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What is Gravitational Wave (GW) memory?

The Laser Interferometer Space Antenna
(LISA)

Animation Credits: Chris
Meaney and NASA
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Before Passage of GW

What is Gravitational Wave (GW) memory?

GW passing through a
detector say LISA

After the GW has passed
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GW is propagating perpendicular to the screen

Animation Credits: Joel Frederico
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What is Gravitational Wave (GW) memory?

I 6.x 10720 \ * Causes:
S NN 5.x10720 :
0 \Q
s )y A0 The gravitational wave Gravitationally unbound
v £ 3410 : -
. Ji 310 strain h(t) remains at a systems:
Y L % 10-20 ! g ; Rk
.. 210 non-zero value Anisotropic emission of
NS pod 1.x10720 : i
R o energy (mass/radiation)

0 1 2 3 4 5
t(ins)

Permanent distortion of
the local space-time The GW memory has never been observed!
metric

Need:

a) A very powerful emitter

b) Anisotropy
c) Detectors in the frequency
regimes of interest

M. Favata, The gravitational-wave memory effect, Class. Quant. Grav. 27 (2010) 084036
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An Ideal Candidate: Core-collapse Supernova (CCSN)

Total enérgy as neutrinos : £, ~3 x 10>%ergs ~ (99%)

Anisotropy : a ~ 1073 = 1072

Neutrino emission timescale :
At ~ O(10 s) — sub-Hz scale

Credits: European Southern Observatory, L. Calgcada
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Phenomenological Model: Formalism

Begin with Einstein’s field equation:
Observer

1 (0,0,r)
R, — ERgW = —8nGT,,

2
l Extended

Source :

Invoke weak field approximation ~ SACSE L a(t) =
(since we are very far away from L0
the source r - )

» 4
»

dL (Y, 1)
dQ’

J dQ ¥, o)
4

o Small perturbation X Angular depenQence put
8w = My + Ny, X together in anisotropy
parameter

Black Box....

(Calculations in progress)

5l = — h_g;le Epstein, Astrophys. J. 223 (1978) 565
J 27 E. Mueller and H.T. Janka, AAP 317 (1997) 140
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Supernova (SN) neutrinos - Review

Also see: Prof. Alex Friedland'’s talk
CCSN: death of a massive (>10 M, ) star

Red or Blue supergiants: advanced stages of

Chandrasekhar limit, 1.44 M,
Core Collapses.

nuclear burning

!

Fe core: Fusion turns off: loss of pressure

!

e P e orne : Core collapses
, ;

}

Collapsed core: very dense (nuclear densities):
Incompressible

Protons combine electrons and
form neutrons. Core shrinks.

Shockwave slows down

Shockwave accelerated by massive neutrino l
flow. Sta orn apart. 10 J of energy re-

sion brighter than entire galaxy
The remnant is a neutron star or a black

Infalling matter bounces off:
Shockwave produced

Star explodes: Supernova Shockwave re-eneraized l
Neutron star forming collapse (NSFC) 9

Shockwave stalls
Failed Supernova

Black hole forming collapse (BHFC) < Shockwave dies down

Credits: https://images-na.ssl-images-amazon.com/images/I/61yf26rpIXL._AC_SL1000_.jpg

emory-triggere neutrino detection
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Supernova (SN) neutrinos - Review

CCSN: death of a massive (>10 M, ) star

Chandrasekhar limit, 1.44 M,
Core Collapses.

Red or Blue supergiants: advanced stages of

nuclear burning

!

Fe core: Fusion turns off: loss of pressure

!

e Sevmg e : Core collapses
, ;

!

Collapsed core: very dense (nuclear densities):
Incompressible

Protons combine electrons and
form neutrons. Core shrinks.

Shockwave slows down

Shockwave accelerated by massive neutrino l
flow. Sta orn apart. 10 J of energy re-
sion brighter than entire galaxy

e Infalling matter bounces off:
Shockwave produced

Neutrinos emitted right l

Shockwave stalled:
. Star explodes: Supernova
after the collapse: accelerated by neutrinos P P
collapsed core cools

Giunti and Kim. Fundamentals of Neutrino Physics and Astrophysics (2007)
Janka, Langanke, Marek and Martinez-Pinedo, et.al. Phys. Rept., 442:38—74, (2007)

emory-triggere neutrino detection
Mainak Mukhopadhyay 10

June 08, 2022

Arizona State
University



1053 —

Accretion
1052 Mantle Contraction Cooling
o0 Core Cooling
2 10°
(]
|&
2
g 1050 —
£
=
>
—l
1049 |
1048 |
1047
-10? 0O 107 100 10?1 102 103
. Following
T'mepost-bounce (S) Li, Roberts & Beacom,

2020

Neutrino burst: ~ ©(10 s)
Accretion phase: t ~ 0.003-0.5s
Cooling phase:t~0.5-10s

Graphics by: Frank Timmes



1053 —

1052 Mantle Contraction Cooling
o0 Core Cooling
3 1051 —
()
l&
iy
g 1050 —
=
S
>
-

1049 —

1048 _

1047

-10? 0 107° 10° 10t 102 103
. Following
T'mepost-bounce (S) Li, Roberts & Beacom,

2020

Neutrino burst: ~ ©(10 s)
Accretion phase: t ~ 0.003-0.5s
Cooling phase:t~0.5-10s

Graphics by: Frank Timmes



Time = 0.153 s

19M,
h, h,
-
\
N /
<4dES 4>
-12 0 12
h D [cm]

Time = 0.249 s
19M,

Vartanyan and Burrows,
Astrophys. J. 901 (2020) 108.

h D [cm]




Characteristic strain (r = 1 Mpc)

Will be detectable up to ©(1) Mpc — O(10) Mpc
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DECIGO

'\ A
Fabry-Perot

Drag -free spacecraft

Neutrinos in the
— —_— neutrino
detector
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Neutrinos in the
neutrino
~ detector
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Motivation f . | searc!

Neutrino High Low
events statistics statistics

DSNB
~ Gpc

~ kpc

CCSN

rate ~ 0.01/yr ~1/yr

Fig. Motivation: John Beacom, TAUP, Munich, Germany, Sept 2011



Neutrino High Low
events statistics statistics

DSNB
~Gpc

~ kpc

~ 6(10) — 6(100)Mpc

CCSN ~ 0.01/yr ~1/yr

rate

~ @( 10) - @( 100) neutrinos/Mt/decade

Fig. Motivation: John Beacom, TAUP, Munich, Germany, Sept 2011



Motivations for triggered-searches

WHY?

Deliver a local sample of neutrino events from CCSNe:
Population averaged energy, luminosity

Comparison with DSNB (diffuse supernova neutrino background) or Galactic CCSNe
Understanding SN populations including NSFC and BHFC

and much more....
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Motivations for triggered-searches

WHY?

Deliver a local sample of neutrino events from CCSNe:
Population averaged energy, luminosity

Comparison with DSNB (diffuse supernova neutrino background) or Galactic CCSNe
Understanding SN populations including NSFC and BHFC

and much more....

CHALLENGES:

CCSNe in immediate neighborhood are extremely rare

Limited distance ~ 1-3 Mpc to have significant statistics
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Predicted number of
neutrino events
. CCSN rate in in detector from a
Detector running

the galaxy j i i
time \ g \ yJ /CCSN in the galaxy j

N/®(D) = AT )’ RN(r)PS) (1))

J,r<D
Total number of \
memory-triggered Probability of
neutrino events from all CCSNe Distance to detecting the
within a distance D the galaxy j memory from a CCSN
Index of the in the galaxy j

galaxy,
j=1,2,....




Results: Events and background - NSFC

s00 | | | | 4

— NSFC - DECIGO+
- — NSFC - Ult. DECIGO S~ :

RN
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o
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N"8(D)/Mt (AT

5 10 | | 50 ‘160
D/Mpc

Untriggered backgrounds would be orders of magnitude higher!




Results: Events and background - Mix
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Untriggered backgrounds would be orders of magnitude higher!




Takeaways

A new multi messenger approach to CCSNe: neutrino GW memory
enables time-triggered search of supernova neutrinos.

- Could be realized in a few decades: upcoming deci-Hz GW
interferometers and megaton scale neutrino detectors.

- Will help in performing various statistical studies on the clean sample of
neutrinos collected, giving further insights and information about SN
neutrinos, NSFC, BHFC, etc. in the local Universe.

- For example, DECIGO+ will allow robust time triggers for supernovae at
distances D ~ 40 — 300 Mpc, resulting in a nearly background-free

sample of ~ 3 — 70 neutrino events per Mt per decade of operation.

: 26
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Neutrino flux parameters

Energy

(x10° ergs)

Ac. Ph.

1.2

2
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Individual backgrounds in HyperK (with Gd)

— Invisible Muon -- Atmospheric .- DSNB

— NC — Li - Reactor_i

events/(MeV * year* Kt)
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Individual backgrounds in HyperK (without Gd)

0.05. — Invisible Muon -- Atmospheric

= NC ... DSNB

events/(MeV * year* Kt)
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Overview: For GW experimental groups
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350 Mpc o — NSFC
»n & .
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Neutrino physics

Neutrino Gravitational
memory effect




Luminosity L (7) :

2G t—rlc
hi. = h(t) = — dt' L (t") a(t
=0 == Lo () )

N p
h(t) = Z { [h1j<erf(pj 7)) + erf(pj(t — rlj))>] + lh2j<€’”f(Pj ;) + e”f(/?j(t - sz)>>] } + [h3(; (1 - eXP(‘U()) +/1t>]
=1

Effective parameters from L, (1) and a(t): hyj, p; 715 hyj 75 g




Luminosity L (7) :

L@ =4+ ,Bexp( —;(t)
R

2G t—rlc
hyr = h(t) = — dt’ L (1) a(t
5= ho rc4Lo A1) a(t)

Vo N p
() = Z | erf(p; 7)) + erf(pj(t — le)) + | hy| erf(p; 7)) + erf<,0j(t — 12]-)> + [ ; (1 - exp(—U{)) + At

J=1

Effective parameters from L, (1) and a(t): hyj, p; 715 hyj 75 g

In frequency space,

h(f) = ﬁ‘, K hljﬂif exp( _Zifz )GXP<i2”fTu>> + <h21',,if exp ( —szZ )eXp (iz’”f T2f>>] " <\/ﬂ h3§ <i21ﬂf - —;(+1 i2zf >)

j=1 J J

Characteristic strain /1.(f) : Helps in computing the signal
to noise ratio (SNR) and

_ 7 compare the signal to the
hc(f ) o 2f | h(f )l sensitivity curve of the detector.

Dimensionless quantity.



N(D) = AT ) RN()PGY (1)
j,rj<D

Rate of CCSN (how many such GW detectors:
events):
Calculate SNR - depends on
Use calculated rate of CCSNe distance to source

below 11 Mpc (local volume)

Calculate probability of detection
given a fixed false alarm

Analytical rate beyond 11 Mpc
using cosmic SFR, Salpeter IMF....
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