Quark Structure of Hadrons,
Nuclei, and Neutron Stars

Theo F. Motta
theo.motta@adelaide.edu.au




Motivation
Fromework: QMC Model

Finite Nuclei

Neutron Stars

NS Phenomenology
Mass and Radius
Gravitational Waves
Isovector-Scalar Effects

Delta Isobars



« Hodrons are composite objects
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« Hadrons are composite objects

« There could be quark effects on the
ohysics of nuclei

* There could be quark effects on the
ohysics of neutron stars



QMC Model



« The Quark-Meson Coupling model describes the
baryons as bags of three quarks that couple
directly to meson fields pam cuichon, JR Stone AwWThomas (2018)
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« S0 on the quark level we have the following
lagrangian

L= (i)~ mq + 936 + gl + gip - T+ 930 TV + B



« We solve the equations for the bag model

(i7y-0—mg)Y =0, Vr < Rp

(L +iy-P)| _p =0




« The lowest positive energy mode with spin m
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« Now in our case, the quarks couple to the
mesons.

« The solution is the same only with effective
mass and momentum

m; =mg — gio + g56x11

ky, = (95w(R) + glp(R)x1?)d cosh &

- And

() — m"quB
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2+ (mrRp)* f O+ m:Rp

Now depend on the meson fields



« Ok, now, the quarks are sources of meson fields:

(82 + mg)(?r = ggq/jq@/’q

« Or the baryons are sources of meson fields:

(0% +m2) (A|5] A) = g2 (A |,1,| A)

« Which at the baryonic level becomes field dependent

g2 (A |Ygthy| AY = g5(0,0) T T



« |f we have Baryons as sources for Meson fields we can write;

L=V(if— M)V + g,(c,6) I + - - -

« S0 we have an effective Lagrangian, describing the physics
of Baryons, but including effects of their quark internal
structurelll

« All thereis left to do is solve the many body problem for
this system...

€ = ZH—'+Z(O’W~O & +-)
M_\/k +m2+2(lwo+wl+ )




« We can see the system as baryons with effective mass.

MZz(o,0) = Mp — g5(0,0)0 + gs(0,0)0x1?

 Where the meson fields are the respective mean field
values.

* In order to connect the quark-level theory to the nuclear-

level theory we fit this values to the mass derived from the
MIT bag model solution:

= TIQU_ZU
ME=> fRB -BVs + Apwm
J(‘



« Binding energies for
heavy nuclei

Binding energy residual (MeV)

Mass number, A

Martinez, K. L. et al. Physical Review C, 100 024333.
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« Binding energies for
heavy nuclei
« Deformation
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Binding energies for
heavy nuclei
Deformation
Neutron Skin
Thickness

Argp (fm)

Meutron excess, |

Martinez, K. L. et al. Physical Review C, 100 024333.
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Neutron Stars
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« Expected density around -1
fm-s.
(If the star's mass is largelll)
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« Expected density around -1
fm-s.
(If the star's mass is largelll)

 |f you take the baryon to be o

spherical object of avg radius
~0.8fm

Then the volume of the
baryon is around 2.1 fms,

Temperature T [MeV]




How does matter look like at such high densities?

QCD at low densities has only two flavours of quark
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« But if density increases it should generate
strangeness
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« But if density increases it should generate

strangeness
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And at high enough densities the baryons deconfine
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Mass - Radius
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« Measuring masses is
hard!
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« Hyperon puzzle 2

« Quark puzzle

« Delta puzzle
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« Hyperon puzzle 25|

 Quark puzzle
« Delta puzzle
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« Hyperon puzzle 25|

 Quark puzzle
« Delta puzzle
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« Hyperon puzzle
 Quark puzzle
« Delta puzzle

M [solar mass]
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Gravitational Waves
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« Predictions go
from /7 to 15 km
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NICER: The Neutron star Interior Composition Explorer

‘NICER observations will achieve an accuracy of = 2% in the
measurement of radius (Gendreau, Arzoumanian, and
Okajima, 2012; Bogdanoy, 2013). In practice, the
measurement will be limited by uncertainties in these two
requirements. The uncertainty in the mass measurement of
NICER's primary target, the bright pulsar PSR J0437-47195, is
~5% (Reardonet al,, 2016)."

-Watts et al. (2076)



Ligo is still

measuring!
event ID: G352020
th. 50% area: 8061 deg?
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QMC Applied to NS
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« Minimize energy
density
(B-equilibrium)

« Get Population
chart

« Get Energy and
Pressure for

each baryon
density (EOS)
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« Minimize energy
density

(B-equilibrium)

« Get Population
chart

« Get Energy and
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each baryon
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Gs = 3fm
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¢ Equation of state does
produce stars with masses
of up to 1.9 solar masses
for all values of delta
coupling

12
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“ Equation of state does
produce stars with masses
of up to 1.9 solar masses
for all values of delta
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« Variations on saturation ) =N
density give rise to small
variations in mass-radius
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« Why wasn't it there in
the first place?

- It's mass is large and
coupling is small

- Wasn't likely to
change the
maximum mass

- We only had mass to
think about!
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i G Al o

150k GW170817
90% confidence

1.25

1.00

M(Mo)

0.75F

0.50 F

—@®— Nobd
—@— G5
025 ™ . 2 {3'5

11 12 13 14

. . R%m)
TFM, A.M.Kalaitzis, S.Antic, PAM Guichon, J.R. Stone, AW.Thomas (2019)



« We find that the delta

coupling changes the . kﬂ%\\\ N
radius very significantly! &
« With the upcoming NICER NS

mission such a result is I
qQuite important.

e Effects of variations in
baryon density are much
smaller than delta effects



« But couldn't it be that
such results are
inconsistent?

E.Q. we use the some crust
EoS all throughout this
study

e Doesn’t the crust
contribute much more to
the radius than the core
does”?
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» Crust consists of a low n R
percentage of the radius
for stars with M>14 2"
@
| ,
« We also expect that, IF the FEEES
model we used for the

crust turns out to be

incorrect, variations would
probably be much smaller

than this
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« Tidal deformability (or equivalently, the Love
number)
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« Delta meson changes little
the Tidal Deformability

« Still all values of &
coupling fit to GW's band

« Again the case with
double delta coupling isin
most tension with GW
constraints
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« Delta doesn’'t change at
all the moment of inertia
for most (M,R) points.

« All parometrizations agree
with band from Zhao and
Lattimer (2018)
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« For binary tidal
deformability we also have
QMC compatible with the
GW measurement

« Same pattern with delta
coupling
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« Moment of inertia
contribution to the crust is
small

« Surprisingly, so is the A
contribution

e Both below 10% for the
QMC model
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« The QMC model predicts
no Delta isobars in the
core of neutron stars

 This can be seenasa
natural ANN three body
repulsion
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Summary and Conclusions



« QMC agrees with GW constraints for all studied
values of & coupling

« QMC agrees with existent measurements for
radius (preferring larger radius than most models)

« Measurements of the radius will give us
strength of & coupling

« Values for GW quantities depend little on the
crust EOS

« QMC proposes a solution for both the
"hyperon puzzle' and the “Delta puzzle’
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