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Recent Observations

Massive Neutron Star Thermal Relaxation in
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Phases of Dense Matter in Neutron
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EFT and Phenomenological Models
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S, L & Equation of State of Neutron Matter
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Neutron Matter from Ab-initio Theory
(at nuclear saturation density)
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Neutron Matter from Ab-initio Theory
(at nuclear saturation density)
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Neutron Matter from Ab-initio Theory
(at nuclear saturation density)

Fermi Gas
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Caveat: Separation between 2N and 3N contributions is
resolution scale and model dependent.
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Current Status of Neutron Matter EoS Studies
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QMC with Phenomenological Potentials

Gandolfi, Carlson, Reddy (2010)

S & L are correlated by 100 , —

the model. = | o7

Experimental > < 60 - 35.1

measurement of L& S = § _ _ |

with ~ 1 MeV error £ ol ;10-_. e L) (e

needed to test the é %0 82 34 a6 ) -

model. S 401 S (MeV)/ -7 g
Up to about twice > | Femmigas

. . (@) -7

saturation density, the 3- o 20 7 \ -
body contribution is [ | ™ S 05 eV ()
smaller than the 2-body O 97 0'21 —03 07 0s5

force. Neutron Density (fm'3)

This was a first attempt at estimating extrapolation errors in
phenomenological models.

Need to understand how to quantity uncertainties of this
extrapolation by varying the short-distance behavior of both 2
and 3 body forces together.
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Neutron Star Structure
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Neutron Star Structure
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Symmetry Energy: Impact on Dynamics

neutron

AE(p,q) = E,(p) — Ep(p + q)

protron

The energy associated with converting a neutron to a
proton in neutron-rich matter has important implications for
astrophysics:

® Supernova: Neutrinos & nucleosynthesis.

® NS Mergers: Gravitational waves, radius, nucleosynthesis.



Supernova Neutrinos
1500 km

Core collapse
Tcollapse ~100 ms

neutrinos diffuse

out of the dense Shock wave
newly born Eoc~10°ergs
neutron star
carry away
~ 3 x 108 ergs

00 km

* The time structure of the neutrino signal depends on how
heat Is transported in the neutron star core.

® The spectrum is set by scattering in a hot (T=3-6 MeV) and
not so dense (10'%-10"3 g/cm?) neutrino-sphere.



Modeling PNS evolution with different EoS.

Heat transport : Neutrino diffusion + convection

RQ
Diffusion: Tdiff = ~3—90S
C A\,

vaectbo
Convection: Driven by composition

gradients. Buoyancy of matter
depends on the pressure or neutron
matter. Convective growth rate:

w? = 9 (vsVIn(s) + vy, VIn(Yy))

Tng

([ O0lnP _ (O0InP B
e \lng ).y, " \Ols ),y T

opP 4/3v,1/3
(E) ~ny Y? —AngEL (1 - 2Y,)

Roberts, Cirigliano, Pons,
Reddy, Shen,Woosley (2012)

Large values of L suppress convection.



Observable signatures of convective transport

e Neutrino flux is | + L?gﬁ%L
enhanced during 3| K'/

convection. | Small L]

&~ (soft) -

® [here iIs break in the
light curve (when
convection ends).

Count Rate (3_1)

e [-raction of events X
betweeﬂ 3‘1 O S 1 0.3 0.35 0.4 0.45
. - Counts (0.1 s —> 1 s)/ Counts (0.1 s —> o0)
provides good 0 —
. o . 10 10
discrimination. Time (s)

Count rate in Super-Kamiokande for
galactic supernova at 10 kpc.

Roberts, Cirigliano, Pons, Reddy, Shen,Woosley (2012)



Dense Matter, Neutrinos & Nucleosynthesis

Burbridge, Burbridge, Fowler & Hoyle 1957

In extreme environments H
rapid neutron capture ’ "4
(r-process)

on seed nuclei can
produce heavy elements.

He
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He ~-BURNING
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| . |

N

Properties of dense
matter and neutrinos
influence

where and how heavy
elements are
synthesized.
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Where does the r-process occur ?

There is general consensus that it involves either one or
two neutron stars.

e The one neutron star
scenario: Neutrino driven
wind in a core-collapse
supernova. [Fragile]

 The two neutron star
scenario: Dynamical
ejection of matter in binary

heutron star mergers.
[Robust]




Necessary Conditions

High neutron to seed ratio is needed to populate the
observed A~130 and A ~ 190 peaks.

This requires:
» High entropy per baryon.\ Hydrodynamics,

» Short expansion time. J Magnetic Fields, etc
« Low electron fraction (Ye).} Neutrino Spectra

Dense matter properties determine the neutrino spectra
emerging from the hot neutron star.



Ye in the Neutrino Driven Wind

Is set by the charged current \_fe+ p—n+e’
reactions In two regions.

V.+Nh — D+ e

yNDW Nue <Uz{e>
’ Ny, (05.) + Nu, (0u.)

(05.) o< (E5,)  (04,) o< (Ey,)

Neutrino-sphere at high density
and moderate entropy. . F PP AR

Neutrino driven wind at low
density and high entropy.
R ~ 103-104 km



Charged Current Opacity

- Asymmetry between neutrons and proton interactions in
neutron-rich matter determines the Q value of the reaction.

- A large symmetry energy (S) implies a large +Q value for
change neutrons to protons and a large -Q value for
changing protons to neutron.

- Large S favors electron neutrino absorption and disfavors

agti-electron_neutrino absorption.
e €

Large Q crucial to overcome
electron final state blocking

p Reddy, Prakash & Lattimer (1998)
Roberts (2012)
. Martinez-Pinedo et al. (2012)
Roberts & Reddy (2012)

.
Dense Medium Rrapaj, Bartl, Holt, Reddy, Schwenk (2015)




SINGLE PARTICLE ENERGY SHIFT & DAMPING

2
Q ) ' En(p)%mnl p* FU, +1 1,
. ’ \ 2m
') '\
\ ’

>—od—

(a) ] (t;)

Energy Transfer in the Charged Current Process:

G0 = En(p) — Ep(p+ @) ~ = + (mp — myp) + (Uy, — U)

2m2

AU = U, — U, = 40 ””n_ P Mev
0




Spectra & Nucleosynthesis

| nuclear effects

A

proton-rich
ejecta

S | - neutron-rich
EoS: Linear __— ;| 1 ejecta

Symmetry Energy T

g .
o . -
. o o v o o e "

|
_ 0.4
EoS: Non-Linear ﬂ 2 4 6 8 10

Symmetry Energy
Roberts, Reddy & Shen (2012)
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NS Collisions - Gravitational Waves

The gravitational waves, EM
counterparts, and
nucleosynthesis are sensitive
nuclear and neutrino physics.




Neutron Star Merger Dynamics

(General) Relativistic (Very) Heavy-lon Collisions at ~ 100 MeV/nucleon

Inspiral:
Gravitational
waves, Tidal

Effects &

Dense Matter EoS

Merger:
Disruption, NS
oscillations, ejecta
and r-process
nucleosynthesis

Post Merger:
Ambient conditions
power GRBs,
Afterglows, and
Kilo/Macro Nova



Neutron Star Radii From Pre Merger Signal

R=14.9 km

Tidal deformtion iInduces JUdITvTRRRRRRRRRLELLS

quadrupole moment.

2

Realistic data analysis by injecting events in a volume between
100-250 Mpc demonstrates discriminating power between EOSs.
Pozzo et al. (2013)

TIDAL DEFORMABILITY

Events

With a few tens of events the radius can be extracted to better
than 10%.



Merger Ejecta & Nucleosynthesis

Shocked ejecta:
Processed by neutrinos, much like
INn a supernova. ~ -

Amount and composition of the material ejected
depends on the neutron star radius and neutrino
interactions in dense matter.



Ejecta and GRB afterglow: Kilonova

Time since GRB 130603B (days)

10 - Radioactive heavy elements
+ X-ray synthesized and ejected can

* F606W

‘160" power an EM signal

Magnitude and color of the
optical emission Is sensitive
to the composition of the
ejecta.

»
=

nt
=
o7}
©
=

|

AB
) X;_r;a—ay flux (ergs s! cm™32)

108 108
Time since GRB 130603B (s)

Detection of a Kilonova



Observing and Interpreting Transport
Phenomena in Neutron Stars

- Key to discovering new phases of matter in neutron stars.

* Novel phases at low (crust) and high density (core) influence
neutron star cooling.

- Neutron stars in binaries accrete matter form a companion and

are subject to episodic heating and subsequent cooling cycles.



Transiently Accreting NSs

SXRTs: High accretion followed by periods of quiescence

RN ™ | During accretion

v Nuclear reactions
Crust release: ~

. 1.5MeV/nucleon

Deep crustal heating.

Brown, Bildsten Rutledge (1998)
Sato (1974), Haensel & Zdunik (1990),
Gupta et al (2007,2011).

Warms up old neutron stars



Transiently Accreting NSs

SXRTs: High accretion followed by periods of quiescence

RN ™ | During accretion

v Nuclear reactions . KS 1731-260: High

Crust release: ~ accretion 1988-2000

. 1.5MeV/nucleon

Deep crustal heating.

Brown, Bildsten Rutledge (1998)
Sato (1974), Haensel & Zdunik (1990), .
Gupta et al (2007,2011).

Image credit: NASA/CXC/Wijnands et al.

Warms up old neutron stars



Crust Cooling

Watching NSs immediately after accretion ceases !

5x10~13

m .
Crust Relaxation:

Crust | Initial
temperature
profile.

2. Thermal

o conductivity.

Neutrino 3.Heat capacity.
Cooling

etric flux (ergs cm ™ s_l)

10718 2x10713

Bo

:

100

KT” 4 (eV)
80

500 1000 1500

Time since t, (days)




Cooling Post Accretion
All known Quasi-persistent sources show cooling after accretion

*After a period of intense
accretion the neutron star
surface cools on a time
scale of 100s of days.

*This relaxation was first
discovered in 2001 and 6
sources have been studied
to date.

*Expected rate of
detecting new sources
~ 1/year.

Effective temperature (eV; for observer in infinity)

220

200

180

160

140

120

100

80

60

40

B MXB 1659-298
* KS 1731-260

‘I'\;\- * EXO 0748-676
% XTE J1701-462

’ IGR J17480-2446

g \, MAXI J0556-332

10 100 1000 10000

Time since end of outbursts (days)

Fisure from Rudy Wijnands (201 3)



Connecting to Crust Microphysics

Crustal Specific Heat Crust Thickness
Cy .
TG — < > ARZ
aY

/

Thermal Conductivity

The shape of the light curve is a probe of the

local thermal time. In principle a collection of Ten (0, 1) =
light curve can map the thermal and transport
properties at each depth.

Cy
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Low Energy Theory of Phonons

neutrons neutrons

protons protons

Proton (clusters) move collectively on lattice sites.
Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase
of the condensate.



Low Energy Theory of Phonons

neutrons neutrons

protons protons

>

(gi(xa Y, Z)

Proton (clusters) move collectively on lattice sites.
Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase
of the condensate.



Low Energy Theory of Phonons

neutrons neutrons

protons protons

<€ >
gi (ZIZ, Y5 Z)

Proton (clusters) move collectively on lattice sites.

Displacement is a good coordinate.

Neutron superfluid: Goldstone excitation is the phase

of the condensate.
| A/coarse-grain”
(W1 (r)py(r)) = |A] exp (=21 0)

Collective
coordinates:




A Low Energy Effective for the Inner Crust

Symmetries of the { fazl“S(I‘,t) . fazl“S(r,t)—l—aazl"g

underlying
Hamiltonian o(r,t) — o(r,t) + 6

Only derivative terms are allowed. Lagrangian density for the phonon
system with cubic symmetry:
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Low energy coefficients are related to static properties and are obtained
as derivatives of the equation of state.

Cirigliano, Reddy, Sharma 201 |



Transport: Thermal Conduction
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E(p) =p w(p) =cp w(p) =v p
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lattice superfluid

electrons e {herens
® Dissipative processes: >°°°°°° °°°°°°°<r

® Umbklapp is important:
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Electron Bragg scatters and emits a transverse phonon. Flowers & Itoh (1976)




Crustal Specific Heat
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Crustal Specific Heat
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e| ate time signal Is sensitive to inner crust thermal and transport
properties.

e[Data favors relatively high thermal conductivity and low specitic

e|nner crust is crystalline, not too dirty, and neutrons must be in a
superfluid state.

Shternin & Yakovlev (2007), Brown & Cumming (2009), Page & Reddy (2012,2014)
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Summary & Outlook

Three nucleon forces are key to to understanding the EOS
for neutron stars and supernova.

If small NS radii are confirmed, we need to a mechanism
to stiffen the equation of state rapidly and must persist to
high density.

Properties of matter at densities accessible to nuclear
many-body theory has wide ranging implications for
astrophysics - mergers, supernovae, and nucleosynthesis.

Thermal evolution of accreting neutron stars is providing
new insights about thermal and transport properties of the
crust - revealing its phase structure

The core remains even more mysterious.



“So what does all this have to do with short-
range correlations 7"

| do not know. As a first step it would be useful to ask if electron-nucleus
scattering data can constrain the two-body potential at high momentum.
Disentangling the probe dependent two-body current from the two-body
nucleon-nucleon potential is model and resolution scale dependent.
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Nucleon-Nucleon Potential
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