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Neutrinos as Astrophysical Messengers
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Neutrinos as Astrophysical Messengers
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Neutron Stars

Thin atmosphere:
H, He, C....

A AN
,.-:',-".d‘ D% HT TN

Outer crust: ions, electrons

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

ﬁ_ Outer core liquid: e, -, SFn,

& superconducting protons
g

-
M-

>

e
«

A

, ~,.
4 « Inner core: unknown

/ |

[ 1

125152 kmiF— —~10"gcm™

! =10km — ~2x nuclear density
\',. 'Iry
0'5lkm -/ 2x10" g cm™

~nuclear density

N0 hkm - / 4x107'g cm’”

- “neutron drip”
Image: Gendreau et al.
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https://ui.adsabs.harvard.edu/abs/2012SPIE.8443E..13G/abstract

Neutrino Cooling
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Neutrino Cooling
Direct Urca Processes

V7 i’:
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Modified Urca Processes
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Neutrino Cooling

Direct Urca Processe

n 0, ,O
{_

condition pr < Prp + Pre

Modified Urca Processes
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n/p n/p n/p n/p

allowed in all neutron stars
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Kinematically forbidden except in the heaviest stars

electron (e) or muon (u)
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Neutrinos from Neutron Stars in Chemical Equilibrium

1- -

: :Vf
ﬂl—<p 0 — n
' T \Z; ' T

no e no e

Regular modified Urca (in equilibrium)

IN young neutron stars (T ~ yrs): Ev ~ 100 keV, ¢ ~ 1041 erg/sec
at 10 kpc: 38 cm—~2sec-1

for comparison: diffuse SN neutrinos: ~ 1 ecm—2sec-1 at £, ~ MeV

w |large flux, but low energy " so far undetectable

oy i) &
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Neutrinos from Neutron Stars

“neutron stars evolve:
1 spin-down/ spin-up

fields
N

Result; — — : -
out-of-equilibrium Urca processes
extra neutrinos

JK Opferkuch arXiv:2312.08457

Joachim Kopp — New Developments in Neutrino (Astro)Physics 12


https://arxiv.org/abs/2312.08457

Neutron Stars Away from Thermal Equilibrium

JK Opferkuch 2023

neutrino flux can be enhanced by
several orders of magnitude

but low energy still precludes
detection so far

opportunities for large low-threshold
DM detectors”?
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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

©

oy i) &

Image: Wikimedia Commons
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https://commons.wikimedia.org/wiki/File:Common_envelope_evolution.svg

Common-Envelope Evolution — Neutrino Emission

Esteban Beacom JK 2023

gigantic accretion rates
Accreted Envelope only cooling channel is via neutrinos

10°-10%K

Neutron Star

y
o

Joachim Kopp — New Developments in Neutrino (Astro)Physics 16


https://arxiv.org/abs/2310.19868

Common-Envelope Evolution — Neutrino Emission

temperature / density profile

1 solve hydrodynamic equations with

appropriate boundary conditions
(accretion shock discontinuity)

1 d(}r'zp-v) _ 0
r2 dr

d(pc* + €)
dv G]\/INg

,U_ +
dr r2

Esteban Beacom JK 2023
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©
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https://arxiv.org/abs/2310.19868

Common-Envelope Evolution — Neutrino Emission

temperature / density profile

O solve hydrodynamic equations with - |
appropriate boundary conditions I CONtinuity equation

(accretion shock discontinuity)

1 d("c';f"") 0. e  CErgy conservation
2

d(pC2 + 6) w dp o Enuc — Eu

)

dr pdr v

,dv  GMys  1dP (Ug e QGMNS) 4 = [ lcr equation (in Schwarzschild background)

dr r2 w dr r

Esteban Beacom JK 2023

oy i) &
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https://arxiv.org/abs/2310.19868

Common-Envelope Evolution — Neutrino Emission

Nneutrino emission
O ete- annihilation (dominant)
& plasmon decay (subdominant)

&

temperature / density profile

1 solve hydrodynamic equations with

appropriate boundary conditions
(accretion shock discontinuity)

1 d(}r'zp-v) _ 0
r2 dr
d(pC2 + 6) w dp o Enuc — L:L/

)

dv G]\/INg
! dr u re

_r1_|
!
-

D
b
=

o
c
i
5
» :;
<,
ge

0
E, [MeV]

1 neutrino osclllations

Esteban Beacom JK 2023
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https://arxiv.org/abs/2310.19868

Common-Envelope Evolution

Super-K + low Gd (present)
102
10 e :
f
1F 5
| Bked. -
My 10 15

BXP MoV

Main detection channel is IBD.
No directionality
Backgrounds:

Accldental coincidences

LI-9 from spallation

NC interactions of atmospheric v

reactor v, CC atmospheric

Esteban Beacom JK 2023

18


https://arxiv.org/abs/2310.19868

Common-Envelope Evolution

- Discovery Reach

Esteban Beacom JK 2023

Sun

www.esa.int

Jyio @
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https://arxiv.org/abs/2310.19868

Common-Envelope Evolution - Discovery Reach

Esteban Beacom JK 2023

existing
data
(~20% of stars)

Sun
Www.esa.int

Jyio @
N7 ‘ ) Joachim Kopp — New Developments in Neutrino (Astro)Physics
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https://arxiv.org/abs/2310.19868

Common-Envelope Evolution - Discovery Reach

Esteban Beacom JK 2023

near future
(> 80% of stars)

existing
data
(~20% of stars)

www.esa.int

Jyio @
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https://arxiv.org/abs/2310.19868

Common-Envelope Evolution - Discovery Reach

Esteban Beacom JK 2023

CEE detectable almost anywhere
N our galaxy

novel astrophysical neutrino source
opportunity for discovery

- ' &
.....
L .

near future
(> 80% of stars)

existing
data
(~20% of stars)

www.esa.int

Jyio @
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https://arxiv.org/abs/2310.19868

Neutrinos as Astrophysical Messengers

g "'?-.l.~'3?;s:«SOlagtglzgterg;?u?ion s i SUPCINOVa neutrinos
¥ Lo .- % nucleosynthesis
.~ matter under

' . extreme conditions
ot o« stellar evolution

Nigh-E£ neutrinos N
* origin of cosmic rays 1 H{i] Hii neutron stars
* AGNSs, blazars, MW RN * common-envelope

systems

A cosmology * muon decays

By « carly Universe

Joachim Kopp — New Developments in Neutrino (Astro)Physics 20




Infalling material

/ produces accretion shock

P

1 2
Pshock=§ Ps Vi

Proto-neutron

‘—
star

The convective region
must overcome this
pressure to launch
an explosion

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
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Image: Young 2021

~100-300 km


https://doi.org/10.1038/s41550-021-01364-6

920 ms 170 ms

’ f . ~ / |
Z X 100km [|Z X S00km [[|Z X o~ 3000 km
Isosurfaces: Enfropy/Nucleon Isosurfaces: Entropy/Nucleon Isosurfaces: Entropy/Nucleon
Colors: Radial Velocity, 1€9 cm/s Colors: Radial Velocity, 1€9 cm/s Colors: Radial Velocity, 1€9 cm/s
B | . P
-3.5 20 -1.0 0.0 0.7 -2.1 -1.0 0.0 1.0 2.0 -0.30.0 0.5 1.5 2.4

Melson Janka Marek 2015


http://adsabs.harvard.edu/abs/2015ApJ...801L..24M

Supernova Neutrinos

neutrino density > 109cm-=3
i each neutrino “feels” the presence of the other neutrinos
(via coherent forward scattering)

Jyio) |
\\_/ ‘ ) Joachim Kopp — New Developments in Neutrino (Astro)Physics
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Supernova Neutrinos

neutrino density > 109cm-=3
i each neutrino “feels” the presence of the other neutrinos

flavour evolution described by von Neumann equation (mean field approach)

Jyio) |
\\_/ ‘ ) Joachim Kopp — New Developments in Neutrino (Astro)Physics
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Supernova Neutrinos

neutrino density > 109cm-=3
i each neutrino “feels” the presence of the other neutrinos

S DAUEUCGSE N (mean field approach)
N flavour space

flavour evolution described by von

N

-

vacuum oscillations matter effects self-interactions

1 d’
Hyoe = ﬁUPMNSM2U£L>MNS Hyisw = \@GFTL@( 0 o> V2G / (2733 (1 — cosbp7)(pr,q —

©

oy i) &
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Supernova Neutrinos

neutrino density > 109cm-=3
i each neutrino “feels” the presence of the other neutrinos

flavour evolution described by von Neumann equation (mean field approach)

non-linear equation = dynamics highly non-trivial
computationally intractable so far

a pure Standard Model problem
solution will be crucial for understanding the next Galactic supernova

possible quantum entanglement?

oy i) &
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S(HRODINGERS QUANTUM COMPUTER


https://www.reddit.com/r/QuantumComputing/comments/glenar/comic_dead_or_9_lives/

Supernova Neutrinos on a Quantum Computer

highly entangled quantum system calls for simulation on a quantum system

pbasic Idea: flavour state of each neutrino mode represented by qubit g;
(in 2-flavour approximation) Hall et al. 2021, Amitrano et al. 2022, Siwach et al. 2023

states:

time-evolution via Trotterization (discretisation in t + low-order expansion of S = g/Hé)

However: In the large-N limit, fully entangled N-qubit system
should reduce to the standard mean-field picture Friediand Lunardini 2003

our goal here Is to demonstrate this explicitly on a guantum computer

oy i) &
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https://arxiv.org/abs/2102.12556
https://arxiv.org/abs/2207.03189
https://arxiv.org/abs/2308.09123
https://arxiv.org/abs/hep-ph/0304055

Neutrino Qubit Hamiltonian

27



Neutrino Qubit Hamiltonian

Ve Ve Vi Ve




Neutrino Qubit Hamiltonian
Ve Ve Ve Ve
I I
Ve Ve Vi Vi
Ve Ve Ve Vi Vi Ve Vi Vi
Ve Ve Vi Ve Ve Vi Wy Vi

vacuum osclllations self-interactions 27



Emergence of the Mean Field Picture
N the large-N Iimit, fully entangled N-qubit system

reduces to the standard mean-field picture Friediand Lunardini 2003 bean
(analytical)
.
2 10 qubits ,
o = 90.0°
1) o o o o g o o o
...... Ve
Ve N\ TV )
= 0.8-
"Beam" =
Eov. beam
g | (matrix product
3044 state quantum
g simulation
S )
0.2
"Background"
' ()_()AMM
Vg = COS Qe + Sin av, 0.0 0.1 0.2 0.3 ()N
baseline L [a.u.] background
CERN
\\;_Dl\ ") IQ) Joachim Kopp — New Developments in Neutrino (Astro)Physics 28



https://arxiv.org/abs/hep-ph/0304055

Emergence of the Mean Field Picture
N the large-N Iimit, fully entangled N-qubit system

reduces to the standard mean-field picture Friediand Lunardini 2003 heam
(analytical)
|
100 qubaits
a = 90.0°
L0 e e e e = = Sty
_____ Ve
Ve .\ ~ v £
' = 0.8 7
"Beam" =
= 0.6 beam
= (matrix product
:: 0.4 - state quantum
T simulation
AA kA 5 )
0.2
"Background"
| 1] = = ————B——F———————
Vg = COS Qe + SIn av, 0.00 0.05 0.10 0.15  0.20 m’\
baseline L [a.u.] baCkgrOUHd
(CERN; ‘,
\:Dl ‘ ) IQ) Joachim Kopp — New Developments in Neutrino (Astro)Physics 28



https://arxiv.org/abs/hep-ph/0304055

Implementation on Quantum Hardware

deployment to IBM QPUs 0=0:020x020x0202020x0x0x0x0x0x0
(superconducting transmons) @ . . &
severely noise-limited "3"""'3"""'3"""‘3""
O more Challeng'ng than He'senberg / |Siﬂg models .l:l.lgl.lal.lgl.l‘l.l’l.l‘l.l’
due to all-to-all interactions e e e ®
o smart algorithm design allows implementation on "3"""'E"""'s"""'z""
Iinear q U blt CI’" al i .lal.l’l.lsl.lgl.lal.lgl.lsl.lg
2 - s 2
.l’l.l.l.l’l.l.l.l’l.l.l.l’l.l.

¢ & & 8
.l.l.l’l.l.l.l’l.l.l.l’l.l.l.l’

IBM Heron r2 (156 qubits)

cw
\

NS

©
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Capabilities of Current Quantum Hardware

| W
20 qubits

1.0 1= =~
.
~

0.8 1

0.6 -

oscillation probability

—
S—
o

0.0 -

0 = 0.0°
a = 30.0°

aer_simulator

0.00 0.02 0.04
baseline L [él.ll.}

@y 1) B

0.06

background

beam

___— (noiseless simulation)

beam

(analytical)
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IBM Heron r2 (156 qubits)
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Capabilities of Current Quantum Hardware

1.2 .
20 qubits

1.0 1= =~

0.8 1

g = 0.0°
a = 30.0°

0.4 1

oscillation probability
O

—_
J—
o

0.0 1

1bm_kingston

0.00 0.02 0.04
baseline L ia.u.}

@y 1) B

0.06

background

beam
(IBM Heron r2,
no noise mitigation)

beam
(analytical)
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Capabilities of Current Quantum Hardware

1.2

20 qubits

1-(’) -_-s

0.8 1

oscillation probability

.0 -

0.4 1 |

). 2

0.0 - 1bm_Kingston
0.00 0.02 0.04 0.06

baseline L [a.u.]

@y 1) B

background

beam
(IBM Heron r2,
Pauli twirling +
readout mitigation +
zero-noise extrapolation

beam
(analytical)
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IBM Heron r2 (156 qubits)

32



Capabilities of Current Quantum Hardware

[.2
20 qubits

1.04-~~\

—_
—
o

oscillation probability

P
pr—
o

0.0 -

g =0.0)°
a = 30.0°

1bm_kingston

0.00 0.02 0.04
baseline L [a.u.|

@y 1) B

0.06

background

beam
(IBM Heron r2,
probabilistic error
cancellation)
exponential overhead

beam
(analytical)
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eutrinos as Astrophysical Messengers

~ ©©  supernova neutrinos

AN solar neutrinos .. < .. x oscillations of SN
O IR L ©° neutrinos poorly
| e .+ understood
e iDL % playground for
S - . quantum computing
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Departure from Equilibrium

Strategy for calculating rates

apply Feynman rules + phase space integral
+ Pauli-blocking factors
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carry out energy integrals

(multiple applications of residue theorem)

Friman Maxwell 1979
Yakovlev Levenfish 1995
Yakovlev Kaminker Gnedin Haensel 2000

Shapiro Teukolsky 1983
S ) (o)

©

integrated rate [ T [sec™]

[W—

-
o
Qo

(-
—
i

el
<
S

Tmagnetar — B-field expulsion\

< L\\_\\C/f ‘,"'

pu >

HEV.anx
tidal deformation
\l(amenable to p diffusion)

JK Opferkuch 2023
diffusion-+- dec ay

tidal deformation (d ~ 1200 k) /
'Yy / |

accretion
10
spin-down
103‘2
1028
neutron star age
1021 - M=20M- ‘ —_— ¢t =103 yrs
MR ARRREN SRR R A — 106 o
BSk24 eos / b =10"yrs
1020 e A L LA R EEENI—————el
0.9 0.99 0.999 | 1.001 1.01 1.1
} R _ “1: 1. . Cq
deviation from equilibrium pg,/p, p
Joachim Kopp — New Developments in Neutrino (Astro)Physics 38


https://arxiv.org/abs/2312.08457
https://ui.adsabs.harvard.edu/abs/1979ApJ...232..541F/abstract
https://ui.adsabs.harvard.edu/abs/1995A&A...297..717Y/abstract
https://arxiv.org/abs/astro-ph/0012122
https://ui.adsabs.harvard.edu/abs/1983bhwd.book.....S/abstract
https://arxiv.org/abs/2312.08457

Neutron Stars Away from Thermal Equilibrium
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