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High-Frequency Gravitational Wave Sources
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MHz Gravitational Waves from Neutron Star Mergers
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MHz Gravitational Waves from Neutron Star Mergers
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MHz Gravitational Waves from Neutron Star Mergers
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MHz Gravitational Waves from Neutron Star Mergers

L1 ifa 1storder P11 exists
L1 and if it lies inthe | and v range
accessible In NS mergers
then such mergers would emit G\W at 7 ~ MHZz

Casalderrey-Solana Mateos Sanchez-Garitaonandia 2022
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MHz Gravitational Waves from Neutron Star Mergers
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Cavities for High-Frequency GW Detection

MAGO prototype (Ballantini et al. 2005)

basic idea by Bernard et al. 2001
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The MAGO Concept

Berlin et al. 2023
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The MAGO Concept
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The MAGO Concept
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The MAGO COnCept GW coupling to mechanical
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Atomic Clocks are Amazing

Sharma et al. 2023
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Atomic Clocks are Amazing
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Atomic Clock Technology for GW Detection

“Ihe only quantity you should ever measure Is frequency”

source unknown

photons traveling through GW background
experience frequency shift

D Y1) M
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Low-Frequency GW Detection Using Atomic Clocks
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Low-Frequency GW Detection Using Atomic Clocks
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Low-Frequency GW Detection Using Atomic Clocks
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High-Frequency GW Detection Using Atomic Clocks
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High-Frequency GW Detection Using Atomic Clocks

scale the system down
to laboratory scales

Nigh precision requires
long Interrogation times ...

... but leads to averaging of the signal

Proposal: “optical rectifier”
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High-Frequency GW Detection Using Atomic Clocks

Bringmann Domcke Fuchs JK 2023
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Sensitivity Projections
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Other HF-GW Detection Techniques
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Other HF-GW Detection Techniques

MAGO
see above
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Other HF-GW Detection Techniques

atomic clocks
this talk
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levitated sensors

nano-particle trapped by
standing optical waves;
passing GW stretches cavity;

w particle moves
Aggarwal et al. 2020
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levitated sensors

nano-particle trapped by
standing optical waves;
passing GW stretches cavity;

w particle moves

Aggarwal et al. 2020
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levitated sensors ction Techn Iq Uues

nano-particle trapped by
standing optical waves;
passing GW stretches cavity;
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Aggarwal et al. 2020 — atomic clocks
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levitated sensors ction Techniques DMRadio
nano-particle trapped by GW + Bo field leads

standing optical waves; to magnetic flux in pickup loop
passing GW stretches cavity;

w particle moves
Aggarwal et al. 2020
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levitated sensors ction Techniques DMRadio
nano-particle trapped by GW + Bo field leads

standing optical waves; to magnetic flux in pickup loop
passing GW stretches cavity;

w particle moves
Aggarwal et al. 2020
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levitated sensors ction Techniques DMRadio
nano-particle trapped by GW + Bo field leads

standing optical waves; to magnetic flux in pickup loop
passing GW stretches cavity;

w particle moves
Aggarwal et al. 2020

. olomet‘er - Domcke Garcia-Cely Rodd 2023

| ustlc wave dev
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Realistic Signals

SQMS typically several orders

ohonon detection in  § 37 107 10 e microwave cavity
cryogenic quartz crystals euleJaEIRVEIVERICI I lei%8 Berlin et al. 2021
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of magnitude below
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A\D AX stack of dielectric disks

plezo-electric actuators

stack of dielectric disks in B-field

exploits axion—y—y coupling
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ot

1 stack of dielectric disks in B-field

exploits axion—y—y coupling

1 E and B fields need to satisty

boundary conditions at disk surfaces
generation of photons at the surfaces

1 signal enhanced by number of disks
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ot

1 stack of dielectric disks in B-field

exploits axion—y—y coupling

1 analogously: graviton—y-y coupling

(inverse Gertsenshtein effect)

Domcke Ellis JK, in preparation
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ot

MADMAX will have excellent sensitivity
to gravitational waves

at frequencies of 10-100 GHz.
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ot

MADMAX will have excellent sensitivity
to gravitational waves
at frequencies of 10-100 GHz.

optimization of disk thickness / spacing
IS different than for axions

photons travel in the direction of the GW
relaxed requirements on disk smoothness

Domcke Ellis JK, in preparation
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Three Neutrino Flavors
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Neutrino Mixing
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Neutrino Mixing

va) = ) Usilvs)
j

@ Y1) B

Mass Eigenstate
(well-defined energy)
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Neutrino Mixing

Flavor Eigenstate
(well-defined coupling)
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(well-defined energy)
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Neutrino Mixing

Flavor Eigef‘nstate
(well-defined coupling)
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Mass Eigenstate
(well-defined energy)

“._  Mixing Matrix

(3X3, unitary)
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Neutrino Mixing

va) = ) Usslvy)
J

During propagation, different mass eigenstates
acquire different phases = oscillations

Pop = |(wele T vy

— Z Uz UpiUak Ul exp [ —i(E; — By, T
1,k
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Neutrino Mixing
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Precision Neutrino Physics
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Neutrino Mixing
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Long-Baseline Neutrino Oscillation Experiments
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Long-Baseline Neutrino Oscillation Experiments

Kamioka, Gifu—
T2K JAERI accelerator,
K2k Tokai

KEK, Tsukuba
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Long-Baseline Neutrino Oscillation Experiments

CERN,
Geneva
Kamioka, Gifu—
T2K JAERI accelerator,
K2k Tokai

KEK, Tsukuba
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Long-Baseline Neutrino Oscillation Experiments

JAERI accelerator,
Tokai

KEK, Tsukuba
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Long-Baseline Neutrino Oscillation Experiments

JAERI accelerator,
Tokai

KEK, Tsukuba )
South R/
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mit\ed StTtes
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Next-Generation Long-Baseline Experiments

Far Detectors Near Detectors Neutrino source
(measure oscillations) (measure unoscillated flux & x-secs)
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Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from
Fermi National

Accelerator Laboratory
in lllinois

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems

One of four
detector modules of the
Deep Underground

Neutrino Experiment
4850 Level of

Sanford Underground
Research Facility



Yes, But Why?

Connection between leptonic CP violation and baryogenesis

Portal to new physics

Precise knowledge of particle physics is indispensable for using
neutrinos as astrophysical messengers

Hints for the origin of flavour

Multi-purpose detectors with lots of secondary opportunities
(supernova neutrinos, light dark sectors, proton decay, ...)
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Yes, But Why?

Connection between leptonic CP violation and baryogenesis

Portal to new physics

Precise knowledge of particle physics is indispensable for using
neutrinos as astrophysical messengers

Hints for the origin of flavour

Multi-purpose detectors with lots of secondary opportunities
(supernova neutrinos, light dark sectors, proton decay, ...)
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Neutrinos as Astrophysical Messengers
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Neutrinos as Astrophysical Messengers

g ey supernova neutrinos
. -» < . x death throes
| ~ of massive stars
M - x nucleosynthesis
< T A0 sl % matter under
' X & extreme conditions
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Neutrinos as Astrophysical Messengers

~_« °* supernova neutrinos
. - <« x deaththroes
- = ofmassive stars
~ - nucleosynthesis
' . x matter under

extreme conditions

high-£ neutrinos N
* origin of cosmic rays I i
* AGNSs, blazars, MW i A AR
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Neutrinos as Astrophysical Messengers

~_« °* supernova neutrinos
. v <« x death throes
. of massive stars
‘ % nucleosynthesis
s % matter under
el extreme conditions

high-£ neutrinos

* Origin of cosmic rays
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Neutrinos as Astrophysical Messengers

~_« °* supernova neutrinos
. v <« x death throes
% of massive stars
- nucleosynthesis
-~ * matter under
extreme conditions

high-£ neutrinos

* Origin of cosmic rays
*» AGNSs, blazars, MW

neutron stars
* COmMmMon-envelope
systems
* Mmuon decays

& cosmology
&y ~ carly Universe
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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)

crucilal for the formation of
gravitational wave sources

never observed

Image: Wikimedia Commons
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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
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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
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https://arxiv.org/abs/1209.4302

Common-Envelope Evolution — Neutrino Emission

Accreted Envelope

neutron star enters companion star

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

only cooling channel Is via neutrinos
- New type of neutrino source

N addition: de-protonization
rate < core collapse SN rate

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

Common-Envelope Evolution — Neutrino Emission

Super-K + low GGd (present .
102 [p, . + - (p . ) neutron star enters companion star
: - NO: . . .
' D gigantic accretion rates
(up to 0.1 Me/yr for several months)
C ommon envelone 7 . . . .
E ol s only cooling channel Is via neutrinos
- S § - New type of neutrino source
[ i . - . .
” | - | in addition: de-protonization
2 S |
- + _ rate < core collapse SN rate
> LF T :
[ : (
Z ) I
_ Background ——— | Esteban Beacom JK 2023
' 3 months ( J
L e Erea—
10 15

kin
Ee+ [MGV] Joachim Kopp — The Weakly Interacting Universe 43


https://arxiv.org/abs/2310.19868

Common-Envelope Evolution — Neutrino Emission

3o sensitivity (Normal Ordering)

b . N neutron star enters companion star
% = Ve on p (statistics) o i
s : oA E gigantic accretion rates
2 107D o [ 5] |8 =
¥e 2 S =2 9215 5 (up to 0.1 Me/yr for several months)
= R o S S . o .
2 102k v VR MR only cooling channel Is via neutrinos
13 X0p < < 5 %: .
£ x o BN 1S - -} - New type of neutrino source
—3 [~ = T = R , L , ,
PR 2\ = in addition: de-protonization
1S = _
: T e rate < core collapse SN rate
TR S
s =L
= o Esteban Beacom JK 2023
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Next-Generation Long-Baseline Experiments

Far Detectors Near Detectors Neutrino source
(measure osclillations) (measure unoscillated flux & x-secs)




The DUNE Near Detectors
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The DUNE Near Detectors

Liquid Argon TPC (“N
O similar to far detector

(cancel systematic
uncertainties)

S

D-LAF)
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The DUNE Near Detectors

HP Gas TPC + ECal (‘N

O excel

Omagr

ent event reconstr
etic fleld

N

Q (

9 YIQ)

Liquid Argon TPC (“ND-LAr")
O similar to far detector

(cancel systematic
uncertainties)
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The DUNE Near Detectors

Movable Platform (“PRISM”)
to take data both on-axis and

off-axis (different beam spectra)
Y,

o~
W

- = i
- A

sv-car? o = Liquid Argon TPC (“ND-LAr")
D-GAr”) = o similar to far detector

HP Gas TPC + ECal ("N

O excellent event reconstruction (cancel systematic

O magnetic field ) uncertainties) y
CERN
;;/j\ ") IQ) Joachim Kopp — The Weakly Interacting Universe 46




The DUNE Near Detectors On-Axis Beam Monitor (‘SAND”)

O CH2 — neutrino interactions on free
protons (No nuclear physics)
o6 Neutron tagging

Movable Platform (“PRISM”)
to take data both on-axis and

off-axis (different beam spectra)
J

, Liquid Argon TPC ("ND-LAr")
HP Gas TPC + ECal (“ND-GAr”) — - o similar to far detector

O excellent event reconstruction (cancel systematic
O magnetic field ) uncertainties) y

9 YIQ)
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Physics with the DUNE Near Detectors

Neutrino Cross-Sections
® superb event reconstruction
capabillities
¢ Jetailled separation of different
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eavy target (Ar-40)

® ON-axis and off-axis
(for disentangling flux and
Cross-section uncertainties)

NUCLEUS

i
e? o’
2A 2m

Quasielastic
A =
N
DEEP INELASTIC
A\ EMC "
1 -

L

300 MeV

@ Y1) B

Joachim Kopp — The Weakly Interacting Universe

47



Understanding Neutrino Interactions

U
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vy n

Free
Nucleon

Image Credit: Callum Wilkinson
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Understanding Neutrino Interactions
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Image Credit: Callum Wilkinson
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Understanding Neutrino Interactions
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Free
Nucleon

Image Credit: Callum Wilkinson
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Understanding Neutrino Interactions

U
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Free
Nucleon

hadrons

Image Credit: Callum Wilkinson
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Understanding Neutrino Interactions

| o
Free In|t|al Nuclear Extra Nuclear
Nucleon State Effects

N

hadrons

Image Credit: Callum Wilkinson
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Understanding Neutrino Interactions

)( : r { w:{, *\:/;‘Z

n
Free |n|t|a| Nuclear Extra Nuclear Fina.l State
Nucleon State Effects Interactions (FSI)

N

hadrons

Image Credit: Callum Wilkinson
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