Neutron Stars in the Multi-Messenger Era
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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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There is very strong evidence from different | En
observations for the existence of dark matter.

Ordinary matter only accounts ~ 20% of the the
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~ Dark Sector Phenomenology
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axions .~

Messengers:
e Dark photons

e J bosons
e Scalars

At low energy:

_ - B
Ly = —€eqy A;L Vvt y L= 2; 0,0 Yy V55 L =gy~ al-B



How can we use observations of neutron stars to
either discover or constrain dark matter?



DM Accretion onto Neutron Stars

o
.UNO.7C

NS ~ 10 km

For a concise recent review see Kouvaris (2013)

Mass accretion rate:

t
Macc = 1. 1 43 P ) (—)
510 (O.SGeV/cm3 Gyr J GeV

O

where f=Min [1, —o—m—07]

Thermalization:

1/2
GM (ri,)m 3 ~ L
sty o ()

T'th

Self-Gravitation:

4 m —3/2
Mge > gwpcrf’h = 2.2 x 10*® GeV (GeV>

Bose Einstein Condensation:

1.5
Meape > 8 x 1027 (Gev) GeV
T

Formation of the BEC triggers collapse.




Black-hole Formation

ldea: Asymmetric bosonic dark matter can induce the collapse of the NS to a black hole.
Goldman & Nussinov (1989)

This idea has been explored in more detail

by: e Kouvaris and Tinyakov (201 I)
e McDermott,Yu and Zurek (2012) 40
e Kouvaris (2012) & (2013) —
e Guver, Erkoca, Reno, Sarcevic (2012)
* Fan,Yang, Chang (2012) excludea
 Bell, Melatos and Petraki (201 3)
e Jamison (2013)

log(c/cm ?)

10°  10° 10 m, GeV

Existence of old neutron stars with
estimated ages ~ 1010 years provide
strong constraints on asymmetric DM.

Hawking radiation prevents BH growth

o = 10°GeV/cm 3

Kouvaris (201 3)



Constraining Dark Baryons

Particles in the MeV-GeV mass range that couple to baryons or mix with baryons are natural
dark matter candidates.

There is speculation that a dark baryon with mass
m, between 937.76 - 938.78 MeV might explain

the neutron life-time discrepancy:
Fornal & Grinstein (2018)

n—XxX+...

rPottle — 879.6 £ 0.6 s —— counts neutrons rpottle 5
Brn_>x — 1] bonm (0.9 T 0.2) X 10
Tn
_Tﬁfeam = 888.0 £ 2.0 s —— counts protons

In general, are there hidden baryons which mix with a neutron with a mixing angle © = 10-18 ?



Weakly Interacting Dark Baryons Destabilize Neutron Stars

—-—  Stiff
—-— APR
—-— Soft

n p e Z N p e

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

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

This lowers the maximum mass of neutron stars.



What it dark matter has strong selt-interactions?

Bullet Cluster (colliding galaxies)

_IMIts cross-section In the dark sectors.
Requires:

o cm? 4 cm?
e | ~ 2 X 10
M o GeV

Muyir=10"% M

, rs=20 kpc

Dark Matter on Small Scales

-avors strong interactions in t

O sz

ne dark sector.

Requires a velocity dependent cross-section.

2

—~ ] ~ 2 x 107% -

M g

GeV



Interacting Dark Matter

2

g
Energy density: €, = €kin T My 1y o n2

X
2m¢

Large enhancement of interactions when Compton wavelength of mediator is larger than the
inter-particle distance.
Coupling to baryon number can create (dark) charge separation in neutron stars.
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Interacting Dark Matter
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g
Energy density: €, = €kin T My 1y o n2
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Large enhancement of interactions when Compton wavelength of mediator is larger than the
inter-particle distance.
Coupling to baryon number can create (dark) charge separation in neutron stars.



Stable Neutron Stars with Dark Matter

dark-core

dark-halo Dark halo + anti-dark core

Nelson, Reddy $ Zhou (2018)



Profile of a Neutron Star with a Dark Halo
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1.4 Msoiar Neutron star with 10-4 Msoiar of dark matter.
Dark matter: m, = 100 MeV

Interactions: g,/moe = (0.5/MeV) or (0.5x10-6/eV)



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



Upper Limit on the Tidal Deformability

i I-L-l_l_

I
iy

Bl Uniform distribution
B Double Neutron Stars
B Galactic Neutron Stars

200 400 600 800 1000

~No

N\

GW170817 requires A < 800



For light mediators, only trace amounts are needed

16001 —— boson

10'4-1 0'2 Msolar |S adequate ——— fermion

to enhance A > 800 ! 1400

Jx = 1
1200 oV =

< 1000

g,/mo = (0.1/MeV) or (10-6/eV)
300-

| 600
Interactions of “natural”

size produce large A 400




If NSs contain dark matter:

e GW170817 rules out regions of
interacting light dark matter
parameter space.

e | ight fermions are constrained
even when interactions are
negligible.

T
>
CU
Z
<
1S
N
@)

e Note, tidal effects probe
interactions in the dark sector
even if its interaction with the
SM particles is only
gravitational.
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Could/should neutron stars contain dark matter ?

» Supernova can produce (thermally) 10-2 Msolar of < 100 MeV dark matter.
» Coupling to baryons allows for dark charge separation.

- Dark matter could be clumpy. Compact dark objects -CDOs
(strongly constrained but not excluded by micro-lensing)

» Dark clumps might seed star formation.



Could/should neutron stars contain dark matter ?

» Supernova can produce (thermally) 10-2 Msolar of < 100 MeV dark matter.
» Coupling to baryons allows for dark charge separation.

- Dark matter could be clumpy. Compact dark objects -CDOs
(strongly constrained but not excluded by micro-lensing)

» Dark clumps might seed star formation.

A large variability in the tidal polarizability of the
merging neutron stars would be tantalizing evidence !



Early Neutron Star Cooling: Supernova Neutrinos

SN 1987a: ~ 20 neutrinos over ~10 s.
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¢ 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 (1012-1013 g/
cm3) neutrino-sphere. Neutrino oscillations
can strongly influence flavor asymmetries.

1500 km

Core collapse
Tcollapse ~100 ms

3 x 1053 ergs = 108 x 20 MeV Neutrinos

neutrinos diffuse in the core.

Shock wave
Eock~10%lergs



Supernova 1987a bound on energy loss to exotic particles

Early cooling of the newly born neutron star is set by neutrino diffusion and emission
and shapes the supernova neutrino signal. EXxotic particles that can escape faster
would shorten the SN neutrino signal.

g €rgs
g S

Raffelt’s “local” bound: E(p — 3 x 10 g/cmg, T = 30 MeV) < ERaffelt = 101

This bound was found empirically by comparing to a suite of proto-neutron star simulations.

M  ergs
: : o ~ D2
The corresponding bound on the luminosity is ~ Lexotic < ERaffele X Mns =2 x 10 Mo

S



Production of Axions & Dark Gauge Bosons in SN

Nucleon-nucleon Bremsstrahlung dominates:

o by

[
B - B pzw(Q) % A= ;,LL <pinHTNN7 FM(Q)”pout >

T ! T |
(NN nucleon-nucleon T-matrix

B a) B R b) B intermediate nucleon -
energy denominator

Hanhart, Phillips & Reddy (2001)
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Production of Axions & Dark Gauge Bosons in SN

Nucleon-nucleon Bremsstrahlung dominates:

s

s

[

90) M 9(0 K ~ ,Ll,
B, 1 9 sz (9) % A =~ ; <pinHTNN7 FM(Q)”pout >
(TN} (TN} nucleon-nucleon T-matrix
B a) BB b) B intermediate nucleon -
q,0 q,® energy denominator
D T N
(2)
TNN TNN JM5
*-Of,Sma (.é))< Mr the Ccf)ntrib | froml‘)‘internal” diagrams is small <10%.
e\Whén w, g are small cdmpared to incoming nucleon energy and momenta

Txn can be related to the phase shifts

. (Low’s

heorem)

Hanhart, Phillips & Reddy (2001)



Radiating Dark Gauge Bosons

I , d°k 1)\ 2

Pl PS o Ao pp—sppy; = —ATQemE; %(e“,]/g N2 dopp—spp
Soft radiation or Low’s theorem 22

. for Bremsstrahlung Anpsppvg = ~ATemey 5 (" T;P)? donp sy
d3k

P2 P4 dgnp—)npq/B — 47"-04em€2B %(GMJ;(J%))Q dO_’np—wn,p

2) P Ps
T = <P1 K_PgoK)M

where the dipole and quadrupole currents are 1 = (e + pie -~ pote ~ g )



Radiating Dark Gauge Bosons

K 2 dgk 4)\2
Pl PS o Ao pp—sppy; = —ATQemE; %(e“,]/g N2 dopp—spp
Soft radiation or Low’s theorem 22
. for Bremsstrahlung A0mp-spprg = —4m0emegy 5 — (€' T32)* domp sy
3
P2 P4 dgnp—)npq/B — 47"-04em€2B é—j(eﬂ*];(f))Q dO_’np—wn,p
2) Pl PS
T = <P1 K_PgoK)M
where the dipole and quadrupole currents are 7@ _ ( h o B B L)
H PP-K P K P3-K P-K b
Qo €2 > m
: _ emtQ  TNpllp —Lem 3 2), M0y _(2)
| | 6np—>npny — 7'('3/2 (MT)3/2 /m,y dECHl € g Ecm 1 (Ecm) Onp (ECm)
Rates in the plasma at leading , N )
: e € > E m
. _ Hem€Q  NpNy —=Zem Dem (4) ey _(4)
order in the low energy Cpr—pri0 T 7373 (MT)3/2 /m dE ., e~ T Vi 7 (Ecm) 05y (Eem)

expansion are related to
measured nucleon-nucleon . Nem€n NN > B EX. M (4)

. 6ij—>ij’YB — 3/2 (MT)JS/Q dECHl & L I( )(i) 0, (ECHI)
Cross-sections. T

(2)

o..) = | dcosO.. B

§= [ et

(1 —cosbOcm),

Rrapaj & Reddy (2016
paj y (2016) where w_ Ao p,m mim,

2
i (1 — cos®Oern) -

d cos Oc,
COS 7



Plasma Effects for Kinetically Mixed Dark Photons

— € / v
Loniz = —3 F,F
/
A, A, .
VaVaVaVaVaVoV on-shell: Lz = —€ miy, A A"
/
A, A, )
€qf VAN on-shell: Lary = —eeqp A) ppytapy

1 2
X /
ma/ €T A

In a plasma the photon propagator is moditied (plasmons):
1 1

? Larg = —€ A/ b ey
m?,  m?, — I, ane Ay = T s Au Vi
—ffective coup\i.n.g INn the plasma can I €2 mi,
be greatly modified when dark €]” =

2 /I R H 2 I H2
photon mass ~ plasma frequency. (M e I1,)* + Im 13



Dark Photons

Nucleon-nucleon Bremsstrahlung
dominant production mechanism:

Ps Py

Soft radiation or Low’s theorem for photon Bremsstrahlung

can be used to estimate these rates in hot and dense matter.
Rrapaj and Reddy (2016)

Effective coupling in the plasma is resonantly enhanced
when dark photon mass ~ plasma frequency.

An, Pospelov, Pradler (2013) Chang, Essig, McDermott (2017,2018)



Dark Photons

Nucleon-nucleon Bremsstrahlung
dominant production mechanism:

Po

Soft radiation or Low’s theorem for photon Bremsstrahlung

can be used to estimate these rates in hot and dense matter.
Rrapaj and Reddy (2016)

-11
10 3 late /BBN—> E
: : : . -12 [ decays y
Effective coupling in the plasma is resonantly enhanced 107 F  stars ’ ;
when dark photon mass ~ plasma frequency. 1071° | — fiducial -
a4 L systematic i
An, Pospelov, Pradler (2013) Chang, Essig, McDermott (2017,2018) 107 3 robustly excluded -

103 1072 10t 10° 10 102 10O
m' [MeV]




Dark Baryon Number Gauge Boson

* Nucleon-nucleon bremsstrahlung is the
dominant production channel.
» Quadrupolar radiation is modestly

suppressed (v4)

Requires gg < 107"

for

me < 100 MeV

I III~|'I T I T I T

SRA: Cooling

SRA: Trapping

Neutron Optics [Leeb et al. 1992]

Neutron Scattering [Barbieri & Ericson, 1975]

10~

107* 1073 1072 1071 10° 10t 102
m., [MeV]

Rrapaj and Reddy (2016)

103



AXIONS

2

Introduced to solve the strong CP problem in QCD. Z 1ae = ° 2 G””G
3272 f,
. . 212 fomg 6.0eV
Axion mass in QCD: mMa = 1+2 f.  f./106GeV

Yay = v
Laf)m’r — FMVFM = —ga'\f’)' E ’ B a

Couples to photons: 4
r ggwmg o4 _1 (Ma\®
a—YyyYy — 64 = 1.1 x 10 S (W)
. C; .
Couples to fermions (quarks and leptons):  Lgj; = VyHysW,0,a

2fa



Axion Production in NSs

q
For conserved currents [Tnn, I 0 (q)] X M - radiation needs acceleration
Axions couple to the nucleon spin. Ton,I'(g — 0)] # 0 Radiation without acceleration.
Nuclear interactions do not conserve Driven by spin flips due to tensor
nucleon spin due to strong tensor and interactions.

spin-orbit interactions.

2
The axion emissivity (energy radiated/unit volume/unit time) Eq = 1 8772@ 7 / dw w* Sy (w)

fif2(1 — f3)(1 — fa)

Bp; | 1
S, (w) = / ] (%p)g (2m)*0°(p1 + P2 —P3 —Pa) 6(F1 + Ey — B3 — Ey —w) F - Hii

1=1..4 i l

Hii =16 — > [(1M],p'|[Si, Twn][p, 1M,)[°
Mg M!

Hanhart, Phillips & Reddy (2001)



_ate Neutron Star Cooling

P Crust cools by conduction
Isothermal core cools by
neutrino emission

Basic neutrino reactions:

- URCA reactions dominate when both proton and
neutron T > T¢

- Direct URCA requires > 11 % protons.
- In the vicinity of T¢ critical fluctuations form and
destroy Cooper pairs and enhance neutrino

emission.

+ For T << T¢ all neutrino processes are
exponentially suppressed.

- When protons are superconducting and neutrons
are normal, neutron Bremsstrahlung dominates.

Surface photon emission dominates at
late time t > 106 yrs

fast: n—e +p-+ Ve

medium: N+n —=<nn > +v +V

slow: N+n—=n+4+p+e 4+ Ve

Increasing NS mass

n+n—nNn+nN+Vv-+V
very slow:
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P Crust cools by conduction
Isothermal core cools by
neutrino emission

Basic neutrino reactions:

- URCA reactions dominate when both proton and
neutron T > T¢

- Direct URCA requires > 11 % protons.
- In the vicinity of T¢ critical fluctuations form and
destroy Cooper pairs and enhance neutrino

emission.

+ For T << T¢ all neutrino processes are
exponentially suppressed.

- When protons are superconducting and neutrons
are normal, neutron Bremsstrahlung dominates.

Surface photon emission dominates at

late time t > 106 yrs

fast: n—e +p-+ Ve

medium: N+n —=<nn > +v +V

slow: N+n—=n+4+p+e 4+ Ve

n_

-n —n-

_n_

very slow:

Nn—+N—nN-

-V +V

_n_

- d

n+p—n+p+Y

Increasing NS mass



Models can predict the observed variability

By varying the NS mass, surface 2

composition, and critical temperature

cooling models provide a fair "¢ '

description of cooling data. i 1 R \ !
) A\

One exception is HESS J1731-34. Sl 05 A\

Too hot. Yakovlev et al (2016, 2017) 8 ’ f ~ _'_ \“\
'\0 s :

HESS requires very slow cooling
and is only compatible with neutron 0.2
Bremsstrahlung.

0.1 Lo vl sl il ol dunl 4l
110 100 1000 10* 10° 10° 10

Age [yrs]

Yakovlev et al (2015) Page et al. (2016)



Constraining the QCD Axion

£,[GeV] PDG (2016) Ringwald, Rosenberg, Rybka
10 10" 102 10' 109 10° 10® 107 10° 10° 10* 10° 102 10' 1
M ‘

QCD Axions couple to nucleons and
can be produced by nucleon-nucleon

bremsstramung reaCtiOnS. poest--inflation PQ transition =& Hot—DM / CMB / BBN

pre—inflation PQ transition -Telescope/ EBL

SN1987a was used to constrain the (natural values) |
coupling gann = Cn M/ fa. Cold DM LESS 173
Recent work suggests SN1987a YD cooling in -
reC]UireS fa> 108 GeV. ADMXI iADMX—II Helioscopes 1:
(Chang, Essig, McDermott (2018)) ool oo coom oo o o L||||||i[__L|]JJ]|||_|_|ﬁuﬂ ool ool ool vl ool vt 1
10°7 107® 10 107* 107° 102 107! 10 102 10° 10* 10° 10° 107
mgleV]

Analysis of HESS J1731 suggests a stronger bound on HESS J1731 (Cn=0.27):

the DFSZ axion. fa>4 x 108 GeV [at 999%]

Since both neutrinos and axions are produced by the fa>3 x 109GeV [at 90%)]

same reaction the analysis is less sensitive to the reaction

mechanism.

Beznogov, Page, Rrapaj and Reddy (2018)
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Compact Dark Objects

CDO

It CDOs exists, what happens
when a CDO is captured by a
neutron star?

Neutron Star
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Random collisions are unlikely. Co-

evolution I1s needed.

10—]:015 10‘2() 10‘25

MpgH |
't CDOs exist inside in neutron CDOs are constrained by observing
stars what h.appeqs when the micro-lensing of stars in nearby galaxies
neutron star is perturbed? L By CDOs in the Halo.

Constraint assumes all CDOs have the
Neutron Star same mass!
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Gravitational Waves From Neutron Star -CDO Systems 85 """""""""" |

It CDOs exist, capture by neutron stars in our galaxy would produce
detectable gravitational waves during final inspiral.

Common-envelope phase with frequency of the GW emission set b
neutron star core density can last for hours.

G 1/2
V==L 27 ( Pe ) kHz

| — hy (scaled)

3n 1015 g/cm?
_8 2 4
107%M,\ /10 km\”( 5.3 kHz
Tey = 10 hrs
Mcpo r Jow
4G - o5, mp7r° \ Lkpey  fow |2
Gravitational wave strain A p 4dm prow ( Mo, m? ) ( p )(S.SkHz)

Horowitz and Reddy PRL (2019)
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It CDOs exist, capture by neutron stars in our galaxy would produce
detectable gravitational waves during final inspiral.

Common-envelope phase with frequency of the GW emission set b
neutron star core density can last for hours.

G 1/2
V==L 27 ( Pe ) kHz

| — hy (scaled)

3n 1015 g/cm?
_8 2 4
107°M 10 km 5.3 kHz
Tow = 10 hrs
Mcpo r Jow
A 5 9 _95, MPp 2 1 kpc faw 2
Grawta’v/onal wave strain Ay 4T ( A mz)( g )(5.3kHz)

Dark Rattles: Perturbations of a neutron star (for eg. kicks during the
supernova) with a CDO inside would produce detectable GWs if energy

l
E > 5.4 x 10*° ergs ( - )
kpc

Horowitz and Reddy PRL (2019)



Implications of Dark Matter Detection (for dense matter)

Wednesday December 2, 2020

NEWS=

Physicists Detect Dark Matter!
What if our experimentalist Its a boson - “’ L—

colleagues discover dark matter? and 1ts stable!
Mass ~ GeV

recoil energy
r\r (tens of keV)

Biden Wins.
By a landslide!




Implications of detecting MeV - GeV Dark Matter

Existence of old neutron stars with If asymmetric bosonic dark matter with M < 10 GeV
estimated ages ~ 1010 years provide is found in a terrestrial experiment:
strong constraints on asymmetric DM.

' lagiotn? Dark matter has (strong) self-interactions.

~40

Or

excluded

Matter in the neutron star core is in the CFL phase!

-45 | |
10°  10° 100

m, GeV

-50 [

Hawking radiation prevents BH growth

0 = 10°GeV/cm 3

Kouvaris (2013)
55 |

Bertoni, Nelson, Reddy (2015)



Implications of detecting MeV - GeV Dark Matter

Existence of old neutron stars with If asymmetric bosonic dark matter with M < 10 GeV
estimated ages ~ 1010 years provide is found in a terrestrial experiment:
strong constraints on asymmetric DM.
' lagioin? Dark matter has (strong) self-interactions.
o Or

excluded by BH formation inside neutron stars

Matter in the neutron star core is in the CFL phase!

p = 0.3 GeV/em

o= 10°GeViem S

Hawking radiation prevents BH growth

Kouvaris (201 3)

=95 |

Bertoni, Nelson, Reddy (2015)



