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Neutron Stars

Thin atmosphere: ,
H, He, C,... ¢ Outer crust: ions, electrons

- Inner crust: ion lattice, soaked
g~ insuperfluid neutrons (SFn)

& Outer core liquid: e, -, SFn,
R superconducting protons

¢ Inner core: unknown

- ~10"gcm™
— ~2x nuclear density

2x10"gm™
~nuclear density

4x10" g cm
“neutron drip”

N0k

Image: Gendreau et al.
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Neutrino Cooling
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Neutrino Cooling
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Neutrino Cooling electron (e) or muon (u)

+» Potekhin Chabrier 2018
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neutron stars harbor

Muons in Neutron Stars abundant quantities of muons
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Neutron Stars in Chemical Equilibrium
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Neutron Stars Away from Equilibrium



Departure from Equilibrium

JK Opferkuch 2023
Neutron Stars are not always static

sSpin-down (electromagnetic energy loss)
accretion
B field expulsion

tidal deformation
(tight binaries, random encounters)

"y

- equilibrium abundances of particle
species changes

w star needs to react via
out-of-equilorium Urca processes

D Y1) M
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https://arxiv.org/abs/2312.08457

Departure from Equilibrium

JK Opferkuch 2023
Neutron Stars are not always static

sSpin-down (electromagnetic energy loss)

Modified Urca Production

deviation from equilibrium pg,,/ pi—flﬂ

accretion 0.099 1 1001
. . core—Ccrust
B field expulsion ' | boundary
tidal deformation Ly & :
(tight binaries, random encounters) «@}
%
: r? ,\/}0 ’cj’@/
. . S @@p
- equiliorium abundances of particle Yy
species changes “
. < "7
w star needs to react via Bk24 eos 0 B,
T=5.0x10"K 7

out-of-equilbrium Urca processes

J Yo |
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https://arxiv.org/abs/2312.08457

Departure from Equilibrium

JK Opferkuch 2023

Neutron Stars are not always static
diffusion-+decay

10°? -
sSpin-down (electromagnetic energy loss) s
1048 — tidal defprmati’o‘r‘l (d ~ 1200 km) /

I / <®
-

accretion
B field expulsion

tidal deformation
(tight binaries, random encounters)

VA

\| |tidal deformation
A\f(amenable to u diffusion)
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—_
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N
N
|

p—

-
N
-

Tmagnetar — B-field expulsiony[

accretion

integrated rate [ I' [sec™]

1036_
. ? spin-down

1032

- equilibrium abundances of particle .
SpeCieS ChaﬂgeS neutron star age
: 10%4 - M =2.0M ——#=10%yrs
" star needs to react via Bblad UL Y L 10y

out-of-equilbrium Urca processes Y R N 1 1001 101 1.

deviation from equilibrium pg,,/ p?u
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Departure from Equilibrium

very strong dependence on pr/preo
and on [

For muons:
diffusion (over O(yr) time scales) + decay

1052 i

Q
D
A,
—
=t 1040 Tmagnetar — B-field expulsion\\
o accretion
= 1036 -
e,
o
S 2 spin-down
éﬁ 10
k=
1028
neutron star age
10%4 - M =2.0M, . —_— t =103 y1s
...... _ 6
BSk24 eo0s / o= 10" yrs
1020 | | EENINIF/SEEEENY /S S EEEEEEE A W Y
0.9 0 99 0.999 1 1.001 1.01 1.1

1048 i

1044 i

I / «”
-

JK Opferkuch 2028

oS
tidal deformatlon (d ~ 1200 km) /

\| |tidal deformation
A\ (amenable to p diffusion)

d1ffu51on+decay
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Departure from Equilibrium - The Technical Slide

JK Opferkuch 2023
Strategy for calculating rates

parameterize hadronic matrix elements
neglect angular dependence

need to evaluate phase space integral

- D 3 - 3 4
Fprod — : (4) — i ockin E
MU / H (271_)3_ ZEV(QT(')S ZEMS5 (pf p )gbl king ‘MMU‘

spins

Friman Maxwell 1979

Yakovlev Levenfish 1995

Yakovlev Kaminker Gnedin Haensel 2000
Shapiro Teukolsky 1983

Joachim Kopp — Neutrinos from Neutron Stars 10
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Departure from Equilibrium - The Technical Slide

JK Opferkuch 2023
Strategy for calculating rates

parameterize hadronic matrix elements
neglect angular dependence hadronic matrix element

need to evaluate phase space integral \

-5 3 - 3 4
ro d”p; d"py 2m
F&Ud _/ | | P b (27) 5(4)(]?]“ — Di)Lolocking E \MMU\z

3
7/2%) 2F,(2m)° 2E,,s \ s

nucleon momenta phase space density / Pauli blocking

n(p1) + n(p2) — n(ps) + p(pa) + u(Ps or Pu) + Tulpy) . “Ehiocking = f1f2(1 — f3)(1 — fa)(1 = f5)

Friman Maxwell 1979

Yakovlev Levenfish 1995

Yakovlev Kaminker Gnedin Haensel 2000
Shapiro Teukolsky 1983

& Y IQ) B
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Departure from Equilibrium - The Technical Slide

JK Opferkuch 2023

Strategy for calculating rates

parameterize hadronic matrix elements
neglect angular dependence

need to evaluate phase space integral

- D 3 - 3 4
Fprod — : (4) — i ockin E
MU / H (271_)3_ ZEV(QT(')S ZEMS5 (pf p )gbl king ‘MMU‘

spins

angular integrals factorize ™ evaluate separately
Use Prn > Drp, Pre, PFu > T, v ™ replace |p| = pr wherever possible
ITreat nucleons as non-relativistic
Friman Maxwell 1979

Define x =+(E—-p) /T for mcpmmg / outgoing particles Vakoviow Levenfiah 1005
use residue theorem for remaining integrals Yakovlev Kaminker Gnedin Haensel 2000

Shapiro Teukolsky 1983
S Ale)
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Neutrino Flux

Regular modified Urca (in equilibrium)
~1022 erg/cm3/sec = ~1041 erg/sec

1052 i

Yakovlev Levenfish 1995 ~ 10%;

E\/ ~ 109 K ~ 100 kev ';' 10%4 - (amenable to u diffusion)
at 10 kpc: 38 cm—-2sec-1 S |
=t 10* Tmagnetar — B-field expulsmn\\
= sizeable flux, but low energy I
o 10
§ 2 spin-down
ob 10
£
1028
neutron star age
10%4 - M =2.0Mg . —_— t =103 y1s
” BSk24 €eos / """ t = 10°yrs
10 — SEEIID L SNSNEEY S JEEUEEEE L ¥
0.9 0 99 0.999 | 1.001 1.01 1.1

I / «”
-

JK Opferkuch 2028

oS
tidal deformatlon (d ~ 1200 km) /

\| |tidal deformation

d1ffu51on+decay
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Neutrino Flux

Muon diffusion + decay

E, ~ 10 MeV
star contains @(10%6) muons

assume 10°% are lost over 1 Gyr
flux at Earth ~10-1%cm-—2sec-1
current Imit: ~1 cm—2sec-

What it all neutron stars in the Milky \Way
were to lose muons”?

i NO KNown mechanism

&) Y 1) B

integrated rate [ I' [sec™]

JK Opferkuch 2028

gflusmmrdecay
Ay
N

tidal deformatlon (d ~ 1200 km) /
HEV.ARX ‘
\| |tidal deformation

A\f(amenable to u diffusion)

p—t

-
o
DO
1

}—l

-
N
0 0)
|

}—l

(-]
N
N

}—l

-
T~
(@)

Tmagnetar —

B-field expulsiony[

accretion

1036 i
spin-down
1032
10%°
neutron star age
10%4 - M =2.0Mg ‘ —_— t =103 y1s
BSk24 €0S / """ t = 10°yrs
1020 +——— MERNIIS S SENEEE/S S EREEEEE L 6 — A
0.9 O 99 0.999 1 1.001 1.01 1.1
deviation from equilibrium pg,/ p?u
Joachim Kopp — Neutrinos from Neutron Stars 12


https://arxiv.org/abs/2312.08457

Neutrino Flux

JK Opferkuch 2023

- - 102 poopt S ——— —
Muon diffusion + decay I 90% CL limits | |
= 10* - - ~ SKI/II/II |}
v 1OMQV - 5 oy ~ SKIV |
star contains 0(1 O ) MuUuons 100 - e D o P KamLAND |
S

flux at Earth ~10-10cm-—2 sec-1
current Imit: ~1 cm—2sec-

T
=
assume 1093 are lost over 1 Gyr E
D
C?UJ
5

What it all neutron stars in the Milky \Way
were to lose muons”?

i NO KNown mechanism

neutrino energy [MeV]

D Y1) M
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- NO Mmechanism known to us
Neutrino Flux e

JK Opferkuch 2023

TR e v ——
Muon diffusion + decay I 90% CL limits | |
E, ~ 10 MeV 10 - ~— ~ SKI/II/II |}
star contains Q(10°6) muons ) -g\igg -~ KamLAND | |

N

flux at Earth ~10-10cm-—2 sec-1
current Imit: ~1 cm—2sec-

T
=
assume 1093 are lost over 1 Gyr E
D
C?UJ
5

What it all neutron stars in the Milky \Way
were to lose muons”?

i NO KNown mechanism

neutrino energy [MeV]

D Y1) M
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Dynamics at the Core-Crust Boundary

JK Ooferkiich 2023

density [gé cm®| x 10
0 4.0 2. O 1. O 0 |
10 : ' . .
[a,bsorption / diffusion / decay rates] | | dlffu81on+decay
10%- = : e it
10° /' . i i i tidal deformatlon (d ~ 1200 km) /
_ak (l'li[hl‘\vl()n-.-.-..—.-.-.:-..—..—..—..—..—..—..—..—..s. | : | 7 7 14
""""""""" “ '™ ' = tidal deformatlon
107° /I’m- == o A\f;(amenable to p diffusion)
1 3 \/
: 0
107" TE] i e
— At FCC’: o s Tmagnetar — B-field expulsiony[
10715 i3 £ @ - i
Q | | Al S . : = accretion
510_20 b Te)s ‘g‘ g ;DE '_; 1036 -
oS =1 ks gl )
8 —95 = & 2 P spin-down
10 s : = 1032
O I Q
107 fmmmmmassisted decay o | 5
10_35 .......... 104 VTS 1028 i
_____ 10° yrs neutron star age
10401 M = 2.0 Mg 6 1024 - L , —— t=103yrs
| BSk24 eos | 10 YIS M =20Me O ASTLLLINT L L )
107% ' - — '. BSk24 €os / }: t = 10° yrs
10.0 10.5 11.0 11.5 12.0 1020 +———+ RIS S SRRREEY, SEEEEEEE LY R —————
radius [km] 0.9 0.99 0.999 | 1.001 1.01 1.1

deviation from equilibrium pg,,/ p?u

o o) &
‘ ) Joachim Kopp — Neutrinos from Neutron Stars 14


https://arxiv.org/abs/2312.08457

Common-Envelope Systems



Common-Envelope Evolution

compact star (neutron star, black hole, white dwarf, ...)
enters companion star

significant friction

gigantic accretion rates
(up to 0.1 Me/yr for several months)

outcome: Thorne—Zytkov obiject or explosion

crucilal for the formation of
gravitational wave sources

rare (0.01 / century — 1/ century in our galaxy)

never observed

©

Image: Wikimedia Commons

J Yo |
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https://commons.wikimedia.org/wiki/File:Common_envelope_evolution.svg

Common-Envelope Evolution - Examples

c ZAMS Q ® ZAMS

CE

N £
‘=@ LMXB
l, (Iow—mgss
\y X-ray binary)
. /{ND WD \<\“l< He % e
AR AR N

SN Ia SN Ia MSP + He WD

S

- @ HMXB
(high-mass ZTNH ) L
X-ray binary) l,

lvanova et al. 2012

CE

NS+NS 17


https://arxiv.org/abs/1209.4302

lvanova et al. 2012

Common-Envelope Evolution - Examples

Zero-age main sequence -@- ZAMS O ® ZAMS

Roche-lobe overtlow

RLO

common-envelope evolution -

CE

\| R«'

SN —o0. @ HMXB
neutron star—neutron star N (high-mass T FJ » L
(or BH-BH) binary | X-ray binary)
potential GW source! -
“3'-»’ LMXB  cE
(low-mass
/ ' N\ l, X-ray binary) l,

Type la supernova N\~ Y < v
+ - ‘ ’ - o — = ®
MSP + He WD

\'RE SN la NS+NS 17


https://arxiv.org/abs/1209.4302

Common-Envelope Evolution — Neutrino Emission

Esteban Beacom JK 2023

gigantic accretion rates
Neag e elEeey [ only cooling channel Is via neutrinos

10°-10*K

Joachim Kopp — The Weakly Interacting Universe 18
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Common-Envelope Evolution — Neutrino Emission

temperature / density profile

0 solve hydrodynamic equations with

appropriate boundary conditions
(accretion shock discontinuity)

1 d(r?pv)
r2  dr
d(pc? + e)
dr

=0,

w dr

GMys 1dP
+ T +——<v2+c2—

Esteban Beacom JK 2023

Iy |
\\_/ ‘ ) Joachim Kopp — The Weakly Interacting Universe
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Common-Envelope Evolution — Neutrino Emission

temperature / density profile

0 solve hydrodynamic equations with

appropriate boundary conditions
(accretion shock discontinuity)

1 d(r?pv)
r2  dr
d(p02 + 6) w dp _ €nuc —
- dr pdr
vd—v + GMys  1dP (v2 + ¢ — ZGMNS) =0,
dr P2 w dr

=0,

r

Esteban Beacom JK 2023

oy &

<

s CONtINUITLY equation

s CNErgy conservation

2 Euler equation (in Schwarzschild background)

Joachim Kopp — The Weakly Interacting Universe
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Common-Envelope Evolution — Neutrino Emission

neutrino emission
O ete annihilation (dominant)
1 plasmon decay (subdominant)

temperature / density profile

0 solve hydrodynamic equations with

appropriate boundary conditions
(accretion shock discontinuity)

1 d(r?pv)
r2 dr

=0,

d(pc? + e)
dr
G M 1dP
+ T = <v2+c2—

w dr

H|_|
|
>

Q
=

[Te)

[Te)
(@)
=,

)
&3
e,
~

)
Z
e,

10
E, [MeV]

7 neutrino osclillations
Esteban Beacom JK 2023

Iy |
\\_/ ‘ ) Joachim Kopp — The Weakly Interacting Universe
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Neutrino Temperature

Neutrino cooling rate [erg/cm? /s]

1027
1026
1025
1024
1023
1022
1021
1020
1019

— 'NS

M = 0.1 M /yr

CMnsM [ T Amrdg(rns/2)]

10°

Neutrino temperature:
obtained by equating
cooling rate = accretion rate

Esteban Beacom JK 2023

Joachim Kopp — Neutrinos from Common Envelope Events
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Backgrounds: Liquid Argon

DUNE directional (future)

10— . . . .

E I ' Main detection channel is v—e scattering
_ | neutrons from the surrounding rock

10E § we assume CG interactions
‘ : of solar v on 49Ar are rejected by
| . _ identifying de-excitation y rays.

1L i directional sensitivity!

| Bkegd. -

D 10 15 Esteban Beacom JK 2023
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Backgrounds: Water Cerenkov

Super-K + low Gd (present)

102

10

Bkgd.

0.1———

E*™ [MeV]

10 15

Main detection channel is IBD.

No directionality

Backgrounds:

Accidental coincidences

LI-9 from spallation

NC interactions of atmospheric v
reactor v, CC atmospheric

Esteban Beacom JK 2023

Joachim Kopp — Neutrinos from Common Envelope Events
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Common-Envelope Evolution — Discovery Reach

3o sensitivity (Normal Ordering)

1 o - Mt IBD generally offers better reach
- etk tcs) ] // = i sensitive to events anywhere in the Milky Way
5 107 p2 0 2 o8 = but v—e scattering in LAr provides
= b 3 2[R < directional information
5 10 B8 o IR = E - " At
S ¥ 5| 595 g N addition: de-protonization
= 10~ 3 | ) IE S 2 (but signals expected to be about a factor
—— —_————— ~100 smaller)
o0 1_ 5 " iTection } . |
2 e 10 - ; Major caveat:
w 107HF 51T - CEE rate < core collapse SN rate
. e | :
2 1072f = -
; y
€3 0—3 /} ] Esteban Beacom JK 2023
2R o :

Joachim Kopp — Neutrinos from Common Envelope Events 23
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Common-Envelope Evolution - Discovery Reach

Esteban Beacom JK 2023

Sun

www.esa.int

Joachim Kopp — The Weakly Interacting Universe
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Common-Envelope Evolution - Discovery Reach

Esteban Beacom JK 2023

existing
data
(~20% of stars) EES S - i

Sun

www.esa.int

S Ble}) -
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