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What is Gravitational wave memory?

The Laser Interferometer Space Antenna
(LISA)

Animation Credits: Chris
Meaney and NASA




Before Passage of GW

GW passing through a

detector say LISA
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GW is propagating perpendicular to the screen

Animation Credits: Joel Frederico
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oo Causes:
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= ::gzz | itational wave Gravitationally unbound
o ) remains at a systems:
o zero value Anisotropic emission of energy
ol (mass/radiation)
0 1 2 3 4 5

Permanent distortion of
the local space-time
metric

M. Favata, The gravitational-wave memory effect, Class. Quant. Grav. 27 (2010) 084036
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What is Gravitational wave memory?

JIP— «10-201
n*l'-' o Causes:
s ey 5.x10720}
fo ] 4.x10720} , itk o
[ . | S The gravitational wave Gravitationally unbound
1 I ol strain h(:t) remains at a systems:
T s o non-zero value Anisotropic emission of energy
* e & 2 | inti
N e ol A (mass/radiation)
0 : 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: CCSN

Total energy as neutrinos :* E,,, ~ 3 x 10%erg

Anisotropy : a ~ 107> = 107=

Neutrino emission timescale :
At ~ 0(10 s) — sub-Hz scale

Credits: European Southern Observatory, L. Calcada
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Motivations - v GW memory from CCSN

The SN v GW memory has never been observed!

Large number of next-generation sub-Hz interferometers :

Space-based interferometers: Atom-interferometers:
; . MAGIS (Mid-band Atomic Gravitational Wave Interferometric Sensor)

DECIGO (DECi-hertz Gravitational-wave Observatory) : : : )
BBO (Big Bang Observer) AEDGE (Atomic Experiment fci>r: Esgléer;]atter and Gravity Exploration

AION (Atom Interferometer Observatory and Network)
ELGAR (European Laboratory for Gravitation and Atom-
interferometric Research)
ZAIGA (Zhaoshan long-baseline Atom Interferometer Gravitation
Antenna)

ALIA (Advanced Laser Interferometer Antenna)
LISA (Laser Interferometer Space Antenna)
AMIGO (Astrodynamical Middle-frequency Interferometric
Gravitational wave Observatory)



Motivations - v GW memory from CCSN

The SN v GW memory has never been observed!

Large number of next-generation sub-Hz interferometers

Numerical simulations are computationally very intense, costly and
hence limitedto ~ | s:
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€ 05 ,
Koj\%’fje eralsont : o - = Astrophys. J. 901
a4} 1 l ‘ ' ' 1
-1.5 [Model A0 (Lve=6.0x1052erg/s, no rotation) - 0 0.2 . Tin(zf[s] . w 1.2
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Time [ms]
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Motivations - v GW memory from CCSN

The SN v GW memory has never been observed!

Large number of next-generation sub-Hz interferometers

Numerical simulations are computationally very intense, costly and
hence limitedto ~ 1 s:

Phenomenological models help in supplementing the numerical
simulations.

Extend to longer times of neutrino emission,

thus giving a plausible picture of the memory

contribution from the neutrinos for the entire
duration of emission.

Provides a description which can then be adapted
to different scenarios - Large/small progenitors,
case with/without rotation.
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Muller, Janka and Wongwathanarat, Astron. Astrophysik. J. 537 (2012) A63.
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Picture Credits: Stephane Andre
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Phenomenological Model: Formalism

Begin with Einstein’s field equation: \

1
R, — ERng = —8xnGT),

U
l Extended

> Y’
. L Source . 1 dL(Q',1)
Invoke weak field approximation ~ TASE . a(t) = A7) dQ" Y, ¢") Ty
(since we are very far away from D) Jay
the source r - )
o Small perturbation X' Angular dgpenqlence put
8y = My + Ny, X together in anisotropy

parameter

Black Box....

(Calculations in progress)

5lj — _hIT [k Epstein, Astrophys. J. 223 (1978) 565

2 Jk E. Mueller and H.T. Janka, AAP 317 (1997) 140
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Core-collpase supernovae (CCSNe)

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

Red or Blue supergiants: advanced stages of
ot Wik A . e nuclear burning

Core Collapses

i Fe core: Fusion turns off: loss of pressure

form neutrons. Core shrinks. !
. & .
:
3 - -
'
"

Core collapses

Neutrons bounce back infalling matter,
due to The Strong Nuclear Force ¥ l

Collapsed core: very dense (nuclear densities):
Shockwave slows down I n CO m p reSS i b I e

!

Shockwave accelerated by massive neutrino

eovod Exponon gt than s gy Infalling matter bounces off:

The remnant is a neutron star or a black
hole, initially 100 billion degrees K hot!

Shockwave produced

Star explodes: Supernova
Neutron star forming collapse (NSFC)

Shockwave stalls
Failed Supernova <«— Shockwave dies down /
Black hole forming collapse (BHFC)

Shockwave re-energized l

Credits: https://images-na.ssl-images-amazon.com/images/l/61yf26rpIXL._AC_SL1000_.jpg
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Core-collpase supernovae (CCSNe)

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

Chandrasekhar limit, 1.44 M,
Core Collapses

A Red or Blue supergiants: advanced stages of

nuclear burning

}

Fe core: Fusion turns off: loss of pressure

!

e Bierg e v ': Core collapses
/7 -

!

Collapsed core: very dense (nuclear densities):

Protons combine electrons and
form neutrons. Core shrinks

Shockwave slows down

.
Incompressible

Shockwave accelerated by massive neutrino l

flow. Star is torn apart. 10* J of energy re-

leased. Explosion brighter than entire galaxy .

T 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)
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Luminosity Ve (ergs?)

1053 —

1052 —

1051 —

1050 —

1049 —

1048 —

1047
-102

Mantle Contraction Cooling

Core Cooling

0 107 10° 10t 102

Timepost-bounce (s)

@(10_2) for 2-D simulations

@(10_3) for 3-D simulations

a) Convection

Anisotropy develops during accretion phase,

due to:

b) SASI (Standing Accretion Shock Instability)

103

Following
Li, Roberts & Beacom,
2020

0.05
0.04
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0.02
0.01

-0.01
-0.02
-0.03
-0.04
-0.05

----------- model A | | |
[ model B 5
il 'i.;
th’h:"ﬁ = 4
0 100 200 300 400 500
Time [ms]

Fig. Credits: Kotake, Iwakami, Ohnishi and Yamada, Astrophys. J. 704 (2009) 951

Graphics by: Frank Timmes
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Development of anisotropy in the progenitor

Q4 ms

200 km

Hanke et al., 2013, ApdJ, 770, 66
Visualization by Elena Erastova and Markus Rampp, MPCDF
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Phenomenological model: Ingredients

Anisotropy parameter a(?) :
Luminosity L, (7) :

N (t— )’
L0 = A+ fexp( - 1) o =+ 2 e ( T 20 )

=1 J

2°G t—rlc
W = h(p) = —4[ dr' L(t') a(!)

re

o N p
(t) — Z hlj erf(pj 7;1].) + erf(pj(l‘ — le)> + hZJ erf(pj sz) + el’f(,Oj(l‘ — sz)) + h3 ; <1 — eXP(—t)()> + At

j=1

Effective parameters from L (t) and a(): hyj, p;» 715 hojs 755 B

In frequency space,

_ N 7T2f2 - i _71.2]('2 - 1
h(f) = ; [( hlj_f exp( 72 >€Xp<l2ﬂ:f1’1j>> + <h2jn_f exp( 7 )eXp<12ﬂ:f72j> \/Zr hy— <12ﬂf o i27zf>
Characteristic strain /1.(f) : Helps in computing the signal
Dimensionless quantit to noise ratio (SNR) and
9 Y- 7 compare the signal to the

hc(f ) =2f | h(f) | sensitivity curve of the detector.
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he(f) [107°°] (r = 1 Mpc)

Characteristic strain (r = 1 Mpc)

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

100

0.01

1074 L=
0.001

] \ R R TR \ I R
0.010 0.100 1

10
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Memory triggered SN neutrino detection

Neutrino GW
Memory —
in the GW detector

Neutrinos in the
neutrino detector

% 1 signal
Q ® event
O i — —
° %
o -
= -
>
) t2
Z \
I

t/yr




Neutrino High Low
events statistics statistics
~ Kpc ~ Mpc
CCSN
rate 0.01/yr 1/yr

Fig. Motivation: John Beacom, TAUR, Munich, Germany, Sept 2011
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Neutrino High Low
events statistics statistics

e
%%“ %

~ 0(10) — 6(100)Mpc

CCSN ~ 0.01/yr ~1/yr

rate

~ O ( 10) — 0 ( 1()0) neutrinos/Mt/decade

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

23



Motivations for memory-triggered searches

WHY?

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

Comparison with DSNB 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

24



0.9

P31, PY(1)

et
o
~

05!

1.0%
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— (1 event/Mt)
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Py (), PX(r)

1.0

0.9

0.6

0.5

- uit. bECiGo | 100
- 410
: (E)) = 15 MeV
I (1 event/Mt) : =
L (E)) =20 MeV 14 =~
i (2 events/Mt) DECIGO+ % \7
B (E,)) = 15 MeV 10.10 5:
i (2 events/Mt) g o
B (E)) =20 MeV DECIGO 3 0.01
I (1 event/Mt) §
: BHFC \

0.5 1 5 10 50 100

r/Mpc
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Predicted number of
neutrino events
CCSN rate in in detector from a
the galaxy j CCSN in the galaxy j

Detector running
time

N/¥(D) = AT ), RN()PE (1)

Jr <D

Total number of

memory-triggered Probability of
neutrino events from all CCSN 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,....
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30 yrs)

N"8(D)/Mt (AT

500

=
o
o

10|

Results: Events and background

&)
o

&)

60% NSFC + 40% BHFC

— Mix - DECIGO
Mix — DECIGO+
— Mix - UIt.DECIGO

_
100

Untriggered backgrounds would be orders of magnitude higher!
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Overview: for GW experimental groups

— ‘
350 Mpc

h, [107%] (f=0.3 Hz)

'®) — NSFC
335 Mpc g — Mix
] 112 Mm 8
3 G
o D
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i |
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O 1 2.5 Mpc
LLl I
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0.01 0.10 1 10 100

29



Takeaways

The SN neutrino memory is detectable at DeciHz interferometers

This work provides a new phenomenological model which is: a) consistent with
numerical simulations, b) completely analytical which is useful for
phenomenological studies, detector response studies, data fits, etc.

Helps in providing a plausible picture by complementing the numerical simulations
which are computationally intensive.

New multi-messenger approach to CCSNe: neutrino GW memory enables time-
triggered searches 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.
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500" 350 Mpc

30 yrs)

N"8(350 Mpc)/Mt (AT
Ult. DECIGO

Team Neutrino

I reporting from a core-
Thank YOU. collapse supernova!
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Phenomenological Model: Formalism

Begin with Einstein’s field equation:

1
R, — ERg/w = —8zxGT,,

O

Invoke weak field approximation (since we are very far away from

the source r —» )

4 Small perturbation
g/,w = ﬂﬂy + h,ul/

l — Effective stress-energy tensor
Wave equation for the perturbation : 0*h,, = — 162GS,;
L
S,uu — T,uv _ EWWT@
(St — X =X)
Solution of the wave equation : 7, =4G | d°X ( R )

(Retarded Green’s function)

Stress-energy tensor

Epstein, Astrophys. J. 223 (1978) 565
S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity (1972)
C.W.Misner, K.Thorne and J. Wheeler, Gravitation, W.H. Freeman, San Francisco (1973)
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Ansatz for the source :

TT: Transverse-traceless

X
r

n=
Rate of energy loss

Sii(t, x) = (”l”?" ro (1) F(Q. 1) 8(t — ' — Pdr
r

— o \
/ Angular distribution of emission

Distance to source

Primed coordinate: Coordinate system for source

Epstein, Astrophys. J. 223 (1978) 565
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7 (ninj)TT > / Y / /
Ansatz for the source:  SY(t,x) = > o(f)f(Q,1)o(t — t' — r)dt
r —0 Observer

l 0.0.9)

J 4G (7 ‘nypp dL(Q, 1
ret)_ A

> Y’

; Extended
- 1 —cos@ dQ Source

2
H

H

H

H

H

H

H

H

H

H

-

H

H

H

H

H

H

. L]
‘e, .
. H

. L

H

'0 -

., H

0‘ -

" -

o, =

o

Direction dependent
neutrino luminosity X

dL,(Q, 1)

R
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Phenomenological Model: Formalism

(n'n’)pr

r

Ansatz for the source :  SY(t,x) = J o(tf(Q, 1ot —t' — r)dt’
—00 Observer

l (0,0,r)

§ 4G t—rlc i, dL Q/, ¢
hi (1, %) = —[ dt’J e AT 4o
[e%) 4

r rct 1 —cos@® dQ Extended
- g Source

(]
.
.
.
.
.
.
"
.
.
| =
T
.
.
0 .
.
.
.
. .
Q’ -
. -
. -
.
‘e .
LN -
. .
. .
.
O.I
-

» Y’

. . t—rlc dLU(Q/, t/)
+ polarization : hip = —4J' dt’J (1 + cosB)cos2¢ —d Q) ,
ret)_ i dQ X "
2G t—rlc
XX _— — / / /
re® J_ o,
Angular dependence put
_ _ together in anisotropy
Change of separation for two free-falling masses parameter
1
5l = —hITI* dL (1)
i~ " a(t) = [ dQ" Y@, ")
L) ),, dQd’
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NP*9(r<D) (t=30 yrs)/Mt
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100}
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Individual backgrounds in HyperK (with Gd)
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Details about the SASI movie

223 ms

Figure 1. Snapshots of phases with convective and SASI activity in the evolution of the 27 M model at 154 ms, 223 ms, 240 ms (upper
panels, from left to right), 245ms, 249 ms, and 278 ms (lower panels, from left to right). The volume rendering visualizes surfaces of
constant entropy: The outer, bluish, semi-transparent surface is the supernova shock, the red surfaces are entropy structures in the
postshock region. The upper left panel displays mushroom-like plumes of expanding, high-entropy matter that are typical of neutrino-
driven buoyancy. The upper middle and right plots and the lower left and middle panels show distinctly different entropy structures
of dipolar (and quadrupolar) asymmetry, which engulf the still visible buoyant plumes with their higher-order spherical harmonics mode
pattern. The entropy asymmetries of £ = 1, 2 character are caused by global shock sloshing motions, which create hemispheric high-entropy
shells in phases of shock expansion. At 223 ms and 240 ms the shock has pushed towards the lower right corner of the panels whereas
at 245 ms and 249 ms it is in a phase of violent expansion motion towards the upper left corner of the plots. All stages exhibit a strong
deformation of the shock. At 278 ms the vivid SASI phase is over, the shock is more spherical again, and the postshock entropy structures

correspond to neutrino-driven plumes.

Hanke et al., 2013, ApdJ, 770, 66
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| | | | |
Matter
CE 3
©
2,
98 M@ — 11 M@ :
9b M., — 12.25M, ]
9 BWM, — 14M,
OTHM, . = 1501 M.
9.25 M, — 23M,
9.5 M,
1 L 1 L l L L L L l 1 1 1 1 l 1 1 1 1 l L L I L
0 1 2 3 4 5

Time after bounce [s]
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— 9b M, — 1AM,
925M, — 15.01 M, :
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R G S e Ty

Time after bounce [s]

Vartanyan, Burrows, Wang, Coleman and White, Phys. Rev. D 107, 103015 (2023)
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N"8(D) = AT Z RN(r)PS¥(r)
J>r<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

Analytical rate beyond 11 Mpc
using cosmic SFR, Salpeter IMF....
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500

RN
o
o

N8(D)/Mt (AT = 30 yrs)

Results: Events and background - NSFC

9)
o

-
o

&)

— NSFC - DECIGO+
— NSFC - Ult. DECIGO

10 | | T 50 100
D/Mpc

Untriggered backgrounds would be orders of magnitude higher!
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