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Neutron Stars and Big Questions

Nature of matter at extreme
density?

Origin of cosmic explosions®?

Synthesis of heavy elements?

Nature of dark matter?
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Neutron Star Structure: Observations

2 M. neutron stars exist.
PSR J1614-2230: M=1.93(2)
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NS radii are difficult to measure:
Poorly understood systematic errors, preclude
the determination of NS radius using x-ray
observations of surface thermal emission.

47 Tuc X7 # .7
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2 M. neutron stars exist.
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NICER: Radii from Hot Spots

Emission from rotating neutron stars with
hot spots is sensitive to space-time
geometry.

X-ray pulse profiles contain information
about the source compactness.

NASA’s NICER mission has acquired data
from a couple of neutron stars. Modeling of
hot spots and their x-ray emission favors
radii in the 12-14 km range.
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NICER: Radii from Hot Spots

- . . PSR JO030:
Emission from rotating neutron stars with M=144+015M
hot spots is sensitive to space-time T O
geometry. R,=12.0—-14.3 km
X-ray pulse profiles contain information PSR J0740:
about the source compactness. '

M=2.08 £0.07 M
° ° @
NASA’s NICER mission has acquired data Re = 12.2 —16.3 km
from a couple of neutron stars. Modeling of _ +1.3
R,=12.4"7 7 km

hot spots and their x-ray emission favors
radii in the 12-14 km range.
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GW170817: Gravitational Waves from Neutron Stars o 2 4
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Tiaal Deformaﬂon Measuring the Radius with GWs

Tidal forces deform neutron stars.
Induces a quadrupole moment.

/ 0°V;

x:ﬂEx Ex=_
Qy Y IY axay

Rorblt ~ 10 RNS

tidal deformability  external field
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Tiaal Deformaﬂon Measuring the Radius with GWs

Tidal forces deform neutron stars.
Induces a quadrupole moment.

/ 0°V;

v = Y Ex EFE = —
Q g g Ixy axdy

Rorblt ~ 10 RNS

tidal deformability  external field

117 s M

Tidal interactions change the rotational phase: 6 = v p — A
S5
Dimensionless binary tidal deformability: A = 16 (<%> (1 | M2> A+1o 2)
13\ \ ™M M,
A R?
Tidal deformations are large for a large NS: A= —— = k,—

M3~ M;



Radius constraints from GW170817

A = 222.29+419.83 245.39+123.12 233.39+127-33

e Tidal deformations (not) observed
lbistibainenill i G\\V170817 implies a small NS

¥ B Galactic Neutron Stars rad|us R < 13 km

One can combine additional
information from nuclear physics

5 and electromagnetic observations
to improve the constraint.
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Radius constraints from GW170817

Posterior + Miotal < Minresh + Mpax < 2.3M g Previous studies

Capano, Tews, Brown, Margalit, De, Kumar, Brown, Krishnan, Reddy (2020)
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Golden Age for Compact Object Astrophysics

* We anticipate a wealth of new data relating to compact object mergers during the next 10-20 years.
* GW astronomy is poised to detect all mergers with staggering event rates!

100

Redshift

Next-generation GW detectors will detect > 20,000 BNS/year

About 100 events/year will be provide precise (error < 10%)
measurements of NS masses and radii. Animation Credit: NASA's Goddard Space Flight Center/Cl Lab
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Equation of State and Neutron Star Structure

P(e) + Gen.Rel. = M (R)
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Equation of State and Neutron Star Structure

P(e) + Gen.Rel. = M (R)

A small radius and large maximum mass implies a rapid
transition from low pressure to high pressure with density.



Interactions Matter

M max ~ 075 M@)

44—

Unstable

Stable

*_ Maximum mass of a non-interacting gas of neutrons.
~ Oppenheimer and Volkoff (1939)
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Interactions Matter

1 _
0.8 M max ~ 075 M@)
0.6! —
M (M@) w Unstable
Stable
0.4 >
0.2
Maximum mass of a non-interacting gas of neutrons.
Oppenheimer and Volkoff (1939)
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Chandrashekar had already shown that electron degeneracy pressure would support an
iron core ~ 1.4 Me In massive stars.

If Oppenheimer’s calculation of the maximum mass was correct neutron stars would not
exist ! Neither would supernova !




Interactions Matter
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Inside Neutron Stars

Outer crust

Density
(g/cm3) 104

4 x 10"

Inner crust

 Nuclei and relativistic electrons. !

tNeutron-rich nuclei, relativistic electrons,
isuperfluidneutrons |

14
10 Outer core

INeutrons (~ 90%), protons, relativistic electrons, |
Imuons. Description in terms of baryons remains
luseful. Superfluid neutrons & superconducting |
L protons. |

6 x 1014

Quark-hadron
transition

 Complex strongly interacting relativistic matter. |
iDescription not simple in terms of either baryons |

15
— > |Ordered quark matter? color superconductor? |

Approximate
radius (km)

1015
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General Constraints on the Equation of State
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General Constraints on the Equation of State
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Nuclear Interactions and Many Body Theory
vZ

Hpuclear = - Van 4+ Vs -

The potential between two neutrons at low energy is Constraints on the three-neutron potential
well constrained by scattering data but interactions at are weaker

short distances are model dependent.
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Nuclear Interactions and Many Body Theory

vZ

Hpuclear = - Van 4+ Vs -

The potential between two neutrons at low energy is
well constrained by scattering data but interactions at
short distances are model dependent.

Constraints on the three-neutron potential
are weaket.
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Nuclear Interactions and Many Body Theory

vZ
Hpuclear = - Van 4+ Vs -

The potential between two neutrons at low energy is Constraints on the three-neutron potential
well constrained by scattering data but interactions at are weaker.
short distances are model dependent.
Quantum
Many-Body
Theory

r (fm) ) (/On, /Op) & Equation of State



Nuclear Forces from Effective Field Theory (EFT)

EFT Hamiltonians organizes operators in powers of the momentum: Q
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Beane, Bedague, Epelbaum, Kaplan, Machliedt, Meisner, Phillips, Savage, van Klock, Weinberg, Wise ..
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Chiral-EFT: The Good, the Bad, and the Power-Counting Ugly

Incorporates symmetries and provides an expansion of
operators to estimate errors.

The connection to QCD, particularly to the quark masses,
remains difficult to quantity.

The cut-off needed to regulate loop-integrals can only be
varied over a small range. Not RG invariant.




Equation of State of Dense Nuclear Matter

Quantum many-body calculations of neutron matter
and nuclear matter using EFT potentials show
convergence up to about twice nuclear saturation
density.

Three-nucleon forces at N2LO play a key role.
They provide the repuslion needed for saturation
the pressure needed to hold up neutron stars.

Drischler et al. used Bayesian methods to
systematically estimate the EFT truncation errors in
neutron and nuclear matter.

Energy per Particle (MeV)

Neutron Matter
1 LO =4 NLO
4 N°LO B4 N°LO

Nuclear Matter

Nuclear
Saturation

0.1 0.2 0.3

=

Density n [fm




Equation of State of Neutron Star Matter

In neutron stars, matter is in equilibrium with
respect to weak interactions and contains a
small fraction (about 5-10%) of protons,
electrons and muons:

Qo
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Many-body perturbation theory and
Bayesian estimates of the EFT
truncation errors predict:
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Christian Drischler Sophia Han Tiangi Zhao



Bounds on Neutron Star Radii

EFT predictions for the EOS can be combined

with extremal high-density EOS (with ¢ = 1) to WEFT at N'LO + causal EOS

derive robust bounds on the radius of a NS of
any mass.

The lower limit on the NS maximum mass
obtained from observations strengthen these
bounds:

e M_. >20 M, 92km< Ria<13.2 km

e M, >2.6 M, 11.2km< Ria<13.2 km TR TR Ta—

Radius R [km]

If R1.4issmall (<11.5 km) or large (>12.5 km), it

would imply a very large speed of sound in the
cores of massive neutron stars.
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Bounds on Neutron Star Radii

EFT predictions for the EOS can be combined

with extremal high-density EOS (with CS2 = 1) to XEFT at N°LO + causal EOS

derive robust bounds on the radius of a NS of max. R o = 2

any Mass. min. R(Mmax = 2.0 Mg)
min. R(Mmax = 2.6 M)

i
o

o
31

The lower limit on the NS maximum mass
obtained from observations strengthen these
bounds:
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—
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e M_. >20 M, 92km< Ria<13.2 km

o
31

. MmaX > 2.6 MQ, 11.2km< R14<13.2 km 10 11 12 13 14

Radius R [km)]

If R1.4issmall (<11.5 km) or large (>12.5 km), it

would imply a very large speed of sound in the
cores of massive neutron stars.



Mass (sun masses)

—
AN

Minimum Radius

|

Observational Constraints

/ Maximum Radius

10 11 12 13 14 15
Radius (km)

16



Mass (sun masses)

—1
AN

Observational Constraints

/ Maximum Radius

Minimum Radius

|

GW 170817 (90%)

9 10 11 12 13 14 15
Radius (km)

16



Mass (sun masses)

—1
AN

Observational Constraints

/ Maximum Radius

Minimum Radius

|

GW 170817 (90%)

9 10 11 12 13 14 15
Radius (km)

16



Mass (sun masses)

—1
AN

Minimum Radius

|

Observational Constraints

/ Maximum Radius

J0740+6620 (68%)

GW 170817 (90%)

10 11 12 13 14 15
Radius (km)

16



Mass (sun masses)

—1
AN

Minimum Radius

|

Observational Constraints

/ Maximum Radius

J0740+6620 (68%)

J0740+6620 (68%)

GW 170817 (90%)

10 11 12 13 14 15
Radius (km)

16



Mass (sun masses)

—1
AN

Minimum Radius

|

Observational Constraints

/ Maximum Radius

J0740+6620 (68%)

J0740+6620 (68%)

GW 170817 (90%)

10 11 12 13 14 15
Radius (km)

16



Mass (sun masses)

—1
AN

Minimum Radius

|

Observational Constraints

/ Maximum Radius

J0740+6620 (68%)

J0740+6620 (68%)

GW 170817 (90%)

10 11 12 13 14 15
Radius (km)

16



Mass (sun masses)

—1
AN

Minimum Radius

|

Observational Constraints

/ Maximum Radius

J0740+6620 (68%)

J0740+6620 (68%)

GW 170817 (90%)

10 11 12 13 14 15
Radius (km)

16



Mass (sun masses)

—1
AN

Minimum Radius

|

Observational Constraints

/ Maximum Radius

J0740+6620 (68%)

J0740+6620 (68%)

GW 170817 (90%)

10 11 12 13 14 15
Radius (km)

16



Speed of Sound in Dense Matter

., oP
C; = —
e

Large maximum mass and
observed radii, combined with
neutron matter calculations
suggests a rapid increase in
pressure In the neutron star
core.

Neutron stars

Causality: ¢ < 1

Conformal limit

This implies a large and non- Perturbative QCD
: ; s

monotonic sound speed In

dense QCD matter.

Suggests the existence of a
strongly interacting phase of
relativistic matter.
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Tidal Deformability & Compact Object Populations

Large sample size: 100,000 BNS/year.
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14 16 | | ~100 measurements of the masses and
Mass M [M] tidal deformability per year is within reach
of next-generation GW detectors.
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Large sample size: 100,000 BNS/year.
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The Dark Side of Neuton stars

Neutron stars are great places to look for dark matter

» They accrete and trap dark matter.

p r
M, < 1071M, ( = 3>
1 GeV/ecm®/ Gyr

‘Produce dark matter due to its high density.
M, S Mg for m, < 2 GeV

‘Produce dark matter due to high temperatures at ,f
birth or during mergers. 3

M, < 107! M, for m, < 100 MeV MpRaE 1 pi -



Black-Holes in the Neutron Star Mass-Range

ldea: Accretion of asymmetric bosonic dark matter can induce the collapse of an NS to a BH.

M){ 7 10_14M® Min

) Py t
2 X 10~ cm? , 1 GeV/ cm3 Gyr

log(c/cm 2)

The maximum mass of weakly Interacting bosons
IS negligible:

excluded by BH formation inside neutron stars

18 GeV %
MBosons ~ 10 M@ " E’
X m
The existence of old neutron stars in the 5= 0.3 GeViem

Milkyway with estimated age ~ Gyr provides
strong constraints on asymmetric DM.

Hawking radiation preve

o = 10°GeViem ®

Kouvaris (2013)



Time Scale for Converting NSs into BHs

Self-gravitation and BH

For dark matter in the 1-106 GeV formation w/o BEC
mass range, black hole formation
iIs complex and involves several Netr > Nenanduaseka

timescales. 0

Capture of DM particles Destruction

in NS core Thermalization of host star
Capture time is typically the . s
limiting step. But, thermalization A ADMsphere
can be slow in exotic superfluid e @ oy e
phases and depends on R 0 v
processes in the inner core! . mplosior

Ambient DM capture

and Bondi-Hoyle accretion
must exceed Hawking radiation

Bose-Einstein condensation
(BEC) and BH formation




Time Scale for Converting NSs into BHs

. —soiem —1mer | The number of merging black
For dark matter in the 1-10° GeV ey —omar G | e fe Ig\JIS?m osion
mass range, black hole formation [ B ol e | — 3000 Oy , X
grows rapidly when the collape

IS complex and involves several " 02 S
tmescales. time is less than a Gyr.

Capture time is typically the
limiting step. But, thermalization
can be slow in exotic superfluid
phases and depends on
processes in the inner core!

|
7 |
— XG
|
Voyager

— A4!

A measurement of the tidal
deformability will allow us to
distinguish BBH from BNS
to infer the collape time In
next generation detectors.




Constraining Dark Baryons

Dark sectors could contain particles in the MeV-GeV mass range that mix with baryons.

There was speculation that a dark baryon with mass m, between

937.76 - 938.78 MeV might explain the discrepancy between n—=xXt...
neutron lifetime measurements. Foral & Grinstein (2018)
rPottle — 8796 +£ 0.6 s —— counts neutrons rpottle 5
Brn_>x =1 boam (0.9 T 0.2) X 10
T, cHH
oM — 388.0 £ 2.0 s —— counts protons

A model for hidden baryons that mix with the neutron:

Legg =1 (10 —myp)n+x (10 —my ) x—0 (X\n + ny)

o
Mixing angle: 0 = N, * An explanation of the anomaly requires @ ~ 10~

Neutron stars can probe much smaller mixing angles: @ ~ 10~18



Weakly Interacting Dark Baryons Destabilize Neutron Stars

—-—  Stiff
—-— APR
—-— Soft

N p € X N p €

Neutron decay lowers the nucleon
density at a given energy density.

12
When dark baryons are weakly Radius (km)
iInteracting the equation of state is soft
~ similar to that of a free fermi gas.

This lowers the maximum mass of neutron stars.



Self-interacting Dark Matter

Using Gravitational Waves to Discover Hidden Sectors

Self-interacting dark matter can be stable
and bound to neutron stars - a new class
of compact dark objects.

Gravitational wave observations of binary
compact objects whose masses and tidal
deformability’s differ from those expected
from neutron stars and stellar black holes
would provide conclusive evidence for a
strongly self-interacting dark sector:

Mass < 0.1 Msolar
Tidal Deformability > 600

Nelson, Reddy, & Zhou (2018) Horowitz & Reddy (2018)

NS + dark-core

NS + dark-halo

Compact Dark Objects




Dark Halos Alter Tidal Interactions

Trace amount of light dark
matter ~ 10-4-10-2 Msojar IS
adequate to enhance the
tidal deformability

A\ > 800 !

Self-Interactions of
‘natural-size” can provide
adequate repulsion.

g,/Mmo = (0.1/MeV) or (10-6/eV)

Nelson, Reddy, Zhou (2019)

boson

fermion

Ox

mgy/MeV

1

For m, = 100 MeV




Dark Halos Alter Tidal Interactions

| Nelson, Reddy, Zhou (2019)
Trace amount of light dark

. 1600f —— boson For m, = 100 MeV
matter ~ 10'4'1 0'2 Msolar IS — fermion *
adequate to enhance the 1400
tidal deformability 1500 =1
A > 800 !

< 1000

Dake-Zhou

Self-Interactions of
‘natural-size” can provide
adequate repulsion. 600

800+

g,/Mo = (0.1/MeV) or (10-6/eV) 400







m s (s

C1, C3, C4 CD CE

|. Tews,R. Somasundaram,D. Lonardoni,H. Gottling, R. Seutin, J.
C. Drischler, R. J. Furnstahl, J. A. Meleldez, D. R. Phillips (2021) Carlson S. Gandolfi,K. Hebeler, A. Schwenk (2024)
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Renormalization of the NN interaction in ChiEFT




Renormalization of the NN interaction in ChiEFT

-1 | SR ¢

8/% 01°-(q 03 (
A a*+mg

XX

L (&) gimy Dy gim} 1
KSW

Vio(@) = Co+ D, m; -+ T T

Renormalization requires D, :
Kaplan, Savage, Wise (1998)

To obtain a scattering amplitude that is independent
of regularization or cut-off A requires:

a

A \ & " 64n2f2 C2  64nY2 4



Renormalization of the NN interaction in ChiEFT

-1 | SR ¢

8/% 01°-(q 03 (
A a*+mg

XX

L (g) gimy Dy gim} 1
KSW

VLO(Q) — C() + D2 m,% -+

717

Renormalization requires D, :
Kaplan, Savage, Wise (1998)

To obtain a scattering amplitude that is independent
of regularization or cut-off A requires:

a

A \ & " 64n2f2 C2  64nY2 4

Analysis of 2-nucleon scattering in Lattice QCD for different values m_ could, in principle, determine
D, but systematics are too large at this time.



Renormalization of the NN interaction in ChiEFT

-1 | SR ¢

8/% 01°-(q 0y

A a*+mg

XX

L (&) gimd D)  gim} 1
KSW

VLO(Q) — C() + D2 m,% -+

Renormalization requires D, :
Kaplan, Savage, Wise (1998)

To obtain a scattering amplitude that is independent
of regularization or cut-off A requires:

A \ & " 64n2f2 2 " e4nf2 4

Analysis of 2-nucleon scattering in Lattice QCD for different values m_ could, in principle, determine
D, but systematics are too large at this time.

Beane, Bedaqgue, Detmold, Savage (NPLQCD), Walker-Loud (Cal-Lat), Aoki, Hatsuda, Ishii (HAL QCD Collaboration), ....



D, and Coupling to Pions

Chiral symmetry requires that pion

mass terms only appear in a 5 7,70
L : m; AL
specified form: 2f 2
N N
This induces a coupling of pions N
to two-nucleons:
N
¥ )
2 my
D, m D,



2 2
D, m; Ey, w

D,, E,, & F, are enhanced for the same reason and are apriori expected to be of similar size.

Typical size of these LECs: D,~E,~F, ~

St}

|
Note, in Naive Dimensional Analysis: D, ~ E, =~ F, & _A 1



3NF due to pion coupling to two nucleons are large because:

D, & F, are enhanced by the large n-n scattering length.
* Enhanced loop contribution due to small nucleon kinetic energy.

% (1 " (2\1/5 : \@) cot‘l(llﬁ)>

ik 15F,gim- = T o 93 3 2
ViI*@G,, G, Gs) = S fzéii'éj:]" + f50; - O p where J7(b) = g (1 +2b)7(b) + g

: 98 2D2m2 i’ 632
VU“,’{k(ql, qr, Q3) = = K. O j( where J (D)

ijk



y

Maria Dawid Wouter Dekens

3NF due to pion coupling to two nucleons are large because:

D, & F, are enhanced by the large n-n scattering length.
* Enhanced loop contribution due to small nucleon kinetic energy.

9g2D m;; » 62 2 |
Vlik(QIa 4, Q?)) — 42 K.l.] 5kk’ S > Where j(b) =—1 1 T | \/Z COt_l(l/\/E)
ij Y 3 2\/5

ijk

ik 15F,gim> = T o g3 3 2
ViI*@G,, G, Gs) = o\ S30i0; + f204 - 015 |F where J(b) = 3 (1 +2b)7(b) + 3



D, and F, Contributions to the Energy are Large

In neutron and nuclear matter, the leading SNF plays a critical role.

20—y :
ceeelpe=--9  f----- 10} 3
(/3 A 108 A m :
C1, C3, C4 CD CE : €1
Or
_55- Fa)<1/5f,* Dy |<1/5f,* -
The new 3NF can be large enough to compete with the :
NNLO forces currently employed in Chiral EFT. 1 o5 10 15

The uncertainty is large because D, & F, are not yet known.

Nuclear structure and pion-nucleus scattering data can independently constrain D, & F5.

Independent determinations would test the convergence of EFT and estimates of truncation errors.



Neutron Matter: Underestimating Errors?

n n n
. oo
n n n
c; & 3

‘Leading 3NF is
idetermined by pion-
inucleon scattering data. |
Independent of multi- |
‘nucleon information .
{Errors are small becasue |
'there are no 3NF short- |
\distance contributions. |

1 Our calculation: .’

iPion coupling to two- |
inucleons can play a role. |
Information about two- |
inucleon dynamics |
linfluences 3NF to ensure
lproper renormalization. |
Error estimates will likely |
ineed revision. |

Chiral EFT at N2LO predicts
P(n.) =3.1+0.5 MeV/fm’

C. Drischler, R. J. Furnstahl, J. A. Meleldez, D. R. Phillips (2021)
— 3
P(n,) = 2.2 +0.4 (MeV/fm?)

l. Tews,R. Somasundaram,D. Lonardoni,H. Géttling, R. Seutin, J.
Carlson S. Gandolfi,K. Hebeler, A. Schwenk (2024)

sat

We estimate the contribution to the
pressure from our new 3NFs to be:

P = 107 22 ) £ gg( L2 )| MY
3NF = ' Dief ' Fief fm3

‘Dref‘ — ‘Fref‘ :L
: T

V. Cirigliano, M. Dawid, W. Dekens, S. Reddy (2024)

where



Simple Error Estimates with Empirical Constraints

Energy of neutron matter at Eyy(ng = n,,) = — 16 £ 0.4+ 5, MeV

where the symmetry energy

SO=3212M6V

10

We correlate D, and F, assuming
that these new 3NFs contribute

allows us to estimate the error In
the pressure of neutron matter.

E

03 to the symmetry energy. This E ol
o
O

Binding energy and radii of light
and medum mass nuclei can

constrain D, and f,. Several
groups are currently working on it.
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