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Outline

• Jets are everywhere


• GW from jet acceleration (and deceleration)


• Astrophysical sources and Limits


• Lunar Detectors


• (Lorentz Invariance Violation and 221009A)



Relativistic Jets are Everywhere

From: Mirabel and Rodriguez 2002 AGN 3C219 in Radio

Many jets are transients

The EM or even neutrino signals arrive from large distances form the black hole. The acceleration regions are hidden.



Acceleration of  erg from rest to Jet-GW∼ 1050 c →

We CAN see directly jet acceleration 
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A point source
Observer

𝜗v

𝛤

Segalis & Ori 2001; Piran 2002



One and two point source



One sided jet

The amplitude from one sided jet



One sided jet



Two sided jets



One or two jets 



A single Accelerated Ring



The temporal structure



Decceleration



The temporal structure



0.1 − 10 sec ⇌ 0.1 − 10 Hz

We CAN measure Acceleration, Collimation, CompositionGWs

⇌
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0.1 − 10 sec ⇌ 0.1 − 10 Hz

We CAN measure Acceleration, Collimation, CompositionGWs

⇌
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Birnholtz & TP 2013



GRB Jets 

erg;  1051 z ≳ 0.05

 Jet-GW Sources

h ≈
GE
c4d
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h~10-24



July 2nd 1967 by Vela 4a (noticed only in 1969) 
Published Klebsadel, Strong & Olson 1973

The first GRB



Variable - very different light curves 
Time scale for a long GRB a few dozen se, for a short GRB 1-2 sec

GRBs’ light curves



GRB Jets Hidden Jets in SNe 

erg;  1051 z ≳ 0.05 erg;  1051 d ≈ 20Mpc

 Jet-GW Sources

h ≈
GE
c4d

Might be stronger than the 
GW from the  collapse itself
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h~10-22 @0.1Hzh~10-24 @0.1Hz



A Relativistic jet inside a star

Velocity Density
Pais & TP, 2022 21



The Jet is choked leaving a cocoon

Velocity Density
Pais & TP, 2022 22



Velocity Density
Pais & TP, 2022

The Jet is choked leaving a cocoon
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Velocity Density
Pais & TP, 2022

The Jet is choked leaving a cocoon
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Velocity Density
Pais & TP, 2022

Shock breakout
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Mazzali et al., 2000TP et al., 2017, 2019

WP3

Spectrum 
Expansion velocity ~60,000 km/sec

27

Regular SNe Cocoon

Evidence for Jets in SNe
Density distribution

SN 1997ef 

Heavy core material outside !



SN2017iuk - 100,000 km/sec

Izzo et al, 2019



GRB Jets Hidden Jets in SNe 

erg;  1051 d ≈ 20Mpc

 Jet-GW Sources

h ≈
GE
c4d

Might be stronger than the 
GW from the  collapse itself
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Giant SGR flares 

erg;  Galactic, L-V-K frequency1047

h~10-22 @ kHz

erg;  1051 z ≳ 0.05

h~10-22 @0.1Hzh~10-24 @0.1Hz



Magnetar flare 1047 erg @ 10 kpcGW 170817  1049.5 erg @ 40 Mpc

SN  1051 erg @ 20 Mpc

If we don’t know how it looks, we won’t know how to look.  
Once detected - it will be a revolution.

 Preparation for this GW detection

DECIGO

Lunar 
Gravitational 

Antenna

DECIHz detectorsLeiderschneider & TP, 2021 30SN  1051 erg @ 20 kpc



Lunar GW Detectors

Gravitational-wave Lunar Observatory 
for Cosmology GLOC

Lunar Gravitational Waves Antenna 
LGWA

Lunar Seismic and Gravitational  
Antenna LSGA



Lunar GW Detectors



The Idea



Lunar Seismic and Gravitational Antenna



Summary

• Acceleration (and deceleration) of relativistic jets produces 
memory-type GW signals.  

• For typical sources (GRBs, some SNe) the GW frequency is at 
the deciHz range.  

• Some SNe harbor relativistic jets whose GW signals might be 
stronger than the classical GW signal from the collapse 

• Galactic giant SGR flares may produce signals detected by 
LVC. 



221009A 



221009A 
•Z=0.151 (745 Mpc) 
•Eiso=1.5 x 1055 erg 
•If 𝛝j=0.7o   then E=1.15 x 1051 
erg
•T90=330 sec 
•LHAASO 5000 photons > 500 
GeV up to 18 TeV 
•The afterglow emission is 
much less energetic, and it is 
comparable to other TeV 
GRBs e.g. 990114c. 

Fermi GBM

Insight-HXMT

Fermi GBM



Pair production threshold 



Optical Depth and the 18 TeV photon

From: Zhao et al., 2022From: Francesini 2021



Lorentz Violation (or deformation) appears 
in various Quantum Gravity Theories. 

Energy dependent dispersion and speed of light.  

Quantum Gravity Effects at low energies

http://www.parmaq.com/BladePro/Images/honeycomb.gif


A phenomenological Approach
The simplest leading order low-energy 
approximation of any theory that breaks Lorentz 
Invariance at a very high energy scale: ξmpl, for 
the deformed dispersion relation:
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Higher energy photons will arrive later (or earlier) 
than low energy ones emitted simultaneously. 
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LIV induced change in thresholds

=> Several suggestions that the 18 TeV photon is evidence for LIV



221009A TeV Afterglow

~ 20 sec

Prompt

LHAASO Collaboration 0.2 - 7 TeV



A phenomenological Approach
The simplest leading order low-energy 
approximation of any theory that breaks Lorentz 
Invariance at a very high energy scale: ξmpl, for 
the deformed dispersion relation:
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Higher energy photons will arrive later (or earlier) 
than low energy ones emitted simultaneously. 



LIV limits from 221009A TeV Afterglow

~ 20 sec

tdec ≈ 6 sec (1 + z)( Ek /1053 erg
n )1/3(Γ/300)−8/3The typical time from onset 

to the peak of the afterglow

Kinetic Energy

Surrounding density

Lorentz factor

Red shift

Offenghiem & Piran 2023



LIV limits from 221009A TeV Afterglow

~ 20 sec

High Energy



LIV limits from 221009A TeV Afterglow

~ 20 sec

Low Energy



LIV limits from 221009A TeV Afterglow

~ 20 sec

High EnergyLow Energy

20 sec ≈ ± d
c ( E

ξnmpl
)n ≈ 2 sec 10−16(n−1)( 7 TeV

ξnTeV )n {ξ1 > 0.5
ξ2 > 10−8

A constant spectral 
shape during the 
first 20-40 seconds 
 => Strong LIV limits 

Inconsistent with LIV  “solution” for an 18 TeV photon from z=0.151 (EBL) 

For a source at z=0.15



LIV limits from 221009A TeV Afterglow



LIV limits from 221009A TeV Afterglow
From Piran and Offengheim 2013 
*LHASSO published last week similar reulsts 



LIV limits



Summary

• Phenomenological models of LIV induces time of flight differences between 
photons of different energy and threshold shifts for different reactions (e.g. pair 
production)


• Time of flight LIV limits of GRB 221009: LIV - 𝝃1≈5, 𝝃2≈10-8 (Best for n=2, 
comparable to GRB 090510 for n=1)


• A comparable limit for stochastic LIV for GRB 090510 (but some concern?)

• There is no need for “new physics” by the TeV emission observed in GRB 

221009A


