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Lecture 1: Basic notions of dense matter. Nuclear interactions and nuclear matter, effective field theory.

Lecture 2: Mass and radius. Linear response, proto-neutron star evolution, supernova neutrino
emission and detection.

Lecture 3: Late neutron star cooling: Thermal and transport properties of degenerate matter, cooling of
iIsolated neutron stars, heating and cooling in accreting neutron stars. Observational constraints.

Lecture 4: Neutron stars as laboratories for particle physics:Dark matter candidates (axions and other
light weakly interacting particles, WIMPs, compact dark objects). Constraints from observations of
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Why Is matter heterogeneous at sub-nuclear density?
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Surface and Coulomb Energles
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BE(exp) - BE(liquid drop) (MeV)

what have we tgwnored thus far ?
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Table 1 Nuclides in the ground state of cold matter as a function of
density, from Haensel & Pichon (21)
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Element Z N Z/A (gcm™) (MeV) (%)
S f o Using experimental nuclear masses

equencg O hucied 36 Fe 26 30 04643 796 10° 0.95 29
encountered in the neutron 62N 8 34 04516 271 10° 261 3.1
4 Nj 28 36 04375  1.30107 4.31 3.1
star outer Crust. 66N 28 38 04242 148 10° 445 2.0
BOKr 36 S0 0418 3.2 100 5.66 3.3
Rige 34 50  0.4048 1.10 101 8.49 16
From °6Fe to 118Kr 82 Ge 1250 03902 28010 1144 3.9
07n 30 50 03750 5.44 10" 14.08 4.3

T8Nj 28 50 03590  9.64 10 16.78 4.0
Fr_f}m the mass fnrmy]a of Mdller (1992), unpublished results

126R 0 44 82 03492 12910 18.34 3.0
124 Mo 42 82 0.3387 1.88 101 20.56 3.2
1227, 40 82 03279  2.6710' 22.86 3.4
120gp 38 82 03167  3.79 10 25.38 3.6

1B g 6 82 0.305] {43310 ! ]'d (26.19)

! pnax is the maximum density at which the nuclide is present.
"It is the electron chemical potential (including electron rest mass) at that density.

“Ap/p is the fractional increase in the mass density in the transition to the next
nuclide.

“The lines with pg, in parentheses correspond to the neutron drip point.



Electron-nucleus Interaction and Lattice Energy

To good approximation, electron charge distribution
LS untform.
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Energy gain Ls modest and wmodel dependent
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Depth (km) —_ Mass contained in the crust
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Equation of State and Neutron Star Structure

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



Equation of State and Neutron Star Structure

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



Equation of State and Neutron Star Structure

P(¢) ' ' M(R)

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




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.



Constraints on the Equation of State
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Constraints on the Equation of State

W
E_'/ P(Ssat) =25+ 1 MeV/fm3 """"""""""""""""""""""""
o0 .
e,
neutron
drip
" relativistic
electrons crust
4
7 | 14 | 15

log € (g/cm?3)

- ; P
can calculate | can speculate



Constraints on the Equation of State
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Constraints on the Equation o]‘o otate
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Constraints on the Equation o]‘o otate
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Dense matter EOS and NS structure

Neutron matter calculations and a
sound speed at higher density
constrained by 2 solar mass NS and
causality provide useful constraints on
the NS properties.

R1.4=9.5-12.5 km

Mmax =2.0-2.5 Msolar
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Neutron Star Structure: Observations

2 M. neutron stars exist.
PSR J1614-2230: M=1.93(2)

PSR J0348+0432: M=2.01(4) M

MSP J0740+6620: M=2.17(10) Me




Neutron Star Structure: Observations

2 M. neutron stars exist.
PSR J1614-2230: M=1.93(2)

PSR J0348+0432: M=2.01(4) M
MSP J0740+6620: M=2.17(10) M

— M28
M30

—— NGC 6304
NGC 6397
o Cen
47 Tuc X5

Inferred NS radii are small. " . | e
Despite poorly understood systematic
errors, x-ray observations suggest

R ~ 9-13 km. Perhaps even preferring a
smaller range R~ 10-12 km.

S5
Radius (km)




Bmary mspwa\ and Gravitational Waves

GWs are produced by fluctuating quadrupoles.

b (1,8) = 22 Ty (tR)
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- Advanced LIGO can detect GWs from binary
neutron stars out to about 200 Mpc at design
sensitivity. Detection rate ~ 1- 50 per year.
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Tidal Deformation: Measuring the Neutron Star Radius

Tidal forces deform neutron stars.
Induces a quadrupole moment.
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Tidal Deformation: Measuring the Neutron Star Radius

Tidal forces deform neutron stars.
Induces a quadrupole moment.
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Rorblt ~ 10 RNS

tidal deformability  external field

117 s M

Tidal interactions change the rotational phase: 6@ = 756 " — A




Tidal Deformation: Measuring the Neutron Star Radius

Tidal forces deform neutron stars.
Induces a quadrupole moment.
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Rorblt ~ 10 RNS

tidal deformability  external field

117 s M

Tidal interactions change the rotational phase: 6@ = 756 " — A

S
Dimensionless binary tidal deformability: A = S (( 1) (1 | MQ)A1+ 1 <—>2>



Tidal Deformation: Measuring the Neutron Star Radius

Tidal forces deform neutron stars.
Induces a quadrupole moment.

/ 0°V;

v = Y Ex EFE = —
Q Y Y Ixy 0x0y

Rorblt ~ 10 RNS

tidal deformability  external field

117 s M

Tidal interactions change the rotational phase: 6@ = 756 " — A

S
Dimensionless binary tidal deformability: A = S ((Ml) (1 | %ﬂ A+1o 2)
|

j“i RZS
Tidal deformations are large for a large NS: A, =—- = sz



Tidal Effects at Late Times
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Neutron Stars are Small

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

B Uniform distribution
B Double Neutron Stars
B Galactic Neutron Stars
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Tidal deformations observed
in GW170817 are small and

suggests that the NS radius:

R < 13 km

Requiring a maximum mass
greater than 2 Msun implies:

R > 9 km



Speed of Sound in Dense Matter

L arge observea Neutron stars
maximum mass
combined with small
radius and neutron matter
calculations suggests a
rapid Increase In pressure
IN the neutron star core. Conformal limit
Implies a large and non- Perturbative QCD
monotonic sound speed -
in dense QCD matter.

Causality: ¢ < 1
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Neutron Star Dynamics

Measurements of neutron star masses and radii can constrain the equation of
state.

The thermal evolution of neutron stars is sensitive to the thermal and transport
poroperties of dense matter.

The spectrum of fluctuations at low energy is in turn very sensitive to the phase
structure of degenerate matter.

*Proto-neutron star evolution and neutrinos
from a galactic supernova.

e(Cooling of isolated neutron stars
e(Cooling of accreting neutron stars



Core-collapse Supernova
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Proto-Neutron Star Evolution

The proto-neutron star contains
a large fraction of the
gravitational binding energy -
trapped in the form of neutrinos.

Lepton number is also trapped.
The electron fraction is high -
implies a large proton fraction.

The entropy of the core is
modest.

The shock heated layers at
R>10 kms has higher entropy.
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Supernova Neutrinos

SN 1987a: = 20 neutrinos ..in support
of supernova theory

V4p->n+e’ or vie >vie
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Supernova Neutrinos
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Neutrino Mean rFree Paths In Dense Matter
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Dense Matter
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Scattering from different target particles in the medium

interfere. Correlations between particles important in
determining the neutrino scattering rates.

Correlation functions of dense matter at low energy is
strongly influenced by interactions between target
particles and the phased structure of matter.



| Inear Response

Perturbation: Response:

Hint — /dgaj O<$) ¢€£Ut (ZC, t) 5/0(@, w) — HR(q_)vw) ¢ext(§7w)

Response function: R . .
Polarization function 11 (Q7w) — B /dt € Q(t) <[O(_Q7t)70(
or Generalized Susceptibility

Response to static and uniform perturbations is L
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related to thermodynamic derivatives. beat (7 w=0)=opu



| Inear Response

Perturbation: Response:

Hint = /dgaj O(iC) ¢ext(x7t)

5/0(q_)7 w) — HR(q_)a w) ¢eaz‘t(cj}7 w)

Response function: R —1 . .
Polarization function M(q,w) = B dt ™" 0(t) ([O(—q,1), O
or Generalized Susceptibility

Response to static and uniform perturbations is bont(T— 0,0 = 0) = oy
related to thermodynamic derivatives. - ’ )

perturbation can be viewed as a change in the chemical potenti

al



| Inear Response

Perturbation: Response:

Hint — /dgaj O<$) ¢€£Ut (ZC, t) 5/0(@, w) — HR(q_)vw) ¢ext(§7w)

Response function: R . .
Polarization function 11 (Q7w) — T /dt € Q(t) <[O(_Q7t)70(
or Generalized Susceptibility

Response to static and uniform perturbations is Dot (T — 0,0 = 0) = O
related to thermodynamic derivatives. \

perturbation can be viewed as a change in the chemical potential

Compressibility sum-rule:

on
I1%(0,0) = (@) where n = (0(0,0)) is the associated density.
T



Q

Dynamic Structure Factor

—27h Y Z” (0] O|m) |2 §(Ky — Ko — Fw)

where K, are eigenvalues of K =H — p N  (grand canonical Hamiltonian)

Fluctuation-dissipation theorem:  S(q,w) =

ne dynamic S

—2h Im 11 (q, w)

tructure factor incorporates all of the many-body effects into the neutrino scattering

nd absorptior

rates.



Sum Rules

> dw’
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. — 00
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General Structure of the Dynamic Response
S(q,w)

single-pair

--------------------------------------
-

-

---------------

---

-

-

-

1/Tcoll |
- At small w response is governed by hydrodynamlclzs.I !
. Single-pair response dominates for lwzcoll >1 and lwl< qv.

- Multi-particle response dominates for Iw! > qv(.:ﬁc)nS
» Collective modes arise due to repulsive intera .

| | | | des all
In hot and dense nuclear matter single-pair, multi-particle and collective mo
contribute to low energy response.



Neutrino mteractions N Dense Matter

Low energy Lagrangian: £ = — lu j* l1 + No — I3 + Ny
—
Absorption: l,cf — lW (1 —s)vi Jte = ¥y (W“(gv — gavs) + > MQM%‘> v,
: _ 1%e
Scattering: =0y =)y gl =0 (Y(CY — Clyys) + F “’2 M‘J“) U,

2
Rate: ‘A(E1) _ Gk
dEgd,u13 327’(’2 E1

= (1 — f3(E3)) L S*(q0,9)

—2 Im IT" (qq, q)
1 —exp(—(go + Ap)/T)

Dynamic structure function:  $"(qo,q) =

—

Current-current correlations functions: II*"(qg,q) = —i/dt Br O(t) el wt=T2)( 7. (Z,1),75,(0,0)] )

/

difficult to calculate in general due to the non-perturbative nature of strong interactions.

Sawyer (1970s), Iwamoto & Pethick (1980s),
Burrows & Sawyer, Horowitz & Wehrberger, Raffelt et al., Reddy et al. (1990s),
Benhar, Carlson, Gandolti, Horowitz, Lavato, Pethick, Reddy, Roberts, Schwenk, Shen, and others (2000s)



Neutrino Scattering off Non-Relativistic Targets

Current simplifies in the non-relativistic limit: 5. = U Ob + Ui, U 0 + 0[%1
T T
density spin-density

dynamic response
functions

dI'(Ey)  G%
dQdEs 472

E?? [C‘Q/(l -+ COS 913)S;0(w7 Q) T CZX(S — COS (913)30(&), Q)}



S(g,w) of a classical dense liquid

Carlson & Reddy (2004)
. | | . 1000 p—~y————— T
Density-density correlation function is: E * MD (L=200fm, N=54)| 3
- \ == == Boltzman .
i \ — RPA 7
i \ _
—1q.r; —iq.r;(t
<p(q70)p(q7 E = + E = T J( )> - 1005_ \\ 2, g Z2 e2 \_E
\ / "' - \ I' = = 8 E
,§ - \ { a kT -
Ensemble average Positions at t = i \- [ Wplasmon = 0.3 MeV |~
Positions at t=0 7] 10 = I\ %1_ \ g = 3 MeV P _§
3 \".“J‘_' " adl \ 5
/S\ - - \ I |
Equation of motion for particles: = i \ )
= \ .
1 - \ ;
I'j(At) = I‘j(O) T Vj At Zi¢sz‘j t2 - \ -
2 m - \ I il
O 1 A T T NN N S W A W TR TN SR (NN S NN M MmN S
"0 0.5 1 1.5 2 2.5 3
(')/(')plasmon

For a large number of classical particles the equations of motion are obtained through numerical
simulations - Molecular Dynamics.

The response can also be calculated diagrammatic methods. Typically require approximations and re-
summations. One such approximation is called the Random Phase Approximation or RPA.



Mean Fleld Theory & Random Phase Approximation

Particles interact with a space and
dent backgrou

time indeper

density. The-

changes its dispersion re

‘orward scat

er]
atl

Nna
ng

on.

Coupling to external probes is
screened. This screening IS
accounted for by RPA. The dressed

vertex Is calcula
class of diagrams.

'ed by summing a

The correlation functions (response)
are calculated using the dressed
propagator and vertices.




Neutrino Scattering in Nuclear Matter

d'(Ey)  G%

IOdE,  4n2 E3 [0\2/(1 + c0s013)S,(w, q) + C4(3 — cos 013) S, (w, q)]

Neutrinos scatter oft density and spin fluctuations. Coupling to spin is stronger.

euclear interactions suppress spin
fluctuations.

eDensity fluctuations are suppressed at
high density and enhanced at low
density.

Net effect Is to speed up diffusion.

D, [dEy AE)E> 1 (E)




Charged Current Reactions in Neutron-Rich Matter

Potential energy difference between neutrons and protons is large -
and related to the low density symmetry energy.

The pseudo-potential is suitable to calculate the nucleon self-energy.

=

Dense Medium

A g . o

Q= e, (k) —ep(k — q)
— M, — M, + %, (k) — 2, (k — q)

Reddy, Prakash & Lattimer (1998), Martinez-Pinedo et al. (2012), Roberts & Reddy (2012), Rrapaj, Bartl, Holt, Reddy, Schwenk (2015)



Charged Current Reactions in Neutron-Rich Matter

] ]
n . , P
] ]
] . ]
Dense Medium
) \ B
¢ ., J >
,’ l} \\ EP(%'
\, \, J ~
s 4 > - d > o
(a) (b)
Q=c¢en(k) —ep(k —q)
=M, — M, +X,(k) —2X,(k—q)

20

40
.50

-60

Potential energy difference between neutrons and protons is large -
and related to the low density symmetry energy.

The pseudo-potential is suitable to calculate the nucleon self-energy.

e & =k/2M +3 (k)
— & =k/2M*- U

e e =k/2M +3 (k)
p p p

—— ¢ =K/2M*-U
P p P

—

neutrons

|
I'=38 MeV
n, =002 fm"

B equilibrium

100
k (MeV)

| | |
150

Reddy, Prakash & Lattimer (1998), Martinez-Pinedo et al. (2012), Roberts & Reddy (2012), Rrapaj, Bartl, Holt, Reddy, Schwenk (2015)




Charged Currents: Asymmetric Energy Shifts are Important

i
cosOdE. 2w

Pe Ee (1= fe(Ee)) x [(1+ cos6)S-(qo,q) + g5 (3 —cos0)S,+(qo, q)]

* Energy shift helps overcome
electron final state blocking.

-+ Enhances ve absorption

- Larger energy needed to
produce neutrons suppresses
anti-ve absorption.

10 £
. : HF Pseudo-potential
. | —— HF Chiral NN

10" = | Non-interacting

—_—
e —
— ’—
|

Roberts & Reddy (2012) Rrapaj, Holt, Bartl, Reddy & Schwenk (2015)

100



Neutrino Scattering in Novel High Density Phase in the Core

Two examples:

e(Generic first-order transitions.
eSuperconducting quark matter.



Mixed Phase are Generic to First-order Transitions

|
electrons :

Nuclear Matter to Quark Matter

nuclear

Mixed Phase:
Heterogeneous phase with
structures of size 5-10 fm.

< Nuclear




Neutrino Scattering in the Mixed Phase

1\"

y
4 d

guark droplets in nuclear matter.

do 52 >
= 1 0
dcos(6) l?Dléns QWEV( F €os®)

number density of droplets

weak charge of the droplet.



Neutrino Scattering in the Mixed Phase

'
V

y

y
4
Y
J

guark droplets in nuclear matter.

do ., 6
— = 1 0
dcos(0) '?lems QWE (£ +cos(0))

number density of droplets

weak charge of the droplet.

1000 ¢

10 E

0.1 L

0.01

T\

1 r I

1 g I | |

1 4 I | ! 1 1 | 7 | | —

N~ 9
nB—O. ¢ fim

T = 10 MeV
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Neutrino Scattering in the Mixed Phase

1\"

1000 ey T3
| n,=0.7 fm-3
T = 10 MeV
100 = —:
? E
A <~ b E
v Q> v g,
quark droplets in nuclear matter. nead - = —
0.01 NN T VRN G S VNS RN (G T SN TN (SN W N PR SO W T
d O 20 40 60 80 100
E_(MeV)
—— =N F S 1+ cos( |
dcos(0) Iblén QWE ( ) Coherent scattering from the

droplets is large. Greatly reduces

number density of droplets .
the neutrino mean free paths.

weak charge of the droplet.



Neutrino Scattering in Superconducting Quark Matter.

I1,.(q0.9) = —1 [d4p Ir[G(p + )1 ,G(p)I',]

u

P*q
T T v
u Vv é
¥ o
i
T T -
—
E
l

P

Pairing modifies particle propagation. Particles
can be absorbed or emitted from the condensate.

Energy gap modifies the energy spectrum.

Response moves to high energy (time-like).
Neutrino scattering is exponentially suppressed.
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Carter & Reddy (2000)



Neutrino Scattering in Superconducting Quark Matter.

1.6

0.8

0.6

-Im ngo(Qon) (fm-2)

0.4
Pairing modifies particle propagation. Particles
can be absorbed or emitted from the condensate. W

. 0
Energy gap modifies the energy spectrum. O 20 40 60 80 100 120 140 160 180 200

q, (MeV)
Response moves to high energy (time-like).

Neutrino scattering is exponentially suppressed. Carter & Reddy (2000)



Neutrino Scattering in Superfluid Quark Matter.

/

Superfluid state has a
Goldstone boson.

/ O
_ / O
‘Neutrinos couple to
/

these modes.

Arises naturally in RPA.

‘At T << T¢ this is the
only relevant mode for
neutrino scattering.

6:f,,



Ultra Dense Matter is Opaque to Neutrinos but Transparent to Photons!

X<

SU(3)color' ® SU(3)L & SU(3)Q & U(I)B
I
SU(B)color+L+R ® Lo



Ultra Dense Matter is Opaque to Neutrinos but Transparent to Photons!

SU(3)color @SUEB)L ®@SURB)r ®@U(1)g
U
SU(3)colorsL+R ®Z2



Ultra Dense Matter is Opaque to Neutrinos but Transparent to Photons!
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Ultra Dense Matter is Opaque to Neutrinos but Transparent to Photons!

/

6:f,,

Su(s)color' ® SU(3)L & SU(3)R & U(I)B
I
SU(3)co|or'-|-L+l2 ® Lo

/
7 ¢°
/

1

250

)\u—Hu (Eu )

457

o(1 - 01

c

(1+v)?

More Opaque than the Normal Phase !

3
EI/

Gr fi

phase process | A(T=5 MeV) [ A(T=30 MeV)
Nuclear | vn = vn 200 m | lem
Matter |v.n — e p4 2 m 4 cm
Unpaired | vg — vq 350 m 1.6 m
Quarks | vd — e u 4 120 m i m
CFL A1R 100 m 70 cm
Vo — VO >10 km 4 m




Neutron Star Tomography with Supernova Neutrinos

100.00 | ' |
| | SN 1987A
Temporal features in the late time IMB
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| ;,: 1.000
May be the only direct probe of the z ; |
. . = Galactic — 8.5 kpc
densest matter in the universe. s SNO \
g 0.1005— E
| | g - Galactic — 8.5 kpc
lts about time we had a galactic - _ SuperK
supernovae! 0.010} -
- Galactic — 8.5 kpc
UNO
0.001 . | . l | .
0 10 20 30 40

time (s)



Neutron Star Tomography with Supernova Neutrinos

Temporal features in the late time
neutrino signal contains valuable

iInformation about the core.

May be the only direct probe of the
densest matter in the universe.

lts about time we had a galactic

supernovae!

Total Luminosity (10°' erg/s)
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