAC6nANDWgCAQXP8ApvzpPz4rw7H/PRgpPvHMIfOJ8/E/SS7A==</latexit>

K

<latexit sha1_base64="r+JeO4DLcJteBgfxgL1Hp+P2PEo=">AAAB/XicbVDNS8MwHE39nPOrfty8BIfgabQy1OPAi+JlgvuAtYw0TbewNClJKsxS/Fe8eFDEq/+HN/8b060H3XwQ8njv9yMvL0gYVdpxvq2l5ZXVtfXKRnVza3tn197b7yiRSkzaWDAhewFShFFO2ppqRnqJJCgOGOkG46vC7z4Qqajg93qSED9GQ04jipE20sA+9ALBQjWJzZV5AZLZbZ4P7JpTd6aAi8QtSQ2UaA3sLy8UOI0J15ghpfquk2g/Q1JTzEhe9VJFEoTHaEj6hnIUE+Vn0/Q5PDFKCCMhzeEaTtXfGxmKVRHQTMZIj9S8V4j/ef1UR5d+RnmSasLx7KEoZVALWFQBQyoJ1mxiCMKSmqwQj5BEWJvCqqYEd/7Li6RzVnfP6427Rq15U9ZRAUfgGJwCF1yAJrgGLdAGGDyCZ/AK3qwn68V6tz5mo0tWuXMA/sD6/AFrT5Xi</latexit>

K̄

Estimates of sigma terms and associated radii from Lattice QCD and ChPT

<latexit sha1_base64="/wtybn+uSJYDlIqioekOw4TJBb4="></latexit>

hr2micore = 0.48 ± 0.05 fm

PHYSIK
DEPARTMENT

<latexit sha1_base64="nN6fpY2IncK+IlSvDOhRzfUeLOs="></latexit>

�N ' 40 � 60 MeV , �s ' 30 MeV
<latexit sha1_base64="3VSYU1ILjK0KcHI0pqJhi8EfrA4="></latexit>

hr2⇡⇡i1/2 ' 1.3 fm , hr2KK̄i ⇠ (m⇡/mK)2hr2⇡⇡i

N. Kaiser,  W. W.  (2024)

arXiv:2404.11292



Separation of scales 
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<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

TWO-SCALES Picture of the NUCLEON : implications for

 DENSE BARYONIC MATTER

<latexit sha1_base64="LHa7EUxJUlb0axH8txG5SP+4S5g=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwIWWmFHVZdOOyin1Ap5RMmmlD8xiSjFCG+Qs3/oobF4q41Z1/Y6btQlsvhBzOuYd77wljRrXxvG+nsLK6tr5R3Cxtbe/s7rn7By0tE4VJE0smVSdEmjAqSNNQw0gnVgTxkJF2OL7O9fYDUZpKcW8mMelxNBQ0ohgZS/XdShBKNtATbr/0rp9iqUgWaMph6gfSOmE1C86yNAgjGPGs75a9ijctuAz8OSiDeTX67lcwkDjhRBjMkNZd34tNL0XKUMxIVgoSTWKEx2hIuhYKxInupdO7MnhimQGMpLJPGDhlfztSxHW+uu3kyIz0opaT/2ndxESXvZSKODFE4NmgKGHQSJiHBAdUEWzYxAKEFbW7QjxCCmFjoyzZEPzFk5dBq1rxzyu121q5fjWPowiOwDE4BT64AHVwAxqgCTB4BM/gFbw5T86L8+58zFoLztxzCP6U8/kDysqgTA==</latexit>

Rcore ⇠
1

2
fm

<latexit sha1_base64="wba8i7MnntucbGNbySoyU2fSqhQ=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxoCpBFTBWsDAWRB9SE0WO47RW7TiyHaQqyh+w8CssDCDEysrG3+A+Bmg5kuWjc+7VvfeEKaNKO863VVpaXlldK69XNja3tnfs3b22EpnEpIUFE7IbIkUYTUhLU81IN5UE8ZCRTji8HvudByIVFcm9HqXE56if0JhipI0U2MdeKFikRtx8+V2QYyayqPAU5dD1TovcC2MY8yKwq07NmQAuEndGqmCGZmB/eZHAGSeJxgwp1XOdVPs5kppiRoqKlymSIjxEfdIzNEGcKD+f3FPAI6NEMBbSvETDifq7I0dcjVc2lRzpgZr3xuJ/Xi/T8aWf0yTNNEnwdFCcMagFHIcDIyoJ1mxkCMKSml0hHiCJsDYRVkwI7vzJi6R9VnPPa/XberVxNYujDA7AITgBLrgADXADmqAFMHgEz+AVvFlP1ov1bn1MS0vWrGcf/IH1+QOkep0I</latexit>

Rcloud ⇠ 1 fm

<latexit sha1_base64="GniReDPhhqmkSYqitFeS7Q6NuSU=">AAACI3icbVC7TsMwFHV4U14FRhaLCgmWKgEEiAnBwgiIAlJTKse5Sa06cWTfIFVR/oWFX2FhACEWBv4Fp3TgdSXLx+feo+tzgkwKg6777oyNT0xOTc/M1ubmFxaX6ssrV0blmkOLK6n0TcAMSJFCCwVKuMk0sCSQcB30T6r+9R1oI1R6iYMMOgmLUxEJztBS3fqhHygZmkFir8KXEOFmcdEtuFR5WPrKSmn1VBrK0tci7uHW7Y4fx9Qru/WG23SHRf8CbwQaZFRn3fqrHyqeJ5Ail8yYtudm2CmYRsEllDU/N5Ax3mcxtC1MWQKmUww9lnTDMiGNlLYnRTpkvysKlpjKhp1MGPbM715F/tdr5xgddAqRZjlCyr8WRbmkqGgVGA2FBo5yYAHjWti/Ut5jmnG0sdZsCN5vy3/B1XbT22vunu82jo5HccyQNbJONolH9skROSVnpEU4uSeP5Jm8OA/Ok/PqvH2NjjkjzSr5Uc7HJ+zGpaM=</latexit>✓
Rcloud

Rcore

◆3

� 1

Soft mesonic (multi-pion) cloud 
expected to expand with increasing baryon density along with

<latexit sha1_base64="Uc8ePHUxkBnwBUA4o4BQG1paFDU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahuiiJFHVZdOOygn1AE8NkMmmHTjJhZiKUUHDjr7hxoYhbf8Kdf+OkzUJbDwxzOOde7r3HTxiVyrK+jdLS8srqWnm9srG5tb1j7u51JE8FJm3MGRc9H0nCaEzaiipGeokgKPIZ6fqj69zvPhAhKY/v1DghboQGMQ0pRkpLnnng+JwFchzpLws9J6H3pzVHDPnJxDOrVt2aAi4SuyBVUKDlmV9OwHEakVhhhqTs21ai3AwJRTEjk4qTSpIgPEID0tc0RhGRbja9YQKPtRLAkAv9YgWn6u+ODEUyX1NXRkgN5byXi/95/VSFl25G4yRVJMazQWHKoOIwDwQGVBCs2FgThAXVu0I8RAJhpWOr6BDs+ZMXSeesbp/XG7eNavOqiKMMDsERqAEbXIAmuAEt0AYYPIJn8ArejCfjxXg3PmalJaPo2Qd/YHz+APjYl7s=</latexit>

f⇤
⇡(⇢)decreasing in-medium pion decay constant

Hard baryonic core governed by gluon dynamics
expected to remain stable with increasing baryon density up until

PHYSIK
DEPARTMENT

<latexit sha1_base64="yQuL6rCPDNDqwVm6klK99O4Ucbg="></latexit>

hr2Si1/2core ' hr2Ai1/2core ' hr2mi1/2core ⌘ Rcore = 0.50 ± 0.02 fm

hard compact cores begin to touch and overlap



Soft       clouds delocalize: 

percolation       many-body forces 

baryonic cores still separated, but subject to increasingly strong repulsive Pauli effects
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TWO-SCALES Scenario  for  DENSE BARYONIC MATTER

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q
<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>
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<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>
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<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>
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<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>
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<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="JQU/J76MenmcnkhI/p9KAJDhxjo=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEF6UkUtRlwY3uKtgLNKFMppN26GQmzEyUELpz46u4caGIW1/BnW/jpM1CW38Y+PjPOZw5fxAzqrTjfFtLyyura+uljfLm1vbOrr2331YikZi0sGBCdgOkCKOctDTVjHRjSVAUMNIJxld5vXNPpKKC3+k0Jn6EhpyGFCNtrL595AVhFiCZCu5VveqAcEV1miMTD5Ny3644NWcquAhuARVQqNm3v7yBwElEuMYMKdVznVj7GZKaYkYmZS9RJEZ4jIakZ5CjiCg/m94xgSfGGcBQSPO4hlP390SGIqXSKDCdEdIjNV/Lzf9qvUSHl35GeZxowvFsUZgwqAXMQ4EDKgnWLDWAsKTmrxCPkERYm+jyENz5kxehfVZzz2v123qlcVPEUQKH4BicAhdcgAa4Bk3QAhg8gmfwCt6sJ+vFerc+Zq1LVjFzAP7I+vwBaZOZCg==</latexit>

baryon density low
<latexit sha1_base64="YkVfCSMabiMpDyFtpCfZSvUeVL4=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFFKIkVdFtzoroK9QBPKZDJphk4mYWYihNClG1/FjQtF3PoI7nwbJ20W2vrDwMd/zuHM+b2EUaks69uorKyurW9UN2tb2zu7e+b+QU/GqcCki2MWi4GHJGGUk66iipFBIgiKPEb63uS6qPcfiJA05vcqS4gboTGnAcVIaWtkHjtekHtIZDF3Gk7DJ1xSlRUY0nE4rY3MutW0ZoLLYJdQB6U6I/PL8WOcRoQrzJCUQ9tKlJsjoShmZFpzUkkShCdoTIYaOYqIdPPZIVN4qh0fBrHQjys4c39P5CiSMos83RkhFcrFWmH+VxumKrhyc8qTVBGO54uClEEVwyIV6FNBsGKZBoQF1X+FOEQCYaWzK0KwF09eht55075otu5a9fZtGUcVHIETcAZscAna4AZ0QBdg8AiewSt4M56MF+Pd+Ji3Voxy5hD8kfH5AxAnmWI=</latexit>

baryon density high

Baryon densities 
<latexit sha1_base64="XX8RfRnOGBYeC4rJ+kBXEtnDTfw=">AAACHHicbVDLSgMxFM34rPU16tJNsAgutMzYom6EohuXFewDOmPJpJk2NJkMSUYow3yIG3/FjQtF3LgQ/BszbRfaeiDkcM693HtPEDOqtON8WwuLS8srq4W14vrG5ta2vbPbVCKRmDSwYEK2A6QIoxFpaKoZaceSIB4w0gqG17nfeiBSURHd6VFMfI76EQ0pRtpIXbviBYL11IibL/XkQEBPUQ5z1nXgJXTK7lnmHadeEMKQ36cnlSzr2iWn7IwB54k7JSUwRb1rf3o9gRNOIo0ZUqrjOrH2UyQ1xYxkRS9RJEZ4iPqkY2iEOFF+Oj4ug4dG6cFQSPMiDcfq744UcZXvbyo50gM16+Xif14n0eGFn9IoTjSJ8GRQmDCoBcyTgj0qCdZsZAjCkppdIR4gibA2eRZNCO7syfOkeWryK1dvq6Xa1TSOAtgHB+AIuOAc1MANqIMGwOARPINX8GY9WS/Wu/UxKV2wpj174A+srx/ONqCK</latexit>

⇢ ⇠ ⇢0 = 0.16 fm�3

tails of mesonic clouds overlap : 

two-body exchange forces 

between nucleons 

<latexit sha1_base64="NYwR1E0DSDqFvyjETIN9l8fxQOE=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwQJWUChgrWBiLRB9SE0WO47RWnTiyHaQq6iew8CssDCDEysjG3+C0GaDlSpaPzjlX997jJ4xKZVnfRmlpeWV1rbxe2djc2t4xd/c6kqcCkzbmjIuejyRhNCZtRRUjvUQQFPmMdP3RTa53H4iQlMf3apwQN0KDmIYUI6Upzzx2fM4COY70lzliyKEzUNoewTo8g+fOac551sQzq1bNmhZcBHYBqqColmd+OQHHaURihRmSsm9biXIzJBTFjEwqTipJgvAIDUhfwxhFRLrZ9KAJPNJMAEMu9IsVnLK/OzIUyXxn7YyQGsp5LSf/0/qpCq/cjMZJqkiMZ4PClEHFYZ4ODKggWLGxBggLqneFeIgEwkpnWNEh2PMnL4JOvWZf1Bp3jWrzuoijDA7AITgBNrgETXALWqANMHgEz+AVvBlPxovxbnzMrCWj6NkHf8r4/AFo7Jwq</latexit>

⇢ & 2 � 3 ⇢0
<latexit sha1_base64="zRL2Zk2bFsoiVo4iDiJzCs6UzdQ=">AAAB/nicbVBPS8MwHE3nvzn/VcWTl+AQPI1WhnocevE4wc3BWkaapltYmnRJKoxS8Kt48aCIVz+HN7+N6daDbj4Iebz3+5GXFySMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIXoAUYZSTjqaakV4iCYoDRh6C8U3hPzwSqajg93qaED9GQ04jipE20sA+8gLBQjWNzZV5AZLZJJ/kA7vuNJwZ4DJxS1IHJdoD+8sLBU5jwjVmSKm+6yTaz5DUFDOS17xUkQThMRqSvqEcxUT52Sx+Dk+NEsJISHO4hjP190aGYlUkNJMx0iO16BXif14/1dGVn1GepJpwPH8oShnUAhZdwJBKgjWbGoKwpCYrxCMkEdamsZopwV388jLpnjfci0bzrllvXZd1VMExOAFnwAWXoAVuQRt0AAYZeAav4M16sl6sd+tjPlqxyp1D8AfW5w98DZZ8</latexit>

q̄q

<latexit sha1_base64="4qxhxWeaEya3eRXy9Be+8sFYtGE=">AAACBnicbVDLSgMxFM34rPU16lKEYBFcSJmR+lhJ0Y3LCvYBnWHIpJk2NJMMSUYoQ1du/BU3LhRx6ze482/MtLPQ1gMhh3Pu5d57woRRpR3n21pYXFpeWS2tldc3Nre27Z3dlhKpxKSJBROyEyJFGOWkqalmpJNIguKQkXY4vMn99gORigp+r0cJ8WPU5zSiGGkjBfaBFwrWU6PYfJknBwJewTPvJGeBMw7silN1JoDzxC1IBRRoBPaX1xM4jQnXmCGluq6TaD9DUlPMyLjspYokCA9Rn3QN5Sgmys8mZ4zhkVF6MBLSPK7hRP3dkaFY5ZuayhjpgZr1cvE/r5vq6NLPKE9STTieDopSBrWAeSawRyXBmo0MQVhSsyvEAyQR1ia5sgnBnT15nrROq+55tXZXq9SvizhKYB8cgmPgggtQB7egAZoAg0fwDF7Bm/VkvVjv1se0dMEqevbAH1ifP28OmHU=</latexit>

⇢ > 5 ⇢0

compact nucleon cores begin to touch and overlap at distances 

(but still have to overcome repulsive NN hard core)

<latexit sha1_base64="QL/CO1XN5t93AkoTac5mrL2wc88=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjRV0W3bisYB/QGUomk2lD8xiSjFCGfoAbf8WNC0Xc+gHu/Bsz7Sy09ULI4ZxzufeeMGFUG9f9dkorq2vrG+XNytb2zu5edf+go2WqMGljyaTqhUgTRgVpG2oY6SWKIB4y0g3HN7nefSBKUynuzSQhAUdDQWOKkbHUoFrzQ8kiPeH2yyLoM6K1phx6U/8s88MYxnxqXW7dnRVcBl4BaqCo1qD65UcSp5wIgxnSuu+5iQkypAzFjEwrfqpJgvAYDUnfQoE40UE2O2YKTywTwVgq+4SBM/Z3R4a4zve1To7MSC9qOfmf1k9NfBVkVCSpIQLPB8Upg0bCPBkYUUWwYRMLEFbU7grxCCmEjc2vYkPwFk9eBp3zundRb9w1as3rIo4yOALH4BR44BI0wS1ogTbA4BE8g1fw5jw5L8678zG3lpyi5xD8KefzB7S6m2U=</latexit>

d . 1 fm

(beyond central densities of neutron stars)
K. Fukushima, T. Kojo,  W.W.  
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Abstract: Nuclear many-body theory is based on the tenet that nuclear systems can be accurately
described as collections of point-like particles. This picture, while providing a remarkably accurate
explanation of a wealth of measured properties of atomic nuclei, is bound to break down in the high-
density regime, in which degrees of freedom other than protons and neutrons are expected to come
into play. Valuable information on the validity of the description of dense nuclear matter in terms of
nucleons, needed to firmly establish its limit of applicability, can be obtained from electron–nucleus
scattering data at large momentum transfer and low energy transfer. The emergence of y-scaling in
this kinematic region, unambiguously showing that the beam particles couple to high-momentum
nucleons belonging to strongly correlated pairs, indicates that at densities as large as five times
nuclear density—typical of the neutron star interior—nuclear matter largely behaves as a collection
of nucleons.

Keywords: nuclear response; y-scaling; short-range correlations; dense matter

1. Introduction

The available empirical information on nuclear properties demonstrates that in spite
of the finite size and complex internal structure of protons and neutrons, atomic nuclei
largely behave as collections of point-like constituents obeying the laws of nonrelativistic
quantum mechanics. Investigation of the limits of applicability of this picture, providing
the conceptual basis of nuclear many-body theory, is of paramount importance to the
development of a unified framework for the description of all nuclear systems, from the
deuteron to heavy nuclei and neutron stars [1].

In recent years, astrophysical observation—notably the detection of gravitational
radiation emitted by a coalescing binary neutron star system reported by the LIGO/Virgo
Collaboration [2–4] and the mass-radius measurements performed by the NICER satellite [5–
10]—have provided unprecedented information that allows constraining the theoretical
models of neutron star matter. Complementary access to the properties of dense matter
can be gained from the analysis of the large database of high-quality electron–nucleus
scattering data, spanning a broad kinematical region and nuclear targets ranging from
deuteron and helium to nuclei as heavy as gold; for a review, see, e.g., Ref. [11].

Experiments in which a beam of weakly interacting particles is scattered off a compos-
ite system have long been recognised as a powerful tool to reveal the internal structure of
the target. These studies exploit the observation—based on general quantum mechanical
considerations—that a simple two-body reaction mechanism, involving only the beam par-
ticle and one of the target constituents, becomes dominant at large momentum transfer. As
a consequence, the target response in this regime exhibits a remarkable scaling behaviour
in a variable simply related to the momentum of the struck constituent. The occurrence
of scaling is largely independent of the target internal dynamics and has been observed
in a variety of different processes, such as neutron scattering off quantum liquids [12],
electron–nucleus scattering [13], and electron–proton scattering [14]. The connection be-
tween scaling in many-body systems and Bjorken scaling in deep inelastic scattering has
been analysed in Ref. [15].
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1. Introduction

The available empirical information on nuclear properties demonstrates that in spite
of the finite size and complex internal structure of protons and neutrons, atomic nuclei
largely behave as collections of point-like constituents obeying the laws of nonrelativistic
quantum mechanics. Investigation of the limits of applicability of this picture, providing
the conceptual basis of nuclear many-body theory, is of paramount importance to the
development of a unified framework for the description of all nuclear systems, from the
deuteron to heavy nuclei and neutron stars [1].

In recent years, astrophysical observation—notably the detection of gravitational
radiation emitted by a coalescing binary neutron star system reported by the LIGO/Virgo
Collaboration [2–4] and the mass-radius measurements performed by the NICER satellite [5–
10]—have provided unprecedented information that allows constraining the theoretical
models of neutron star matter. Complementary access to the properties of dense matter
can be gained from the analysis of the large database of high-quality electron–nucleus
scattering data, spanning a broad kinematical region and nuclear targets ranging from
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FIG.12.Posterior95%and68%crediblebandsandmedians
forthebaryonchemicalpotentialµasafunctionofbaryon
densityninunitsofthenuclearsaturationdensity,n0=
0.16fm�3

.

"[GeVfm�3
]c

2
sP[MeVfm�3

]n/n0µ[GeV]

0.10.020.80.660.96

0.20.075.41.310.98

0.30.2017.41.931.03

0.40.4449.02.501.12

0.50.59101.33.031.24

0.60.64163.03.521.35

0.70.64226.83.971.46

0.80.62289.84.391.55

0.90.60350.94.781.64

1.00.59410.65.151.71

1.10.60470.45.501.78

1.20.61531.15.841.85

TABLEV.Tabulatedvaluesofthemedianforthesquared
soundvelocity,c

2
s,asafunctionofenergydensity"asshown

inFig.3,i.e.includingthepreviouslyavailabledataandthe
newinformationfromPSRJ0952-0607.Basedonthesevalues
thepressureiscomputedaswellasthebaryondensityn(in
unitsofthenuclearsaturationdensityn0)andthebaryon
chemicalpotentialµ.

Acomparisonofthistablewiththecorresponding
tableinAppendixCofRef.[16]isinstructiveasitun-
derlinesthesignificantsti↵eningoftheEoSthatemerges

whenthenewPSRJ0952-0607dataareincorporated
togetherwiththeupdatedimplementationsofChEFT
andpQCDconstraints.Forexample,intherange
"=0.5�0.9GeVfm�3thepressurehasincreasedby
typicallyaboutonethirdascomparedtotheprevious
resultsinRef.[16].

APPENDIXC:BAYESFACTORTABULAR

Akeyresultofthepresentworkisthesystematics

oftheBayesfactorB
c
2
s,min>0.1

c2
s,min0.1,quantifyingtheevidence

againstadroppingofthesquaredsoundspeedtovalues
belowc2

s,min0.1,asafunctionofthemaximummass
inneutronstars.Forafurtherdocumentationofthese
resultsatableofnumericalvaluesisusefultounderscore
theincreaseofthisevidencewhenthenewinformation
fromPSRJ0952-0607isincorporated.

Thereisextremeevidencethattheminimumsquared
soundspeed,afterexceedingtheconformallimit,does
notdroptovaluessmallerthan0.1forneutronstarswith
massesM1.9M�.Thereisstrongevidencethatc2

s,min
doesnotbecomesmallerthan0.1inneutronstarswith
massM2.0M�.TheBayesfactorsincreasefurther
withtheinclusionoftheblackwidow(BW)massdata.
Withthisnewempiricalinformationthereisstrongevi-
denceagainstsmallsoundspeedsc2

s,min<0.1insideneu-
tronstarsevenuptomassesM2.1M�.

B
c2
s,min>0.1

c2
s,min0.1

M/M�PreviousPrevious+BW

1.9201.02500.86

2.046.26229.80

2.14.5515.00

2.21.883.63

2.31.452.16

TABLEVI.BayesfactorsB
c2
s,min>0.1

c2
s,min0.1comparingEoSsamples

withthefollowingcompetingscenarios:a)minimumsquared
speedofsound(followingamaximum),withc

2
s,minlargerthan

0.1,excludingafirst-orderphasetransitionwithMaxwellcon-
struction;versusb)EoSwithc

2
s,min0.1.TheBayesfactors

arecalculatedforagivenmaximumneutronstarmassM,i.e.
theminimumspeedofsounduptothecorrespondingmaxi-
mummassisused.inthecomputation.
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FIG. 12. Posterior 95% and 68% credible bands and medians
for the baryon chemical potential µ as a function of baryon
density n in units of the nuclear saturation density, n0 =
0.16 fm�3.

" [GeV fm�3] c2s P [MeV fm�3] n/n0 µ [GeV]

0.1 0.02 0.8 0.66 0.96

0.2 0.07 5.4 1.31 0.98

0.3 0.20 17.4 1.93 1.03

0.4 0.44 49.0 2.50 1.12

0.5 0.59 101.3 3.03 1.24

0.6 0.64 163.0 3.52 1.35

0.7 0.64 226.8 3.97 1.46

0.8 0.62 289.8 4.39 1.55

0.9 0.60 350.9 4.78 1.64

1.0 0.59 410.6 5.15 1.71

1.1 0.60 470.4 5.50 1.78

1.2 0.61 531.1 5.84 1.85

TABLE V. Tabulated values of the median for the squared
sound velocity, c2s, as a function of energy density " as shown
in Fig. 3, i.e. including the previously available data and the
new information from PSR J0952-0607. Based on these values
the pressure is computed as well as the baryon density n (in
units of the nuclear saturation density n0) and the baryon
chemical potential µ.

A comparison of this table with the corresponding
table in Appendix C of Ref. [16] is instructive as it un-
derlines the significant sti↵ening of the EoS that emerges

when the new PSR J0952-0607 data are incorporated
together with the updated implementations of ChEFT
and pQCD constraints. For example, in the range
" = 0.5 � 0.9 GeV fm�3 the pressure has increased by
typically about one third as compared to the previous
results in Ref. [16].
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A key result of the present work is the systematics
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, quantifying the evidence

against a dropping of the squared sound speed to values
below c

2
s,min  0.1, as a function of the maximum mass

in neutron stars. For a further documentation of these
results a table of numerical values is useful to underscore
the increase of this evidence when the new information
from PSR J0952-0607 is incorporated.

There is extreme evidence that the minimum squared
sound speed, after exceeding the conformal limit, does
not drop to values smaller than 0.1 for neutron stars with
masses M  1.9M�. There is strong evidence that c2

s,min
does not become smaller than 0.1 in neutron stars with
mass M  2.0M�. The Bayes factors increase further
with the inclusion of the black widow (BW) mass data.
With this new empirical information there is strong evi-
dence against small sound speeds c2

s,min < 0.1 inside neu-
tron stars even up to masses M  2.1M�.

Bc2s,min>0.1

c2s,min0.1

M/M� Previous Previous + BW

1.9 201.02 500.86

2.0 46.26 229.80

2.1 4.55 15.00

2.2 1.88 3.63

2.3 1.45 2.16

TABLE VI. Bayes factors Bc2s,min>0.1

c2s,min0.1
comparing EoS samples

with the following competing scenarios: a) minimum squared
speed of sound (following a maximum), with c2s,min larger than
0.1, excluding a first-order phase transition with Maxwell con-
struction; versus b) EoS with c2s,min  0.1. The Bayes factors
are calculated for a given maximum neutron star mass M , i.e.
the minimum speed of sound up to the corresponding maxi-
mum mass is used. in the computation.
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for the baryon chemical potential µ as a function of baryon
density n in units of the nuclear saturation density, n0 =
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FIG. 12. Posterior 95% and 68% credible bands and medians
for the baryon chemical potential µ as a function of baryon
density n in units of the nuclear saturation density, n0 =
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<latexit sha1_base64="kwSpgutiKi0DyxFkuKMfxID1pGQ=">AAAB+3icbZBLSwMxFIUz9VXrq9alm2ARXJUZKeqy4ELBTQX7gHYomfROG5p5kNyRlmHAX+LGhSJu/SPu/Demj4W2Hgh8nHNDbo4XS6HRtr+t3Nr6xuZWfruws7u3f1A8LDV1lCgODR7JSLU9pkGKEBooUEI7VsACT0LLG11P89YjKC2i8AEnMbgBG4TCF5yhsXrFUtr1fNrpIowxvYFm5ma9Ytmu2DPRVXAWUCYL1XvFr24/4kkAIXLJtO44doxuyhQKLiErdBMNMeMjNoCOwZAFoN10tntGT43Tp36kzAmRztzfN1IWaD0JPDMZMBzq5Wxq/pd1EvSv3FSEcYIQ8vlDfiIpRnRaBO0LBRzlxADjSphdKR8yxTiaugqmBGf5y6vQPK84F5XqfbVcu3ua15Enx+SEnBGHXJIauSV10iCcjMkzeSVvVma9WO/Wx3w0Zy0qPCJ/ZH3+ADYYlQA=</latexit>

[GeV]

25
PHYSIK
DEPARTMENT

DENSE BARYONIC MATTER  in  NEUTRON STARS 

as a  RELAVISTIC FERMI LIQUID

B. Friman,  W. W.  :  Rhys. Rev. C100 (2019) 065807       L. Brandes,  W. W.  :  Symmetry 16 (2024) 111

Neutron Star Matter :  Fermi liquid  / dominantly neutrons + ca. 5 % protons

Baryonic Quasiparticles :  

baryons “dressed” by their strong interactions and imbedded in mesonic (multi-pion) field

<latexit sha1_base64="bNyyTq4wXg5GF4sZXtpZumiy3LE=">AAACDXicbVDLSgMxFM3UV62vUZduglVwIWVGiroRCm4ENxXsAzrDkMmkbWiSGZKMWIaCazf+ihsXirh1786/MdN2oa0HLvdwzg2594QJo0o7zrdVWFhcWl4prpbW1jc2t+ztnaaKU4lJA8cslu0QKcKoIA1NNSPtRBLEQ0Za4eAy91t3RCoai1s9TIjPUU/QLsVIGymwD7wwZpEactMyj6fwAnoq5QGF9wH1jo0S0FFgl52KMwacJ+6UlMEU9cD+8qIYp5wIjRlSquM6ifYzJDXFjIxKXqpIgvAA9UjHUIE4UX42vmYED40SwW4sTQkNx+rvFxniKl/YTHKk+2rWy8X/vE6qu+d+RkWSaiLw5KNuyqCOYR4NjKgkWLOhIQhLanaFuI8kwtoEWDIhuLMnz5PmScU9rVRvquXa9cMkjiLYA/vgCLjgDNTAFaiDBsDgETyDV/BmPVkv1rv1MRktWNMId8EfWJ8/lMScUg==</latexit>

µ =
X

i

xi µi

<latexit sha1_base64="+WF4jRkmoh2+94tVxigwhin2zlU=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBxVBmpKgboejGZQXbCp2hZDJpG5pJhiQjlKEbN/6KGxeKuPUf3Pk3ZtpZaOuFkMM593DvPWHCqNKu+22VlpZXVtfK65WNza3tHXt3r61EKjFpYcGEvA+RIoxy0tJUM3KfSILikJFOOLrO9c4DkYoKfqfHCQliNOC0TzHShurZh34oWKTGsfky6juXvsOdxPEjodWkZ1fdmjstuAi8AlRBUc2e/WWMOI0J15ghpbqem+ggQ1JTzMik4qeKJAiP0IB0DeQoJirIpldM4LFhItgX0jyu4ZT97chQrPJFTWeM9FDNazn5n9ZNdf8iyChPUk04ng3qpwxqAfNIYEQlwZqNDUBYUrMrxEMkEdYmuIoJwZs/eRG0T2veWa1+W682roo4yuAAHIET4IFz0AA3oAlaAINH8AxewZv1ZL1Y79bHrLVkFZ598Keszx8jc5hZ</latexit>

i = n, p, . . .

quasiparticle

potential

Landau effective mass
<latexit sha1_base64="Ean7KOaNwZbuvaJCTUjyBVJQTM0=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoCmWmFHUjFAVx4aKCfUCnHTJp2oYmkzHJCGXod7jxV9y4UMSduPFvTB8LbT0QcjjnXu69J4gYVdpxvq3UwuLS8kp6NbO2vrG5ZW/vVJWIJSYVLJiQ9QApwmhIKppqRuqRJIgHjNSC/uXIrz0QqagI7/QgIk2OuiHtUIy0kXzb9QLB2mrAzZdw/6Z1lPNkTxzCc+ipe6mTyL9qFY55qzDRh0Pfzjp5Zww4T9wpyYIpyr796bUFjjkJNWZIqYbrRLqZIKkpZmSY8WJFIoT7qEsahoaIE9VMxqcN4YFR2rAjpHmhhmP1d0eCuBptbyo50j01643E/7xGrDtnzYSGUaxJiCeDOjGDWsBRTrBNJcGaDQxBWFKzK8Q9JBHWJs2MCcGdPXmeVAt59yRfvC1mSxfTONJgD+yDHHDBKSiBa1AGFYDBI3gGr+DNerJerHfrY1KasqY9u+APrK8f2SWgHQ==</latexit>

m⇤
L(⇢) =

q
p2
F + m2(⇢)

Baryon chemical potential
<latexit sha1_base64="ORE1jOMfngi0PIDt8Jf0PtCrKY4=">AAACHnicbVDLSgMxFM3UV62vqks3wSJUhTIj9bERim5cuKjgtIXOWDJp2oYmkyHJCGWYL3Hjr7hxoYjgSv/GtJ2FVi+EnJxzLzfnBBGjStv2l5Wbm19YXMovF1ZW19Y3iptbDSViiYmLBROyFSBFGA2Jq6lmpBVJgnjASDMYXo715j2RiorwVo8i4nPUD2mPYqQN1Skee4FgXTXi5ko8Hpc9ORD78BzyzvXdQfY6hImHEYNuOiXSTrFkV+xJwb/AyUAJZFXvFD+8rsAxJ6HGDCnVduxI+wmSmmJG0oIXKxIhPER90jYwRJwoP5nYS+GeYbqwJ6Q5oYYT9udEgrgaOzCdHOmBmtXG5H9aO9a9Mz+hYRRrEuLpol7MoBZwnBXsUkmwZiMDEJbU/BXiAZIIa5NowYTgzFr+CxpHFeekUr2plmoXWRx5sAN2QRk44BTUwBWoAxdg8ACewAt4tR6tZ+vNep+25qxsZhv8KuvzG7HYoPI=</latexit>

µ(⇢) = m⇤
L(⇢) + U(⇢)

take median of  

         from Bayesian-inferred 


        neutron star EoS

<latexit sha1_base64="rYwC9k+44VckY0QdutrG8VWDmCw=">AAAB/3icbVDNS8MwHE3n15xfVcGLl+AQ5mW0MtTj0IvHCe4D1jLSNN3CkqYkqTDqDv4rXjwo4tV/w5v/jenWg24+CHm89/uRlxckjCrtON9WaWV1bX2jvFnZ2t7Z3bP3DzpKpBKTNhZMyF6AFGE0Jm1NNSO9RBLEA0a6wfgm97sPRCoq4ns9SYjP0TCmEcVIG2lgH3mBYKGacHNlHk9rnhyJs+nArjp1Zwa4TNyCVEGB1sD+8kKBU05ijRlSqu86ifYzJDXFjEwrXqpIgvAYDUnf0Bhxovxsln8KT40SwkhIc2INZ+rvjQxxlUc0kxzpkVr0cvE/r5/q6MrPaJykmsR4/lCUMqgFzMuAIZUEazYxBGFJTVaIR0girE1lFVOCu/jlZdI5r7sX9cZdo9q8Luoog2NwAmrABZegCW5BC7QBBo/gGbyCN+vJerHerY/5aMkqdg7BH1ifP1TMlk8=</latexit>

µ(⇢)

baryon chemical potential 

of  neutron star matter



<latexit sha1_base64="JAW+ESmOKnKkQVy77er5oBGaD+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lErMeCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqt5V9fL+slK/y+Mowgmcwjl4UIM63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdktY0/</latexit>

700

<latexit sha1_base64="1QSl8rVGnSLUp4TUdCgQJPjOabw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKNB4DXvQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh+ql2yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2Xvqly5r5Rqd1kceTiBUzgHD6pQg1uoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AbE6NRA==</latexit>

750

<latexit sha1_base64="XrGBhPR9Zv1LrTFMi/AY0yw+F1k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw5qfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+qenl/Wanf5XEU4QRO4Rw8uIY63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdmO41A</latexit>

800

<latexit sha1_base64="Eih9D9VGMWWyKjtrt1/eWSHh6t4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexK1BwDXvQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh+ql2yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJqz6Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7J3Va7cV0q1uyyOPJzAKZyDB9dQg1uoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AbdSNRQ==</latexit>

850

<latexit sha1_base64="hB/JrH6tI4YLJ3fmKKC3a+J7q4w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvOgtonlAsoTZyWwyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9HDtur1yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4AZ8GNQQ==</latexit>

900

<latexit sha1_base64="orAY9Ic1LX9N4RJ048Bjko90XKk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfN0CXvQW0TwgWcLsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupn6zSeujYjUI45j7od0oERfMIpWerg+d7vFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6VnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zsreRblyXylV77I48nAEx3AKHlxCFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kDb1qNRg==</latexit>

950

<latexit sha1_base64="vUySpNJ8EnP1qukdXubtcj5uqVw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FL3qraGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMr2f+4xMqzWP5YCYJ+hEdSh5yRo2V7muu2y9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zeMowgmcwjl4cAkNuIEmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w9dF406</latexit>

200

<latexit sha1_base64="V2bmLqg6wxVoY162hVpf6rpdplc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqt5ltXZfq9Tv8jiKcAKncA4eXEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNgI408</latexit>

400

<latexit sha1_base64="QomOglkiBaDqw3NSmzKhJeN2/D8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuql6tenl/Wanf5XEU4QRO4Rw8uII63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdjL40+</latexit>

600

<latexit sha1_base64="XrGBhPR9Zv1LrTFMi/AY0yw+F1k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw5qfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+qenl/Wanf5XEU4QRO4Rw8uIY63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdmO41A</latexit>

800

<latexit sha1_base64="1GgvCErC+Yq5/jyvomOPATJ9dWQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKqMeCF71VsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLa+sbmVnm7srO7t39QPTxqmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObnO/88S04bF6tNOEBZKMFI84JTaXfIzxoFrDdTwHWiV+QWpQoDmofvWHMU0lU5YKYkzPx4kNMqItp4LNKv3UsITQCRmxnqOKSGaCbH7rDJ05ZYiiWLtSFs3V3xMZkcZMZeg6JbFjs+zl4n9eL7XRTZBxlaSWKbpYFKUC2Rjlj6Mh14xaMXWEUM3drYiOiSbUungqLgR/+eVV0r6o+1f1y4fLWuO+iKMMJ3AK5+DDNTTgDprQAgpjeIZXePOk9+K9ex+L1pJXzBzDH3ifP8nKjXM=</latexit>

1000

<latexit sha1_base64="8paT6eMGxtYIyQJHFWp/6FlH1II=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF721YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vml6/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/S6PowgncArn4MEV1OEWGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/f6aMxQ==</latexit>

1
<latexit sha1_base64="tT78AOvQDOkK1rFZZZ1XxDa7nxw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXvSWgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb+d++wmV5rF8MJME/YgOJQ85o8ZKjUq/WHLL7gJknXgZKUGGer/41RvELI1QGiao1l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rwxp9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aVXK3lW52qiWavdZHHk4g3O4BA+uoQZ3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AYEqjMY=</latexit>

2
<latexit sha1_base64="0vg5JCqHRNLGjdY+O9myacsj0eY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI8BL3pLwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+mWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvatypV4pVe+zOPJwAqdwDh5cQxXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A4KujMc=</latexit>

3
<latexit sha1_base64="3TlNjMEOF0se7EhpQsBj8YfYWmM=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6rHgRW8V7Ae0oWy2k3btZhN2N0IJ/QVePChe/U3e/Ddu2xy09cHA470ZZuaFqeDaeN63U9rY3NreKe+6e/sHh0cV97itk0wxbLFEJKobUo2CS2wZbgR2U4U0DgV2wsnt3O88o9I8kY9mmmIQ05HkEWfUWOmhPqhUvZq3AFknfkGqUKA5qHz1hwnLYpSGCap1z/dSE+RUGc4Eztx+pjGlbEJH2LNU0hh1kC8OnZFzqwxJlChb0pCF+nsip7HW0zi0nTE1Y73qzcX/vF5mopsg5zLNDEq2XBRlgpiEzL8mQ66QGTG1hDLF7a2EjamizNhsXBuCv/ryOmlf1vyrWr3auC/CKMMpnMEF+HANDbiDJrSAAcILvMG78+S8Oh/LxpJTTJzAHzifPxmqi54=</latexit>

4
<latexit sha1_base64="9VlA0FcVxDR/myYkTTvVz+fWLIY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXvSWgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbmd+6wmV5rF8MOME/YgOJA85o8ZK9cteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwoe1flSr1Sqt5nceThBE7hHDy4hircQQ0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB4W2jMk=</latexit>

5
<latexit sha1_base64="sUePjHJLSKKgBllDQClTn0OmBuU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF721YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmm6/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/S6PowgncArn4MEV1OEWGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/fiKMxA==</latexit>

0

<latexit sha1_base64="sUePjHJLSKKgBllDQClTn0OmBuU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF721YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmm6/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/S6PowgncArn4MEV1OEWGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/fiKMxA==</latexit>

0

<latexit sha1_base64="IgMuC2ukG7I5TnqqpI9Amp5QJV8=">AAAB9HicbVBNSwMxEM36WetX1aOXYBHEQ9mVoh4LXhQ8VLAf0K4lm2bb0CS7JrPFsvR3ePGgiFd/jDf/jWm7B219MPB4b4aZeUEsuAHX/XaWlldW19ZzG/nNre2d3cLeft1EiaasRiMR6WZADBNcsRpwEKwZa0ZkIFgjGFxN/MaQacMjdQ+jmPmS9BQPOSVgJT9tA3sCLDu3D6fjTqHoltwp8CLxMlJEGaqdwle7G9FEMgVUEGNanhuDnxINnAo2zrcTw2JCB6THWpYqIpnx0+nRY3xslS4OI21LAZ6qvydSIo0ZycB2SgJ9M+9NxP+8VgLhpZ9yFSfAFJ0tChOBIcKTBHCXa0ZBjCwhVHN7K6Z9ogkFm1PehuDNv7xI6mcl77xUvisXKzdZHDl0iI7QCfLQBaqga1RFNUTRI3pGr+jNGTovzrvzMWtdcrKZA/QHzucPaOGR5Q==</latexit>

m∗
L

<latexit sha1_base64="6aFgmYv0YWlJ2stYpYTUt23AWOA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPBi94qmLbShrLZTtulu0nYnYgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5YSKFQdf9dgorq2vrG8XN0tb2zu5eef+gYeJUc/B5LGPdCpkBKSLwUaCEVqKBqVBCMxxdT/3mI2gj4ugexwkEig0i0RecoZUesg7CE1J/0i1X3Ko7A10mXk4qJEe9W/7q9GKeKoiQS2ZM23MTDDKmUXAJk1InNZAwPmIDaFsaMQUmyGYHT+iJVXq0H2tbEdKZ+nsiY8qYsQptp2I4NIveVPzPa6fYvwoyESUpQsTni/qppBjT6fe0JzRwlGNLGNfC3kr5kGnG0WZUsiF4iy8vk8ZZ1buont+dV2q3eRxFckSOySnxyCWpkRtSJz7hRJFn8kreHO28OO/Ox7y14OQzh+QPnM8fzyqQcg==</latexit>

U<latexit sha1_base64="hAwB+jj8k2w/CJTlJRE/LZssVGk=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMeAFz0IEcwDNkuYnfQmQ2YfzvQGw5Lv8OJBEa9+jDf/xkmyB00saCiquunu8hMpNNr2t1VYWV1b3yhulra2d3b3yvsHTR2nikODxzJWbZ9pkCKCBgqU0E4UsNCX0PKH11O/NQKlRRw94DgBL2T9SASCMzSSR90OwhNmd9CceN1yxa7aM9Bl4uSkQnLUu+WvTi/maQgRcsm0dh07QS9jCgWXMCl1Ug0J40PWB9fQiIWgvWx29ISeGKVHg1iZipDO1N8TGQu1Hoe+6QwZDvSiNxX/89wUgysvE1GSIkR8vihIJcWYThOgPaGAoxwbwrgS5lbKB0wxjiankgnBWXx5mTTPqs5F9fz+vFK7zeMokiNyTE6JQy5JjdyQOmkQTh7JM3klb9bIerHerY95a8HKZw7JH1ifP5axkgU=</latexit>
[MeV]

<latexit sha1_base64="hAwB+jj8k2w/CJTlJRE/LZssVGk=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMeAFz0IEcwDNkuYnfQmQ2YfzvQGw5Lv8OJBEa9+jDf/xkmyB00saCiquunu8hMpNNr2t1VYWV1b3yhulra2d3b3yvsHTR2nikODxzJWbZ9pkCKCBgqU0E4UsNCX0PKH11O/NQKlRRw94DgBL2T9SASCMzSSR90OwhNmd9CceN1yxa7aM9Bl4uSkQnLUu+WvTi/maQgRcsm0dh07QS9jCgWXMCl1Ug0J40PWB9fQiIWgvWx29ISeGKVHg1iZipDO1N8TGQu1Hoe+6QwZDvSiNxX/89wUgysvE1GSIkR8vihIJcWYThOgPaGAoxwbwrgS5lbKB0wxjiankgnBWXx5mTTPqs5F9fz+vFK7zeMokiNyTE6JQy5JjdyQOmkQTh7JM3klb9bIerHerY95a8HKZw7JH1ifP5axkgU=</latexit>

[MeV]

<latexit sha1_base64="6aFgmYv0YWlJ2stYpYTUt23AWOA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPBi94qmLbShrLZTtulu0nYnYgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5YSKFQdf9dgorq2vrG8XN0tb2zu5eef+gYeJUc/B5LGPdCpkBKSLwUaCEVqKBqVBCMxxdT/3mI2gj4ugexwkEig0i0RecoZUesg7CE1J/0i1X3Ko7A10mXk4qJEe9W/7q9GKeKoiQS2ZM23MTDDKmUXAJk1InNZAwPmIDaFsaMQUmyGYHT+iJVXq0H2tbEdKZ+nsiY8qYsQptp2I4NIveVPzPa6fYvwoyESUpQsTni/qppBjT6fe0JzRwlGNLGNfC3kr5kGnG0WZUsiF4iy8vk8ZZ1buont+dV2q3eRxFckSOySnxyCWpkRtSJz7hRJFn8kreHO28OO/Ox7y14OQzh+QPnM8fzyqQcg==</latexit>

U
<latexit sha1_base64="IgMuC2ukG7I5TnqqpI9Amp5QJV8=">AAAB9HicbVBNSwMxEM36WetX1aOXYBHEQ9mVoh4LXhQ8VLAf0K4lm2bb0CS7JrPFsvR3ePGgiFd/jDf/jWm7B219MPB4b4aZeUEsuAHX/XaWlldW19ZzG/nNre2d3cLeft1EiaasRiMR6WZADBNcsRpwEKwZa0ZkIFgjGFxN/MaQacMjdQ+jmPmS9BQPOSVgJT9tA3sCLDu3D6fjTqHoltwp8CLxMlJEGaqdwle7G9FEMgVUEGNanhuDnxINnAo2zrcTw2JCB6THWpYqIpnx0+nRY3xslS4OI21LAZ6qvydSIo0ZycB2SgJ9M+9NxP+8VgLhpZ9yFSfAFJ0tChOBIcKTBHCXa0ZBjCwhVHN7K6Z9ogkFm1PehuDNv7xI6mcl77xUvisXKzdZHDl0iI7QCfLQBaqga1RFNUTRI3pGr+jNGTovzrvzMWtdcrKZA/QHzucPaOGR5Q==</latexit>

m∗
L

<latexit sha1_base64="YUTv8dlgiDxopWLQ9hBWuWP7C2o=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqs5IUZcFN7qrYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcSDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vtqLC/yb+AOqjW37s6BVolXkBoUaA2qX/2hJGlMhSEca+17bmKCDCvDCKezSj/VNMFkgkfUt1TgmOogm688Q2dWGaJIKvuEQXP1d0eGY62ncWgrY2zGetnLxf88PzXRTZAxkaSGCrIYFKUcGYny+9GQKUoMn1qCiWJ2V0TGWGFibEoVG4K3fPIq6VzWvat646FRa94XcZThBE7hHDy4hibcQQvaQEDCM7zCm2OcF+fd+ViUlpyi5xj+wPn8AdgzkQA=</latexit>

ρ/ρ0

<latexit sha1_base64="D5nfTibqZo3uV1HFNjg0co3vzkY=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAI1UVJpKjLohsXLirYBzQxTCaTduhkJsxMhBLqxl9x40IRt/6FO//GSZuFVg8MczjnXu69J0gokcq2v4zSwuLS8kp5tbK2vrG5ZW7vdCRPBcJtxCkXvQBKTAnDbUUUxb1EYBgHFHeD0WXud++xkISzWzVOsBfDASMRQVBpyTf33IDTUI5j/WWxf313XHPFkB9NfLNq1+0prL/EKUgVFGj55qcbcpTGmClEoZR9x06Ul0GhCKJ4UnFTiROIRnCA+5oyGGPpZdMLJtahVkIr4kI/pqyp+rMjg7HMl9SVMVRDOe/l4n9eP1XRuZcRlqQKMzQbFKXUUtzK47BCIjBSdKwJRILoXS00hAIipUOr6BCc+ZP/ks5J3TmtN24a1eZFEUcZ7IMDUAMOOANNcAVaoA0QeABP4AW8Go/Gs/FmvM9KS0bRswt+wfj4BkMrlsU=</latexit>

m⇤
L(⇢)

<latexit sha1_base64="rpg7N5W7kfs/91VtzdXDwDSgpME=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVUlipBFTBWsDAWibSVmqhyHKe16sSR7SBVUQYWfoWFAYRY+Qg2/ganzQAtR7J8dM69uvceP2FUKsv6Nipr6xubW9Xt2s7u3v6BeXjUkzwVmDiYMy4GPpKE0Zg4iipGBokgKPIZ6fvTm8LvPxAhKY/v1SwhXoTGMQ0pRkpLI7Pu+pwFchbpL8tcjBh08qYrJvwsH5kNq2XNAVeJXZIGKNEdmV9uwHEakVhhhqQc2laivAwJRTEjec1NJUkQnqIxGWoao4hIL5sfkcNTrQQw5EK/WMG5+rsjQ5Es9tSVEVITuewV4n/eMFXhlZfROEkVifFiUJgyqDgsEoEBFQQrNtMEYUH1rhBPkEBY6dxqOgR7+eRV0jtv2Ret9l270bku46iCOjgBTWCDS9ABt6ALHIDBI3gGr+DNeDJejHfjY1FaMcqeY/AHxucP3WmYPA==</latexit>

U(⇢)
<latexit sha1_base64="FSL2w3y7pT2xrLEqwUm+0656EVw=">AAAB/nicbVBPS8MwHE39O+e/qnjyEhyCp9HKUI9DLx4n2G2wlpGm6RaWJiVJhVEKfhUvHhTx6ufw5rcx3XrQzQchj/d+P/LywpRRpR3n21pZXVvf2Kxt1bd3dvf27YPDrhKZxMTDggnZD5EijHLiaaoZ6aeSoCRkpBdObku/90ikooI/6GlKggSNOI0pRtpIQ/vYDwWL1DQxV577GDHoFcXQbjhNZwa4TNyKNECFztD+8iOBs4RwjRlSauA6qQ5yJDXFjBR1P1MkRXiCRmRgKEcJUUE+i1/AM6NEMBbSHK7hTP29kaNElQnNZIL0WC16pfifN8h0fB3klKeZJhzPH4ozBrWAZRcwopJgzaaGICypyQrxGEmEtWmsbkpwF7+8TLoXTfey2bpvNdo3VR01cAJOwTlwwRVogzvQAR7AIAfP4BW8WU/Wi/VufcxHV6xq5wj8gfX5A85Ilgo=</latexit>U
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QUASIPARTICLE  POTENTIAL  and  FERMI-LIQUID PARAMETERS

 from chiral nucleon-meson field theory & Functional Renormalisation Group
<latexit sha1_base64="D5nfTibqZo3uV1HFNjg0co3vzkY=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAI1UVJpKjLohsXLirYBzQxTCaTduhkJsxMhBLqxl9x40IRt/6FO//GSZuFVg8MczjnXu69J0gokcq2v4zSwuLS8kp5tbK2vrG5ZW7vdCRPBcJtxCkXvQBKTAnDbUUUxb1EYBgHFHeD0WXud++xkISzWzVOsBfDASMRQVBpyTf33IDTUI5j/WWxf313XHPFkB9NfLNq1+0prL/EKUgVFGj55qcbcpTGmClEoZR9x06Ul0GhCKJ4UnFTiROIRnCA+5oyGGPpZdMLJtahVkIr4kI/pqyp+rMjg7HMl9SVMVRDOe/l4n9eP1XRuZcRlqQKMzQbFKXUUtzK47BCIjBSdKwJRILoXS00hAIipUOr6BCc+ZP/ks5J3TmtN24a1eZFEUcZ7IMDUAMOOANNcAVaoA0QeABP4AW8Go/Gs/FmvM9KS0bRswt+wfj4BkMrlsU=</latexit>

m⇤
L(⇢)

<latexit sha1_base64="rCpVaWx7AD9y4RcZG/oPtI8j26E="></latexit>

U(⇢) =
X

n

un

✓
⇢

⇢0

◆n

Quasiparticle effective potential

Strongly repulsive correlations  including  many-body forces  with
<latexit sha1_base64="KAhkh8p+eWHSHiW0M+t8S2pYuKA=">AAAB/HicbVDNS8MwHE3n15xf1R29BIfgabRjqMehF48T3AesZaRpuoWlSUlSoZT5r3jxoIhX/xBv/jemWw+6+SDk8d7vR15ekDCqtON8W5WNza3tnepubW//4PDIPj7pK5FKTHpYMCGHAVKEUU56mmpGhokkKA4YGQSz28IfPBKpqOAPOkuIH6MJpxHFSBtpbNe9QLBQZbG5cu5NCGzNx3bDaToLwHXilqQBSnTH9pcXCpzGhGvMkFIj10m0nyOpKWZkXvNSRRKEZ2hCRoZyFBPl54vwc3hulBBGQprDNVyovzdyFKsin5mMkZ6qVa8Q//NGqY6u/ZzyJNWE4+VDUcqgFrBoAoZUEqxZZgjCkpqsEE+RRFibvmqmBHf1y+uk32q6l832fbvRuSnrqIJTcAYugAuuQAfcgS7oAQwy8AxewZv1ZL1Y79bHcrRilTt18AfW5w/VzZTl</latexit>

n � 2

<latexit sha1_base64="YUTv8dlgiDxopWLQ9hBWuWP7C2o=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqs5IUZcFN7qrYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcSDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vtqLC/yb+AOqjW37s6BVolXkBoUaA2qX/2hJGlMhSEca+17bmKCDCvDCKezSj/VNMFkgkfUt1TgmOogm688Q2dWGaJIKvuEQXP1d0eGY62ncWgrY2zGetnLxf88PzXRTZAxkaSGCrIYFKUcGYny+9GQKUoMn1qCiWJ2V0TGWGFibEoVG4K3fPIq6VzWvat646FRa94XcZThBE7hHDy4hibcQQvaQEDCM7zCm2OcF+fd+ViUlpyi5xj+wPn8AdgzkQA=</latexit>

ρ/ρ0

<latexit sha1_base64="rDtmujrKHXQt84P1DMhEyB831fk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AH+jjMk=</latexit>

0

<latexit sha1_base64="rDtmujrKHXQt84P1DMhEyB831fk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AH+jjMk=</latexit>

0

<latexit sha1_base64="6Feh1pXlrykIl5mqqowwGE1tfbI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AIEnjMo=</latexit>

1
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Constraints on phase transitions in neutron star matter 

central baryon densities in neutron stars :  
strong first-order transition unlikely in neutron star cores

neutron-dominated baryonic matter

chiral phase transition shifted to crossover beyond  
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two-scales scenario: soft-surface delocalisation (percolation)
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many-body forces between baryonic quasiparticles

very stiff equation of state implied by Bayesian inference results
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C. Parametrisations

A variety of parametrisations has been introduced to
represent the equation of state in neutron stars, among
the most prominent ones are piecewise polytropes [99]
or spectral representations [100]. As discussed in the
previous Section, various theories predict di↵erent phase
structures at high densities including phase transitions
or crossovers, which are reflected in the behaviour of the
speed of sound [67]. In the present analysis we employ
two di↵erent parametrisations for c

2
s
(") inside neutron

stars: a skewed Gaussian function and piecewise seg-
mented linear interpolations. We prefer not to choose
parametrisations of P (") such as piecewise poly-
tropes. The reason is that such representations
can cause unphysical discontinuous e↵ects in the
speed of sound. In contrast, the parametrisa-
tions employed here are continuous in c

2
s
("). They

dependent on sets ✓ of either six or eight parameters. A
comparative study using these two di↵erent forms will
give an impression of possible systematic uncertainties
induced by the choice of parametrisation. At very low
densities, n  0.5n0, the speed of sound is matched to
the neutron star crust modelled by the time-honoured
Baym-Pethick-Sutherland (BPS) parametrisation [101].
The e↵ect of the neutron star crust on observables stud-
ied in this work is expected to be small.

1. Gaussian

Based on Refs. [36, 69] we represent the squared speed
of sound of neutron star matter at zero temperature as
a function of energy density by a skewed Gaussian. A
logistic function is added such that the parametrisation
reaches the conformal limit c

2
s

! 1/3 at asymptotically
high energy densities. With x = "/(mNn0) where mN

is the free nucleon mass, the squared speed of sound is
written as:

c
2
s
(x, ✓) = a1exp


�1

2

(x � a2)2

a
2
3

�✓
1 + erf


a6p
2

x � a2

a3

�◆

+
1/3 � a7

1 + exp [�a5(x � a4)]
+ a7 , (6)

with erf(z) = 2p
⇡

R
z

0 dt e
�t

2

the conventional error func-

tion. The parameter a7 is determined such that the tran-
sition to the neutron star crust is continuous. Hence,
six free parameters ✓ = (a1, . . . , a6) remain. When
c
2
s
(x, ✓) becomes negative, violating thermodynamic sta-

bility of the star, we set c
2
s

= 0. In this way the
Gaussian parametrisation can describe arbitrarily strong
phase transitions. The combination of the Gaussian and
logistic function can also account for variable crossovers.
As argued in Section II B, a local maximum in the speed
of sound can indicate a transition from baryonic to quark
dynamics [2, 32, 74] or the onset of hyperonic degrees of
freedom [98].

2. Segments

The Gaussian parametrisation assumes a specific func-
tional form of the sound speed inside neutron stars.
At the present stage the empirical data base is still
limited, so that inference procedures can depend sen-
sitively on Prior choices including the functional form
of the parametrisation [37, 44]. For an alternative test,
results of broader generality can be produced using a
more universal parametrisation of the speed of sound
based on segment-wise linear interpolations, similar to
Refs. [64, 65]. The parameters of the model are N points
✓ = (c2

s,i
, "i). The squared speed of sound c

2
s
(", ✓) is mod-

elled as a linear interpolation between these N points, i.e.
for " 2 ["i, "i+1] with i = 0, . . . , N :

c
2
s
(", ✓) =

("i+1 � ")c2
s,i

+ (" � "i)c2s,i+1

"i+1 � "i
. (7)

Here we choose N = 5. The i = 0 point is the transi-
tion point to the neutron star crust and the last point is
chosen such that the conformal limit is reached at very
high energy densities (c2

s,5, "5) = (1/3, 10GeV fm�3). We
have checked that the results do not depend on the spe-
cific choice of "5 as long as its value is large enough.
The asymptotic end point at "5 = 10GeV fm�3

corresponds to a baryon chemical potential of
µ ⇠ 2.4GeV in the pQCD results from Ref. [17].
Ref. [66] uses a similar parametrisation based on piece-
wise segments. There it is found that five segments are
su�cient to avoid numerical artefacts, namely that for a
larger number of segments the results do not change sig-
nificantly any more. An equivalent or smaller num-
ber of segments is used to interpolate over the full
range between ChEFT and pQCD constraints in
Refs. [64, 65]. The parametrisation in terms of seg-
ments can also incorporate a variety of phase transitions
or crossovers. In contrast to the Gaussian parametrisa-
tion it can also accommodate possible steep rises as well
as plateaus in the speed of sound.

III. BAYESIAN INFERENCE

A. Basics

Making use of a set of neutron star observables, we
aim now to find credible regions for the free parame-
ters ✓ of the two parametrisations described in Sec. II C.
For that purpose we use Bayesian inference, similar to
Refs. [36–54], and follow Refs. [55, 56]. For given data D
and a model M which includes all assumptions such as
the choice of parametrisation, the Posterior probability
distribution for the parameters ✓ can be computed using

Introduce general parametrization of sound velocity by segment-wise representation :

,   parameter set 
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high energy densities (c2

s,5, "5) = (1/3, 10GeV fm�3). We
have checked that the results do not depend on the spe-
cific choice of "5 as long as its value is large enough.
The asymptotic end point at "5 = 10GeV fm�3

corresponds to a baryon chemical potential of
µ ⇠ 2.4GeV in the pQCD results from Ref. [17].
Ref. [66] uses a similar parametrisation based on piece-
wise segments. There it is found that five segments are
su�cient to avoid numerical artefacts, namely that for a
larger number of segments the results do not change sig-
nificantly any more. An equivalent or smaller num-
ber of segments is used to interpolate over the full
range between ChEFT and pQCD constraints in
Refs. [64, 65]. The parametrisation in terms of seg-
ments can also incorporate a variety of phase transitions
or crossovers. In contrast to the Gaussian parametrisa-
tion it can also accommodate possible steep rises as well
as plateaus in the speed of sound.

III. BAYESIAN INFERENCE

A. Basics

Making use of a set of neutron star observables, we
aim now to find credible regions for the free parame-
ters ✓ of the two parametrisations described in Sec. II C.
For that purpose we use Bayesian inference, similar to
Refs. [36–54], and follow Refs. [55, 56]. For given data D
and a model M which includes all assumptions such as
the choice of parametrisation, the Posterior probability
distribution for the parameters ✓ can be computed using
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2
s (",µ) via Bayesian inference based on data D
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œ Compute Posterior Pr(µ|D) from Likelihood Pr(D|µ)

œ Choose Prior for parameters Pr(µ)

œ Compare hypotheses H0 and H1 using Bayes factors BH1
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FIG. 1. Marginal Prior probability distributions at the 95% and 68% level of the squared speed of sound c2s and pressure P as
a function of energy density ". Also shown is the Prior for the mass-radius relation and the tidal deformability, ⇤, as a function
of neutron star mass M in units of the solar mass M�. At each " or M , there exist 95% and 68% Prior credible intervals for
c2s("), P (") or R(M), ⇤(M). These intervals are connected to obtain the Prior credible bands. Similarly, the medians of the
Prior probability distributions at each " or M are connected (solid lines). For the speed of sound the dashed black line indicates
the value of the conformal limit.

Data nc,max/n0

Old 6.4+1.1
�1.3

Old + PSR 6.0+1.2
�1.1

Old + HESS 6.1+1.3
�1.2

Old + PSR + HESS 5.8+1.2
�1.0

TABLE II. Median and 95% credible interval of the maxi-
mum central density nc,max for di↵erent combinations of as-
trophysical data. The nomenclature ’old data’ refers to the
Shapiro time delays, ChEFT, NICER and gravitational wave
data used in Ref. [1]. In addition, the impact of the new
information from PSR J0952-0607 and HESS J1731-347 is
analysed.

Of the equations of state in the prior, 3% have a
disconnected mass-radius relation and hence represent
a possible twin-star scenario. The prior contains a
huge range of scenarios with di↵erent radii distances
between the disconnected branches. The Bayes factors
Bno-twin
twin comparing the average Likelihoods of EoS with

connected mass-radius relation (’no-twin’) to a twin
star scenario are listed in Tab. III. Given only the old
data there is strong evidence against a disconnected
mass-radius relation. The Bayes factor further increases
with the inclusion of the new data. Including only the
new information from HESS J1731-347, the evidence
against twin-stars changes from strong to extreme.
This is very interesting as some authors considered this
measurement a hint in favour of a twin-star scenario.

In Tab. IV Bayes factors Bc2s,min>0.1

c2s,min0.1
are displayed,

comparing the evidence for EoS with a minimum speed
of sound larger than c2s,min > 0.1 over EoS with small
c2s hinting towards a possible phase transition. The
Bayes factors are calculated for a given maximum
mass, i.e. the minimum speed of sound up to the
corresponding mass is used. Similar to Ref. [1] there
is extreme evidence against small soundspeeds inside
neutron stars with mass smaller than M  1.9 M� and
strong evidence inside neutron stars with mass smaller
than M  2.0 M�. Given the new information from

Prior   of squared sound speed
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possible effects on the overall systematics induced by the
ultralight HESS J1731-347 supernova remnant.

A. Neutron star properties

By combining the likelihoods for the astrophysical data
with the constraints from ChEFT and pQCD introduced in
the previous section, we compute the total likelihood and,
using Eq. (3), the posterior probability distribution for the
parameters θ.
Marginalizing this posterior with respect to the maxi-

mummassMmax, we find median and 68% credible interval
values of Mmax ¼ 2.20þ0.10

−0.16M⊙ using the “Previous” data
set. (If not stated otherwise, from here on we always report

medians and 68% credible intervals in the text.)
The corresponding probability distribution is displayed
in Fig. 2. The upper limit of the 68% credible interval
extends to higher masses compared to the result of our
previous analysis in Ref. [16] because of the different
likelihood designs. Recent studies using comparable
likelihoods as the present one found similarly large
maximum masses [18,38]. The maximum central neutron
star density turns out to be nc;max ¼ 6.0þ0.7

−0.8n0. Changing
the likelihood to the version used in our previous work
which includes information from the ChEFT constraint
up to n ∼ 2.0n0, we find a larger central density of
nc;max ¼ 6.4# 0.6n0, in agreement with the value reported
in Ref. [16].
Including the new mass information of the BW

pulsar PSR J0952-0607 in the database, the maximum
nonrotating neutron star mass increases significantly to
Mmax ¼ 2.31þ0.14

−0.17M⊙. The median and the 68% credible
interval extend to masses lower than that of the PSR J0952-
0607 mass, 2.35M⊙. This is due to the large mass
uncertainty and the rotation correction that we have applied
in the analysis. To support such higher masses, the sound
speed needs to increase more rapidly, implying a stiffer EoS
which in turn leads to smaller central densities in the
neutron star core. Accordingly, the maximum central
density decreases to nc;max ¼ 5.6# 0.7n0 with the inclu-
sion of the new heavy-mass data.
Table II collects median and credible intervals of selected

inferred properties of neutron stars with masses of
M ¼ 1.4M⊙ and 2.1M⊙. With the “Previous” data set
but including the updated ChEFT likelihood, we find
nc ¼ 4.1þ0.8

−0.9n0 for the central density of a 2.1M⊙ neutron
star, comparable to the value for a 2.0M⊙ neutron star
reported in Ref. [18]. The radius of a 2.1M⊙ neutron star,

FIG. 2. Marginal posterior probability distributions of the
maximum neutron star massMmax. The nomenclature “Previous”
refers to the Shapiro time delay, NICER, ChEFT, pQCD, and GW
data listed in Table I. The shift induced by adding the (non-
rotating) mass information from the BW pulsar PSR J0952-0607
is also shown. The prior distribution is nearly uniform over a wide
mass range.

TABLE II. Median, 95%, and 68% credible intervals for selected neutron star properties given the previously available data and the
new information from the BW pulsar. These are computed from the one-dimensional posterior probability distribution marginalized over
all other parameters. Listed are the central density nc, central energy density εc, central pressure Pc, radius R, and tidal deformability Λ
of neutron stars with masses M ¼ 1.4M⊙ and 2.1M⊙.

Previous Previousþ BW

95% 68% 95% 68%

1.4M⊙ nc=n0 2.8þ0.8
−0.7 #0.4 2.6# 0.7 þ0.3

−0.4
εc [MeV fm−3] 451þ133

−123
þ62
−71 423þ118

−116
þ56
−67

Pc [MeV fm−3] 64þ30
−23

þ12
−16 60þ28

−20
þ11
−14

R [km] 12.2þ0.9
−1.0 #0.5 12.3þ0.8

−1.0 #0.5

Λ 396þ226
−197

þ107
−127 421þ236

−200
þ114
−124

2.1M⊙ nc=n0 4.1þ1.9
−1.5

þ0.8
−0.9 3.6þ1.6

−1.3 #0.7

εc [MeV fm−3] 716þ416
−326

þ162
−213 628þ357

−251
þ149
−146

Pc [MeV fm−3] 225þ239
−134

þ62
−110 186þ184

−104
þ52
−80

R [km] 11.9# 1.3 #0.7 12.1þ1.3
−1.2

þ0.6
−0.8

Λ 21þ30
−15

þ9
−13 26þ30

−20
þ10
−14
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R ¼ 11.9" 0.7 km, agrees with the value for RðM ¼
2.0M⊙Þ reported in Ref. [32].
The inclusion of the new information from PSR J0952-

0607 has only a marginal impact on the properties of
neutron stars with relatively small masses. However, for a
2.1M⊙ neutron star, the inclusion of the heavy mass
information reduces the central density significantly to
nc ¼ 3.6" 0.7n0. Similarly, the central energy density εc
and central pressure Pc are reduced, while the radius R is
slightly increased and the tidal deformability Λ remains
almost unchanged within the 68% credible interval.
Uncertainties will eventually be further reduced once
additional merger events are detected during the fourth
observation run of LIGO, Virgo, and KAGRA [59,73]. In
addition, four more objects are set to be measured by the
NICER telescope [61,74]. Moreover, a moment-of-inertia
measurement of the neutron star PSR J0737-3039 in a
double pulsar system is expected to become available in the
next few years (see, e.g., Ref. [75] and references therein).
With the heaviest observed pulsar in mind, Table III

displays inferred properties of a neutron star with mass
M ¼ 2.3M⊙. For such a heavy-mass object the central
density is still only nc ¼ 3.8þ0.7

−0.8n0, comparable to that of a
2.1M⊙ neutron star in Table II. This result is of some
significance because it indicates that the baryon densities in
the cores of even the heaviest neutron stars are not expected
to reach extreme values. Under such conditions, the average
distance between baryons still exceeds 1 fm, more than
twice the typical hard-core radius usually associated with
the short-range nucleon-nucleon interaction. An interpre-
tation of the dense matter in neutron star cores primarily in
terms of nucleon degrees of freedom is therefore not
excluded. Recent work by Benhar [76] came to a similar
conclusion based on the emergence of y scaling and the role
of short-range correlations in electron-nucleus scattering.
The posterior credible bands for the mass-radius relation

are displayed in Fig. 3. Median and credible bands
terminate at the respective median and upper limits of
Mmax. The posterior mass-radius credible bands are in good
agreement with the 68% credible intervals inferred from the
NICER measurements of PSR J0030þ 0451 and PSR

J0740þ 6620. The RðMÞ credible band is slightly shifted
to smaller radii compared to the NICER data because the
gravitational wave (GW) event GW170817 prefers such
smaller radii [77]. The 68% credible interval for the radius
of a neutron star with mass M ¼ 1.4M⊙ agrees well with
the radius extracted from quiescent low-mass x-ray binaries
in the baseline scenario of Ref. [78]. Moreover, the 68%
mass and radius credible intervals of 4U 1702-429
extracted from thermonuclear x-ray bursts in Ref. [79]
lie well within the 68%mass-radius credible band. Notably,
both of these observations were not used as input in the
Bayesian inference procedure. We mention that in Ref. [80]
quiescent low-mass x-ray binaries and sources of thermo-
nuclear bursts were also found to fit into an overall picture
that is consistent with the GW and NICER data.
The 90% credible intervals for the tidal deformabilities

and masses of the two neutron stars in the merger event
GW170817 extracted in Ref. [81] agree well with the
posterior credible band of ΛðMÞ displayed in Fig. 3. Using
universal relations, the tidal deformability of a 1.4M⊙
neutron star was extracted based on the information from
the merger event GW170817 in Ref. [82]. The resulting
90% credible interval does agree with the posterior credible
bands of ΛðMÞ at M ¼ 1.4M⊙, which lie, however, at
slightly larger tidal deformabilities.
To give an impression of the matter distribution inside

neutron stars, the density profiles of objects with masses
M ¼ 1.4M⊙ and M ¼ 2.1M⊙ are displayed in Fig. 4.
These profiles are computed using the median of PðεÞ
based on the previously available data together with the
new information from the BW pulsar. On the axes of Fig. 4
the 68% credible intervals of the central densities and radii
of 1.4 and 2.1M⊙ neutron stars listed in Table II are
indicated for comparison. The skewness of the posterior
probability distribution makes the central densities and
radii in Fig. 4 deviate slightly from the median values listed
in Table II. As in Fig. 3, both neutron stars with masses
M ¼ 1.4M⊙ and 2.1M⊙ have almost equal radii. The
density profiles smoothly decrease towards small densities
in the outer regions of the stars. In this regime, the EoS is
governed by the ChEFT constraint.

B. Speed of sound and EoS

The posterior credible bands of the speed of sound and the
pressure as a function of energy density, based on the
previously available data plus the new superheavy mass
observation, are displayed in Fig. 3.With the updated ChEFT
likelihoodofEq. (11), the sound velocity remains small at low
energy densities, ε < 250 MeV fm−3. Given that the low-
density behavior is constrained up to nChEFT ¼ 1.3n0 (unlike
some previous setups that used nChEFT ¼ 2n0), a steeper
increase of c2s is now possible at densities around twice n0,
i.e., from energy densities ε∼250–300MeVfm−3 onward.
The median of c2sðεÞ exceeds the conformal limit,

c2s ¼ 1=3, around ε ∼ 350 MeV fm−3. We can quantify

TABLE III. Same as Table II, but median and credible intervals
for a neutron star with mass M ¼ 2.3M⊙ are displayed given the
previously available data plus new information from the BW
pulsar PSR J0952-0607.

Previousþ BW

95% 68%

2.3M⊙ nc=n0 3.8þ1.6
−1.3

þ0.7
−0.8

εc [MeV fm−3] 673þ363
−268

þ140
−180

Pc [MeV fm−3] 237þ226
−134

þ69
−104

R [km] 12.3" 1.2 þ0.7
−0.6

Λ 14þ17
−10

þ4
−9
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Through continuous progress in nuclear theory and experiment and an increasing number of
neutron-star observations, a multitude of information about the equation of state (EOS) for matter
at extreme densities is available. Here, we apply these di↵erent pieces of data individually to a broad
set of physics-agnostic candidate EOSs and analyze the resulting constraints. Specifically, we make
use of information from chiral e↵ective field theory, perturbative quantum chromodynamics, as well
as data from heavy-ion collisions and the PREX-II and CREX experiments. We also investigate the
impact of current mass and radius measurements of neutron stars, such as radio timing measurements
of heavy pulsars, NICER data, and other X-ray observations. We augment these by reanalyses of
the gravitational-wave (GW) signal GW170817, its associated kilonova AT2017gfo and gamma-ray
burst afterglow, the GW signal GW190425, and the GRB211211A afterglow, where we use improved
models for the tidal waveform and kilonova light curves. Additionally, we consider the postmerger
fate of GW170817 and its consequences for the EOS. This large and diverse set of constraints is
eventually combined in numerous ways to explore limits on quantities such as the typical neutron-
star radius, the maximum neutron-star mass, the nuclear symmetry-energy parameters, and the
speed of sound. Based on the priors from our EOS candidate set, we find the radius of the canonical
1.4 M� neutron star to be R1.4 = 12.27+0.83

�0.94 km and the TOV mass MTOV = 2.26+0.45
�0.22 M� at 95%

credibility, when including those constraints where systematic uncertainties are deemed small. A less
conservative approach, combining all the presented constraints, similarly yields R1.4 = 12.20+0.53

�0.50 km
and MTOV = 2.31+0.08

�0.20 M�.
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Similar conclusions as in our Bayesian inference analysis reached in recent work :
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Symmetry energy and neutron star properties constrained by chiral
effective field theory calculations
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We investigate the nuclear symmetry energy and neutron star properties using a Bayesian analysis based
on constraints from different chiral effective field theory calculations using new energy density functionals
that allow for large variations at high densities. Constraints at high densities are included from observations
of GW170817 and from NICER. In particular, we show that both NICER analyses lead to very similar
posterior results for the symmetry energy and neutron star properties when folded into our equation-of-state
framework. Using the posteriors, we provide results for the symmetry energy and the slope parameter, as well
as for the proton fraction, the speed of sound, and the central density in neutron stars. Moreover, we explore
correlations of neutron star radii with the pressure and the speed of sound in neutron stars. Our 95% credibility
ranges for the symmetry energy Sv , the slope parameter L, and the radius of a 1.4M! neutron star, R1.4, are
Sv = (30.6–33.9) MeV, L = (43.7–70.0) MeV, and R1.4 = (11.6–13.2) km. Our analysis for the proton fraction
shows that larger and/or heavier neutron stars are more likely to cool rapidly via the direct Urca process. Within
our equation-of-state framework a maximum mass of neutron stars Mmax > 2.1M! indicates that the speed of
sound needs to exceed the conformal limit.
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I. INTRODUCTION

Understanding dense matter is a central challenge in nu-
clear physics and astrophysics. In nature, dense matter exists
in the cores of neutron stars under extreme neutron-rich con-
ditions. The properties of neutron-rich matter around nuclear
densities are described by the nuclear symmetry energy and
its density dependence. While there have been impressive
constraints from nuclear theory, nuclear experiments, and
astrophysics (see, e.g., Refs. [1–4]), more precise determi-
nations of the symmetry energy and its slope parameter L at
saturation density, n0 = 0.16 fm−3, are still an open problem.

From the theoretical side, the symmetry energy is best
constrained by controlled calculations of the equation of
state (EOS) of neutron matter based on chiral effective
field theory (EFT) interactions [5–13]. This yields values
for the symmetry energy Sv at saturation density and the
L parameter in the ranges of Sv = (30–35) MeV and L =
(35–70) MeV. However, to describe the EOS to all densities
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in neutron stars requires extensions beyond the reach of chiral
EFT calculations. To this end, different extensions, such as
piecewise polytropes [14], speed-of-sound based parametriza-
tions [15,16], nonparametric Gaussian processes [17], or
nuclear energy-density functionals (EDFs) have been used
(see, e.g., Ref. [18]).

Recently, new EDFs for the nuclear EOS were introduced
by Huth et al. [3], and have the advantage of providing high-
density extrapolations that are consistent with causality and
with a maximum of the speed of sound. These functionals
allow for EOS calculations for the broad ranges of conditions
reached in core-collapse supernovae and neutron star mergers.
In this work, we use these new EDF EOSs to constrain the
symmetry energy and neutron star properties based on a prior
informed by chiral EFT calculations of neutron matter.

From the astrophysics side, the strongest constraint on
the nuclear EOS comes from the observation of heavy
two-solar-mass neutron stars [19–21]. Moreover, the heav-
iest well measured neutron star, PSR J0740+6620, was
recently also observed by NICER to provide constraints on its
radius [22,23]. In addition, NICER observed the mass and ra-
dius of a typical-mass neutron star, PSR J0030+0451 [24,25].
The NICER analyses for both neutron stars by Riley
et al. [22,24] and by Miller et al. [23,25] give different mass-
radius posteriors, but agree within their uncertainties. The
differences in the posteriors are reduced by including realis-
tic assumptions for the EOS, and in this work we explicitly
show that in our EDF EOS ensembles the results from both
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Fig. 5 Chiral order parameters in symmetric nuclear matter using
the ChNM model as described in the text. Shown is in particular the
behaviour at high baryon densities (in units of n0 = 0.16 fm−3) for the
EMF and FRG scenarios. Dotted lines at densities n ≤ n0 describe the
first-order liquid-gas phase transition

Fig. 6 Energy per particle of pure neutron matter as a function of neu-
tron density. Curves show results of calculations based on the ChNM
model: EMF as described in the text and FRG with reference to [28].
The light-shaded band shows for comparison the E/A (including uncer-
tainties) obtained with a chiral N 3 L O nucleon-nucleon interaction plus
three- and four-body interaction terms [82]

3.2 Neutron matter

As a prerequisite before entering the discussion of chiral
phases in neutron matter, Fig. 6 shows the energy per particle
at low density calculated using the EMF and FRG schemes,
in comparison with results of calculations based on a chiral
N 3L O nucleon-nucleon interaction with inclusion of three-
and four-body contributions [82] (see also [83]). The ChNM
model combined with FRG closely resembles state-of-the-art
results of N 3L O chiral effective field theory at low densi-
ties within uncertainties, so that one can proceed to higher
density with some confidence.

Apart from the liquid-gas transition, the chiral order
parameter in neutron matter shows a qualitatively similar

Fig. 7 Chiral order parameters for pure neutron matter at temperature
T = 0 as a function of neutron density. Legends of the curves are the
same as in Fig. 3

Fig. 8 Chiral order parameters in neutron matter using the ChNM
model as described in the text. Shown in particular is the behaviour
at high neutron density (in units of n0 = 0.16 fm−3) for the EMF and
FRG scenarios as indicated

behaviour as in symmetric nuclear matter. In the MF limit
there would be a first-order chiral phase transition starting
from a density slightly below 3 n0. As a function of neu-
tron chemical potential this first-order transition occurs at
µn # 1.2 GeV. In neutron matter this breakdown of the
theory in MF approximation takes place at a slightly higher
density than in symmetric nuclear matter, indicating the dif-
ferences between nuclear matter as a self-bound system and
neutron matter which is unbound at all densities. Adding
vacuum fluctuations in the EMF scheme stabilizes the sys-
tem and induces a smooth behaviour of 〈σ 〉. The full FRG
calculation with its repulsive loop corrections provides fur-
ther stabilization and moves the transition to chiral symmetry
restoration in the form of a crossover to densities way beyond
6 n0, as illustrated in Figs. 7 and 8.

It is instructive to underline the importance of vacuum
fluctuations by comparing the MF and EMF results for the
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and four-body contributions [82] (see also [83]). The ChNM
model combined with FRG closely resembles state-of-the-art
results of N 3L O chiral effective field theory at low densi-
ties within uncertainties, so that one can proceed to higher
density with some confidence.

Apart from the liquid-gas transition, the chiral order
parameter in neutron matter shows a qualitatively similar

Fig. 7 Chiral order parameters for pure neutron matter at temperature
T = 0 as a function of neutron density. Legends of the curves are the
same as in Fig. 3

Fig. 8 Chiral order parameters in neutron matter using the ChNM
model as described in the text. Shown in particular is the behaviour
at high neutron density (in units of n0 = 0.16 fm−3) for the EMF and
FRG scenarios as indicated

behaviour as in symmetric nuclear matter. In the MF limit
there would be a first-order chiral phase transition starting
from a density slightly below 3 n0. As a function of neu-
tron chemical potential this first-order transition occurs at
µn # 1.2 GeV. In neutron matter this breakdown of the
theory in MF approximation takes place at a slightly higher
density than in symmetric nuclear matter, indicating the dif-
ferences between nuclear matter as a self-bound system and
neutron matter which is unbound at all densities. Adding
vacuum fluctuations in the EMF scheme stabilizes the sys-
tem and induces a smooth behaviour of 〈σ 〉. The full FRG
calculation with its repulsive loop corrections provides fur-
ther stabilization and moves the transition to chiral symmetry
restoration in the form of a crossover to densities way beyond
6 n0, as illustrated in Figs. 7 and 8.

It is instructive to underline the importance of vacuum
fluctuations by comparing the MF and EMF results for the
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realistic initialization of the ChNM model and further extrap-
olations. This first-order phase transition leaves its signature
as well in the chiral order parameter for symmetric nuclear
matter, as shown in Fig. 3 as a function of baryon density.
A first instructive step is the comparison between the MF
case (mean-field approximation without vacuum fluctuation
terms), using !

(0)
M F of Eq. (19), and its EMF extension (with

inclusion of vacuum terms), using !E M F of Eq. (15). The
MF approximation would suggest a first-order chiral phase
transition starting already at a density as low as n ! 1.5 n0,
with a coexistence region extending up to n ! 3 n0 at which
chiral symmetry is fully restored. This is clearly an unphysi-
cal situation. Such a qualitative phase change would already
have been noticeable in the empirical nuclear phenomenol-
ogy and in heavy-ion collisions. With inclusion of vacuum
terms as a minimally added condition, this chiral first-order
transition at low density disappears indeed and shifts to high
densities far beyond 3 n0.

Figure 4 shows the corresponding picture as a function
of baryon chemical potential. A sudden jump from the vac-
uum expectation value 〈σ 〉 = fπ takes place at µ0 = 923
MeV due to the liquid-gas phase transition. In the MF case
a chiral first-order phase transition would appear not much
further up, at µc = 945 MeV, above which the nucleon mass,
M = g〈σ 〉, would vanish. In the extended EMF scheme with
inclusion of the vacuum term (zero point energy density), this
is evidently not the case any more. The chiral order parame-
ter as well as the nucleon mass stays non-zero over a much
wider range of chemical potentials.

The breakdown of predictive power already at densi-
ties below 2 n0 is a characteristic feature of the chiral
nucleon-meson models when treated in the simplest mean-
field approximation [29], and a similar behaviour is found
for the chiral quark-meson model [56]. This emphasizes the
importance of loop effects beyond mean-field. The necessary
first step beyond MF is the inclusion of fermionic vacuum
fluctuations in the EMF extension of the model.

The stabilisation of the chiral order parameter by fluctua-
tions is further enhanced in the full FRG scenario [28,29] as
indicated by the corresponding curves in Figs. 3 and 4. With
the input parameters (42) reproducing nuclear matter ground
state properties, the pattern of the liquid-gas phase transi-
tion in the FRG approach turns out to be close to the one in
the EMF scheme. Marginal differences occur in the critical
temperature (Tcrit = 18.3 MeV (FRG) vs. Tcrit = 17.5 MeV
(EMF)). The exact values depend on the selected parametri-
sation which includes a certain amount of freedom.

As already pointed out the FRG framework is richer in
dynamical content than EMF. Beyond nucleonic zero-point
energies it includes loop effects from pions, sigma bosons
and nucleons on the chiral potential U (0)

k=0. These mechanisms
shift the chiral transition to even higher densities.

Fig. 3 Chiral order parameters in symmetric nuclear matter at temper-
ature T = 0 as a function of baryon density n in units of nuclear ground
state equilibrium density, n0 = 0.16 fm−3. Dotted lines: liquid-gas
phase transition; dashed line: first-order chiral phase transition. Plotted
are the results from basic mean-field (MF) and extended mean-field
approximations (EMF, with inclusion of vacuum fluctuations). Also
shown is the curve resulting from a functional renormalisation group
(FRG) computation based on the same ChNM model [28]

Fig. 4 Chiral order parameters in symmetric nuclear matter at T = 0
as a function of baryon chemical potential µ. Legends are the same as
in Fig. 3

The high-density behaviour of 〈σ 〉, shown for the EMF and
FRG scenarios in Fig. 5, suggests a smooth chiral crossover
around n ∼ 6 n0 for EMF and at even much higher densities
for FRG. Of course, at such high densities nucleons sup-
posedly overlap and release their quark contents. Also, the
ChNM model was adjusted to reproduce properties of the
liquid-gas phase transition and the potential was expanded
around χ0 = 1/2 f 2

π . Hence, if 〈σ 〉 becomes too small the
model reaches its limit of applicability. However, the qual-
itative feature of a chiral crossover induced by fluctuations,
instead of a first-order chiral phase transition, is expected to
persist.
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realistic initialization of the ChNM model and further extrap-
olations. This first-order phase transition leaves its signature
as well in the chiral order parameter for symmetric nuclear
matter, as shown in Fig. 3 as a function of baryon density.
A first instructive step is the comparison between the MF
case (mean-field approximation without vacuum fluctuation
terms), using !

(0)
M F of Eq. (19), and its EMF extension (with

inclusion of vacuum terms), using !E M F of Eq. (15). The
MF approximation would suggest a first-order chiral phase
transition starting already at a density as low as n ! 1.5 n0,
with a coexistence region extending up to n ! 3 n0 at which
chiral symmetry is fully restored. This is clearly an unphysi-
cal situation. Such a qualitative phase change would already
have been noticeable in the empirical nuclear phenomenol-
ogy and in heavy-ion collisions. With inclusion of vacuum
terms as a minimally added condition, this chiral first-order
transition at low density disappears indeed and shifts to high
densities far beyond 3 n0.

Figure 4 shows the corresponding picture as a function
of baryon chemical potential. A sudden jump from the vac-
uum expectation value 〈σ 〉 = fπ takes place at µ0 = 923
MeV due to the liquid-gas phase transition. In the MF case
a chiral first-order phase transition would appear not much
further up, at µc = 945 MeV, above which the nucleon mass,
M = g〈σ 〉, would vanish. In the extended EMF scheme with
inclusion of the vacuum term (zero point energy density), this
is evidently not the case any more. The chiral order parame-
ter as well as the nucleon mass stays non-zero over a much
wider range of chemical potentials.

The breakdown of predictive power already at densi-
ties below 2 n0 is a characteristic feature of the chiral
nucleon-meson models when treated in the simplest mean-
field approximation [29], and a similar behaviour is found
for the chiral quark-meson model [56]. This emphasizes the
importance of loop effects beyond mean-field. The necessary
first step beyond MF is the inclusion of fermionic vacuum
fluctuations in the EMF extension of the model.

The stabilisation of the chiral order parameter by fluctua-
tions is further enhanced in the full FRG scenario [28,29] as
indicated by the corresponding curves in Figs. 3 and 4. With
the input parameters (42) reproducing nuclear matter ground
state properties, the pattern of the liquid-gas phase transi-
tion in the FRG approach turns out to be close to the one in
the EMF scheme. Marginal differences occur in the critical
temperature (Tcrit = 18.3 MeV (FRG) vs. Tcrit = 17.5 MeV
(EMF)). The exact values depend on the selected parametri-
sation which includes a certain amount of freedom.

As already pointed out the FRG framework is richer in
dynamical content than EMF. Beyond nucleonic zero-point
energies it includes loop effects from pions, sigma bosons
and nucleons on the chiral potential U (0)

k=0. These mechanisms
shift the chiral transition to even higher densities.

Fig. 3 Chiral order parameters in symmetric nuclear matter at temper-
ature T = 0 as a function of baryon density n in units of nuclear ground
state equilibrium density, n0 = 0.16 fm−3. Dotted lines: liquid-gas
phase transition; dashed line: first-order chiral phase transition. Plotted
are the results from basic mean-field (MF) and extended mean-field
approximations (EMF, with inclusion of vacuum fluctuations). Also
shown is the curve resulting from a functional renormalisation group
(FRG) computation based on the same ChNM model [28]

Fig. 4 Chiral order parameters in symmetric nuclear matter at T = 0
as a function of baryon chemical potential µ. Legends are the same as
in Fig. 3

The high-density behaviour of 〈σ 〉, shown for the EMF and
FRG scenarios in Fig. 5, suggests a smooth chiral crossover
around n ∼ 6 n0 for EMF and at even much higher densities
for FRG. Of course, at such high densities nucleons sup-
posedly overlap and release their quark contents. Also, the
ChNM model was adjusted to reproduce properties of the
liquid-gas phase transition and the potential was expanded
around χ0 = 1/2 f 2

π . Hence, if 〈σ 〉 becomes too small the
model reaches its limit of applicability. However, the qual-
itative feature of a chiral crossover induced by fluctuations,
instead of a first-order chiral phase transition, is expected to
persist.
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Fig. 5 Chiral order parameters in symmetric nuclear matter using
the ChNM model as described in the text. Shown is in particular the
behaviour at high baryon densities (in units of n0 = 0.16 fm−3) for the
EMF and FRG scenarios. Dotted lines at densities n ≤ n0 describe the
first-order liquid-gas phase transition

Fig. 6 Energy per particle of pure neutron matter as a function of neu-
tron density. Curves show results of calculations based on the ChNM
model: EMF as described in the text and FRG with reference to [28].
The light-shaded band shows for comparison the E/A (including uncer-
tainties) obtained with a chiral N 3 L O nucleon-nucleon interaction plus
three- and four-body interaction terms [82]

3.2 Neutron matter

As a prerequisite before entering the discussion of chiral
phases in neutron matter, Fig. 6 shows the energy per particle
at low density calculated using the EMF and FRG schemes,
in comparison with results of calculations based on a chiral
N 3L O nucleon-nucleon interaction with inclusion of three-
and four-body contributions [82] (see also [83]). The ChNM
model combined with FRG closely resembles state-of-the-art
results of N 3L O chiral effective field theory at low densi-
ties within uncertainties, so that one can proceed to higher
density with some confidence.

Apart from the liquid-gas transition, the chiral order
parameter in neutron matter shows a qualitatively similar

Fig. 7 Chiral order parameters for pure neutron matter at temperature
T = 0 as a function of neutron density. Legends of the curves are the
same as in Fig. 3

Fig. 8 Chiral order parameters in neutron matter using the ChNM
model as described in the text. Shown in particular is the behaviour
at high neutron density (in units of n0 = 0.16 fm−3) for the EMF and
FRG scenarios as indicated

behaviour as in symmetric nuclear matter. In the MF limit
there would be a first-order chiral phase transition starting
from a density slightly below 3 n0. As a function of neu-
tron chemical potential this first-order transition occurs at
µn # 1.2 GeV. In neutron matter this breakdown of the
theory in MF approximation takes place at a slightly higher
density than in symmetric nuclear matter, indicating the dif-
ferences between nuclear matter as a self-bound system and
neutron matter which is unbound at all densities. Adding
vacuum fluctuations in the EMF scheme stabilizes the sys-
tem and induces a smooth behaviour of 〈σ 〉. The full FRG
calculation with its repulsive loop corrections provides fur-
ther stabilization and moves the transition to chiral symmetry
restoration in the form of a crossover to densities way beyond
6 n0, as illustrated in Figs. 7 and 8.

It is instructive to underline the importance of vacuum
fluctuations by comparing the MF and EMF results for the
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realistic initialization of the ChNM model and further extrap-
olations. This first-order phase transition leaves its signature
as well in the chiral order parameter for symmetric nuclear
matter, as shown in Fig. 3 as a function of baryon density.
A first instructive step is the comparison between the MF
case (mean-field approximation without vacuum fluctuation
terms), using !

(0)
M F of Eq. (19), and its EMF extension (with

inclusion of vacuum terms), using !E M F of Eq. (15). The
MF approximation would suggest a first-order chiral phase
transition starting already at a density as low as n ! 1.5 n0,
with a coexistence region extending up to n ! 3 n0 at which
chiral symmetry is fully restored. This is clearly an unphysi-
cal situation. Such a qualitative phase change would already
have been noticeable in the empirical nuclear phenomenol-
ogy and in heavy-ion collisions. With inclusion of vacuum
terms as a minimally added condition, this chiral first-order
transition at low density disappears indeed and shifts to high
densities far beyond 3 n0.

Figure 4 shows the corresponding picture as a function
of baryon chemical potential. A sudden jump from the vac-
uum expectation value 〈σ 〉 = fπ takes place at µ0 = 923
MeV due to the liquid-gas phase transition. In the MF case
a chiral first-order phase transition would appear not much
further up, at µc = 945 MeV, above which the nucleon mass,
M = g〈σ 〉, would vanish. In the extended EMF scheme with
inclusion of the vacuum term (zero point energy density), this
is evidently not the case any more. The chiral order parame-
ter as well as the nucleon mass stays non-zero over a much
wider range of chemical potentials.

The breakdown of predictive power already at densi-
ties below 2 n0 is a characteristic feature of the chiral
nucleon-meson models when treated in the simplest mean-
field approximation [29], and a similar behaviour is found
for the chiral quark-meson model [56]. This emphasizes the
importance of loop effects beyond mean-field. The necessary
first step beyond MF is the inclusion of fermionic vacuum
fluctuations in the EMF extension of the model.

The stabilisation of the chiral order parameter by fluctua-
tions is further enhanced in the full FRG scenario [28,29] as
indicated by the corresponding curves in Figs. 3 and 4. With
the input parameters (42) reproducing nuclear matter ground
state properties, the pattern of the liquid-gas phase transi-
tion in the FRG approach turns out to be close to the one in
the EMF scheme. Marginal differences occur in the critical
temperature (Tcrit = 18.3 MeV (FRG) vs. Tcrit = 17.5 MeV
(EMF)). The exact values depend on the selected parametri-
sation which includes a certain amount of freedom.

As already pointed out the FRG framework is richer in
dynamical content than EMF. Beyond nucleonic zero-point
energies it includes loop effects from pions, sigma bosons
and nucleons on the chiral potential U (0)

k=0. These mechanisms
shift the chiral transition to even higher densities.

Fig. 3 Chiral order parameters in symmetric nuclear matter at temper-
ature T = 0 as a function of baryon density n in units of nuclear ground
state equilibrium density, n0 = 0.16 fm−3. Dotted lines: liquid-gas
phase transition; dashed line: first-order chiral phase transition. Plotted
are the results from basic mean-field (MF) and extended mean-field
approximations (EMF, with inclusion of vacuum fluctuations). Also
shown is the curve resulting from a functional renormalisation group
(FRG) computation based on the same ChNM model [28]

Fig. 4 Chiral order parameters in symmetric nuclear matter at T = 0
as a function of baryon chemical potential µ. Legends are the same as
in Fig. 3

The high-density behaviour of 〈σ 〉, shown for the EMF and
FRG scenarios in Fig. 5, suggests a smooth chiral crossover
around n ∼ 6 n0 for EMF and at even much higher densities
for FRG. Of course, at such high densities nucleons sup-
posedly overlap and release their quark contents. Also, the
ChNM model was adjusted to reproduce properties of the
liquid-gas phase transition and the potential was expanded
around χ0 = 1/2 f 2

π . Hence, if 〈σ 〉 becomes too small the
model reaches its limit of applicability. However, the qual-
itative feature of a chiral crossover induced by fluctuations,
instead of a first-order chiral phase transition, is expected to
persist.
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FRG<latexit sha1_base64="nTGkp7+3Hyu3NRfanA4yE6KN100=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQmqgLESC2xFog+piSLHdVKrjh3ZDlIV9QdY+BUWBhBiZWfjb3DTDNByJUvH59xz7XvClFGlHefbqqysrq1vVDdrW9s7u3v2/kFXiUxi0sGCCdkPkSKMctLRVDPSTyVBSchILxxfz/TeA5GKCn6vJynxExRzGlGMtKEC+yTPPYZ4zIinaJwgTxaXqSeMK48CL6XTaWDXnYZTFFwGbgnqoKx2YH95Q4GzhHCNGVJq4Dqp9nMkNcVmeM3LFEkRHqOYDAzkKCHKz4ttpvDUMEMYCWkO17BgfztylCg1SULTmSA9UovajPxPG2Q6uvJzytNME47nD0UZg1rAWTRwSCXBmk0MQFhS81eIR0girE2ANROCu7jyMuieN9yLRvOuWW/dlnFUwRE4BmfABZegBW5AG3QABo/gGbyCN+vJerHerY95a8UqPYfgT1mfP5L8nS4=</latexit>
〈σ〉
fπ

.

.

..<latexit sha1_base64="bGi+rKM5mM/A0Ma6XuS0ejrKX0E=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHYlqMeABxU8RDAPSEKYnfQmQ2Zn15lZISz5CS8eFPHq73jzb5wke9DEgoaiqpvuLj8WXBvX/XaWlldW19ZzG/nNre2d3cLefl1HiWJYY5GIVNOnGgWXWDPcCGzGCmnoC2z4w6uJ33hCpXkkH8woxk5I+5IHnFFjpWbbD9K70+txt1B0S+4UZJF4GSlChmq38NXuRSwJURomqNYtz41NJ6XKcCZwnG8nGmPKhrSPLUslDVF30um9Y3JslR4JImVLGjJVf0+kNNR6FPq2M6RmoOe9ifif10pMcNlJuYwTg5LNFgWJICYik+dJjytkRowsoUxxeythA6ooMzaivA3Bm395kdTPSt55qXxfLlZuszhycAhHcAIeXEAFbqAKNWAg4Ble4c15dF6cd+dj1rrkZDMH8AfO5w+Xwo+2</latexit>L−G

<latexit sha1_base64="/7lxR/iP2vzPETFtpV2YlEcSepM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LguhBqGA/oF1KNs22odlkTbJCWfonvHhQxKt/x5v/xmy7B219MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GF9lfvuJKs2keDCTmPoRHgoWMoKNlTq9IEzvrqelfrniVt0Z0DLxclKBHI1++as3kCSJqDCEY627nhsbP8XKMMLptNRLNI0xGeMh7VoqcES1n87unaITqwxQKJUtYdBM/T2R4kjrSRTYzgibkV70MvE/r5uY8NJPmYgTQwWZLwoTjoxE2fNowBQlhk8swUQxeysiI6wwMTaiLARv8eVl0jqreufV2n2tUr/N4yjCERzDKXhwAXW4gQY0gQCHZ3iFN+fReXHenY95a8HJZw7hD5zPH2Mhj5M=</latexit>

MF
<latexit sha1_base64="nTGkp7+3Hyu3NRfanA4yE6KN100=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQmqgLESC2xFog+piSLHdVKrjh3ZDlIV9QdY+BUWBhBiZWfjb3DTDNByJUvH59xz7XvClFGlHefbqqysrq1vVDdrW9s7u3v2/kFXiUxi0sGCCdkPkSKMctLRVDPSTyVBSchILxxfz/TeA5GKCn6vJynxExRzGlGMtKEC+yTPPYZ4zIinaJwgTxaXqSeMK48CL6XTaWDXnYZTFFwGbgnqoKx2YH95Q4GzhHCNGVJq4Dqp9nMkNcVmeM3LFEkRHqOYDAzkKCHKz4ttpvDUMEMYCWkO17BgfztylCg1SULTmSA9UovajPxPG2Q6uvJzytNME47nD0UZg1rAWTRwSCXBmk0MQFhS81eIR0girE2ANROCu7jyMuieN9yLRvOuWW/dlnFUwRE4BmfABZegBW5AG3QABo/gGbyCN+vJerHerY95a8UqPYfgT1mfP5L8nS4=</latexit>

〈σ〉
fπ

<latexit sha1_base64="thiwOWxSMB/YqPK+DCGwg65uB0Y=">AAACDnicbVC7SgNBFJ31GeMrammzGAIWIexKUMuAjXYRzAOyS5id3CRDZmeXmbtiWPIFNv6KjYUittZ2/o2TZAtNPDBwOPcx554gFlyj43xbK6tr6xubua389s7u3n7h4LCpo0QxaLBIRKodUA2CS2ggRwHtWAENAwGtYHQ1rbfuQWkeyTscx+CHdCB5nzOKRuoWSh7CA6Z6HIaAijOv7JVlwgRQNaUhRQQ16RaKTsWZwV4mbkaKJEO9W/jyehFLQpDIBNW64zox+ilVyM3uSd5LNMSUjegAOoZKGoL209k5E7tklJ7dj5R5Eu2Z+nsipaE2hgPTafwN9WJtKv5X6yTYv/RTLuMEQbL5R/1E2BjZ02zsHlfAUIwNoUxx49VmQ6ooMxnovAnBXTx5mTTPKu55pXpbLdZusjhy5JickFPikgtSI9ekThqEkUfyTF7Jm/VkvVjv1se8dcXKZo7IH1ifP//anLo=</latexit>

symmetric nuclear matter

<latexit sha1_base64="wKi0hjeI+GbDAss6554Vpnpk1IQ=">AAACAXicbVBNS8NAEN34WetX1YvgJVgED6UkUtRjwYveKtgPaELZbCft0s0m7E7EEurFv+LFgyJe/Rfe/DduPw7a+mDg8d4MM/OCRHCNjvNtLS2vrK6t5zbym1vbO7uFvf2GjlPFoM5iEatWQDUILqGOHAW0EgU0CgQ0g8HV2G/eg9I8lnc4TMCPaE/ykDOKRuoUDj2EB8wkpKhi6ZW8UkQRQY06haJTdiawF4k7I0UyQ61T+PK6MUsjkMgE1brtOgn6GVXImYBR3ks1JJQNaA/ahkoagfazyQcj+8QoXTuMlSmJ9kT9PZHRSOthFJhOc19fz3tj8T+vnWJ46WdcJimCZNNFYSpsjO1xHHaXK2AohoZQpri51WZ9qigzGei8CcGdf3mRNM7K7nm5clspVm9mceTIETkmp8QlF6RKrkmN1Akjj+SZvJI368l6sd6tj2nrkjWbOSB/YH3+ADwIl2w=</latexit>

neutron matter
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Vacuum fluctuations (EMF) :

shift chiral transition to high density          

       smooth crossover

Functional Renormalisation Group (FRG) :
non-perturbative loop corrections 

involving pions & nucleon-hole excitations 

       further reinforcement of stabilising effects

PHYSIK
DEPARTMENT

<latexit sha1_base64="TMAwCxhqyIn4Z9zreTEg2w/J+14=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegIF6ECOYBSQizk95kyOzsOjMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPd5ceCa+O6305uaXlldS2/XtjY3NreKe7u1XWUKIY1FolINX2qUXCJNcONwGaskIa+wIY/vJ74jSdUmkfywYxi7IS0L3nAGTVWaqZtPyB3N+NuseSW3SnIIvEyUoIM1W7xq92LWBKiNExQrVueG5tOSpXhTOC40E40xpQNaR9blkoaou6k03vH5MgqPRJEypY0ZKr+nkhpqPUo9G1nSM1Az3sT8T+vlZjgspNyGScGJZstChJBTEQmz5MeV8iMGFlCmeL2VsIGVFFmbEQFG4I3//IiqZ+UvfPy6f1ZqXKVxZGHAziEY/DgAipwC1WoAQMBz/AKb86j8+K8Ox+z1pyTzezDHzifP4Gpj6E=</latexit>

MF

Chiral crossover transition at

far beyond core densities in neutron stars 

<latexit sha1_base64="UmRs33n90WI48wUEVmMJCZam62s=">AAACBnicbVDLSgMxFM34rPU16lKEYBFcSJlRqa6k6MZlBfuAzjBk0kwbmkmGJCOUoSs3/oobF4q49Rvc+Tdm2llo64GQwzn3cu89YcKo0o7zbS0sLi2vrJbWyusbm1vb9s5uS4lUYtLEggnZCZEijHLS1FQz0kkkQXHISDsc3uR++4FIRQW/16OE+DHqcxpRjLSRAvvACwXrqVFsvsyTAwGvYM07ydk4cAK74lSdCeA8cQtSAQUagf3l9QROY8I1Zkiprusk2s+Q1BQzMi57qSIJwkPUJ11DOYqJ8rPJGWN4ZJQejIQ0j2s4UX93ZChW+aamMkZ6oGa9XPzP66Y6uvQzypNUE46ng6KUQS1gngnsUUmwZiNDEJbU7ArxAEmEtUmubEJwZ0+eJ63Tqlurnt2dV+rXRRwlsA8OwTFwwQWog1vQAE2AwSN4Bq/gzXqyXqx362NaumAVPXvgD6zPH3C0mHU=</latexit>

⇢ > 6 ⇢0

Mean-field approximation (MF) :

chiral first-order phase transition  

at baryon densities

<latexit sha1_base64="DQuxpp5aJofBfU8pGX+fe33yFPg=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxQJUUBIwVLIxFog+piSLHcVqrjh3ZDlIV9QdY+BUWBhBiZWfjb3DaDlA4kuWjc+7VvfeEKaNKO86XVVpYXFpeKa9W1tY3Nrfs7Z22EpnEpIUFE7IbIkUY5aSlqWakm0qCkpCRTji8LvzOPZGKCn6nRynxE9TnNKYYaSMF9oEXChapUWK+3JMDAT1FE1iHJ/DUOy6EwBkHdtWpORPAv8SdkSqYoRnYn14kcJYQrjFDSvVcJ9V+jqSmmJFxxcsUSREeoj7pGcpRQpSfT64Zw0OjRDAW0jyu4UT92ZGjRBULm8oE6YGa9wrxP6+X6fjSzylPM004ng6KMwa1gEU0MKKSYM1GhiAsqdkV4gGSCGsTYMWE4M6f/Je06zX3vObenlUbV7M4ymAP7IMj4IIL0AA3oAlaAIMH8ARewKv1aD1bb9b7tLRkzXp2wS9YH9/Q+5q8</latexit>

⇢ ⇠ 2 � 3 ⇢0

Studies in chiral nucleon-meson field theory

<latexit sha1_base64="TMAwCxhqyIn4Z9zreTEg2w/J+14=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegIF6ECOYBSQizk95kyOzsOjMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPd5ceCa+O6305uaXlldS2/XtjY3NreKe7u1XWUKIY1FolINX2qUXCJNcONwGaskIa+wIY/vJ74jSdUmkfywYxi7IS0L3nAGTVWaqZtPyB3N+NuseSW3SnIIvEyUoIM1W7xq92LWBKiNExQrVueG5tOSpXhTOC40E40xpQNaR9blkoaou6k03vH5MgqPRJEypY0ZKr+nkhpqPUo9G1nSM1Az3sT8T+vlZjgspNyGScGJZstChJBTEQmz5MeV8iMGFlCmeL2VsIGVFFmbEQFG4I3//IiqZ+UvfPy6f1ZqXKVxZGHAziEY/DgAipwC1WoAQMBz/AKb86j8+K8Ox+z1pyTzezDHzifP4Gpj6E=</latexit>

MF
chiral first-order

    phase transition

chiral first-order

      phase transition

(T=0)

(T=0)


