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@ Introduction, theoretical considerations

@ A phenomenological model of the supernova neutrino
memory.

o Detectability and physics potential
@ Memory-triggered SN neutrino searches

@ Summary and discussion
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Gravitational waveforms with memory
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slide from M. Favata

@ the GW strain converges to a non-zero value: memory is present



Memory from General Relativity
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7 @ permanent distortion of the
Lunartin local space time metric
@ Due to gravitationally
unbound systems:
@ anisotropic emission of
energy (mass/radiation)
@ appears as a permanent
change in the distance
between two free falling
masses: signal at GW
interferometers!

figures from M. Favata



The memory of supernova neutrinos
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@ the memory has never been observed

@ observation requires: (i) very powerful emitter and (ii)
some anisotropy
@ ideal candidate: a core collapse supernoval

o Eop ~310% ergs, most as neutrinos
e anisotropy at ~ 1073 — 1072 level
e neutrino emission timescale At ~ O(10) s — sub-Hz scale



The SN v memory: a signal for Deci-Hz
interferometers
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@ simulations are
costly, limited to
~1s.

o Must use
phenomenology,
to describe long
term emission,
diversity of
scenarios
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fig. from Kotake, Adv. Astron. (2012), 428757
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Observer
(0,0,r)

@ solving Einstein’s equation, in weak-field approximation: guu = nuw + huw

@ longitudinal polarization (h¥, = —h%} = —hJ.FT):
2G t—r/c dL,(Q .t
WY = —/ dt'/ (1 + cos ) cos 2¢Md§2'.
rct —o00 4w dQy’
@ Change of separation of free-falling masses: §/; = %h],;TI"



The anisotropy parameter
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Lunardini anisotropy parameter:

1 dL, (2, t)
t) = dQ' (', ') ———=
O!( ) Ly(t) Aﬂ- ( s P ) a9’ )

@ Final form:

- 2G t—r/c
2 () = F/,w dt' L (£)a(t) .
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2G
|A(h)| S rcﬁ|a|maxEtot

6.41 10_20 |Oé|max Etor r -1
’ 0.04 31053 ergs/ \ 10 kpc '

@ In frequency domain: hc(f) = 2f|h(f)| (h: Fourier transform).
@ Zero frequency limit (ZFL):

-1
lim he = M <2.01072 (|a‘ma><) ( Etot ) ( r )
F—0 T 0.04 3 1053 ergs 10 kpc

1




A phenomenological model of the
supernova neutrino memory



nova neutrinos: a mini-review
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RON CORE COLLAPSE sHoc

time

Advanced stellar Loss of pressure; free Falling matter Star explodes
evolution fall; core formation bounces; shockwave;
Cooling via neutrinos

Neutrino burst, ~ 10's
Stellar death: core collapse
@ neutrinos emitted thermally, (E) ~ 10 — 18 MeV, radius R ~ 100 Km.
@ FEior ~ 3 1053 ergs emitted in O(10) s burst.




Phases of neutrino emission: L, (t)
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Neutronization: e +p > n +v,
nuclear burning/

neutrinos o
: Volume €581 | accretion  Surface emission Volume emission

Cecilia 2 -—
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fig. from Roberts and Reddy, Handbook of Supernovae, Springer Intl., 2017

@ accretion phase: t ~ 0.003 — 0.5 s: shockwave is stalled

@ cooling phase: t ~ 0.5 — 40 s : shockwave re-energized by neutrino energy
deposition, launches




near-core dynamics: «(t)
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0.05

. @ anisotropy develops 004 model 8
H H 0.03
during accretion, due 008
to: 0.01
@ convection = o }
@ large scale sloshing 001 I
motion of shock front -0.02
(Standing Accretion 003 |
Shock Instability, SASI) Zg;
. i "o 100 200 300 400 500
@ anisotropy during Time ms]
COO”ng phase nOt fig. from Kotake, lwakami, Ohnishi and Yamada,

simulated Astrophys. J. 704 (2009) 951



Building a phenomenological model
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@ toy a(t): multi-Gaussian+constant:

N EVAY
a(t):n-i—Z&j exp<—(t2g’2yj)> ,

j=1 J

@ result: analytical h(t)

N
h(t) = Z { |:h1j<erf (pj le) + erf (pj(t — 'rlj)))] + [h2j<erf (pj sz) + erf (pj(t — sz))>] ]
j=1
B
+ h3(7 (1 - exp(—tx)) + )\t)] s

X
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. _ 22 . .
Ej’-vzl |:( hyj -7 exp (‘;‘;QL exp (l27rf71j)) + (hzj# exp (
J

/o ha B 1 1
+( 2m hy (i21rf - —x+i27rf)> )

Pj

T1j

j

Toj =

h3

2G [m

e\ P
1

\/on ’

. 2

VT IiX

2G ‘rr)\

A

Y

2G

rct

(%(—2“0- + ofx)) ,

—n2f
p2
J

2 ) exp (i27rf72j)>:|




Comparison with numerical results
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----- Analytical

45x10%

=
~ 4.0x10%2
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3.5x10%2

00 02 0.4 06 08 10

t(ins)
top data: Vartanyan and Burrows, Astrophys. J. 901 (2020) 108 ; bottom data: Kotake, lwakami, Ohnishi
and Yamada, Astrophys. J. 704 (2009) 951.

@ toy model reproduces low frequency trends (relevant for Deci-Hz detectors)
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Data: Kotake, Iwakami, Ohnishi and Yamada, Astrophys. J. 704 (2009) 951.

@ toy h(t) reproduces numerical result

o dashed: computed from L(t) and a(t)
@ dot-dashed: toy formula for h(t) with effective parameters
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@ Accretion-only models: zero anisotropy in cooling phase

@ Long term evolution models: anisotropy is non-zero

throughout
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Accretion-only models: ingredients
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Accretion-only models: results (D=
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Long term evolution models: ingredients
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Long term evolution models: results (D=10 kpc)
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Detectability and physics potential



Memory at Deci-Hz detectors (D=10 kpc)
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Summary of detection prospects

The . e . .
g,avit;ﬂona| Accretion only model, Ac3G. Note sensitivity up to Mpc distance and beyond!

memory of
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Multimessenger: memory-triggered
neutrino searches



detecting neutrinos in time coincidence with

memory

The M. Mukhopadhyay, Z. Lin and CL, arXiv:2110.14657
gravitational

memory of
supernova
neutrinos
=] = . .
k] 1 signal 1 signal
Lunardini 8 ° event event e
g g — — — u = =
k] I !
£€° @
5 P Iy 15
3 B
2 2,
I

@ background-free SN neutrino sample from local universe!



Probing supernovae in the local universe
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In the future, we will have SN neutrinos that are:
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@ cosmological: the Diffuse Supernova Neutrino Background
(DSNB)

@ galactic: supernova burst
© Jocal: memory-triggered vs from 0 - 100 Mpc
e compare with galactic and cosmological: similarities?
differences?

o identify and study sub-populations of stars (e.g., successful
vs. failed SNe)



Detection probabilities
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Results

N ~ 10 — 400 neutrino events in 1 Mt water Cherenkov detector in 30 years

— NSN - DECIGO+
— NSN - Ult. DECIGO

=30 yrs)/Mt

NY9(r<D) (t

500)

— Mix - DECIGO
~— Mix - DECIGO+
— Mix - UIt DECIGO

30 yrs)/Mt

N9(r<D) (t

Baseline (conservative)

D/Mpc
memory scenario

0 50 00
DMpe
Optimistic memory scenario (mix with failed SNe)



Summary and discussion



Summary and caveats
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Cesil @ the SN neutrino memory is detectable at (the most
powerful) Deci-Hz interferometers

@ A new phenomenological model is available

@ consistent with numerical simulations )
o fully analytical, useful for phenomenological studies, detector
response studies, data fits, etc.

@ Uncertainties:
@ O(10) uncertainty on «(t) (3D simulations result pessimistic)
@ anisotropy in cooling phase unknown
@ matter contribution to memory (sub-dominant at f < 0.1 Hz? )



Physics potential
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@ A new multimessenger component:
neutrinos + GW (100 Hz scale) + GW memory (0.1-10
Hz) + astro

@ potential for supernova alerts!
@ study SNe in the Jocal Universe o )
@ test anisotropy — probe fluid dynamics in accretion phase

@ memory + neutrinos: probe invisible cooling channels
@ sterile neutrinos, light scalars, invisible neutrino decay, etc.

@ tests of gravity, room for theoretical developments
@ non-linear memory, quantum effects, etc.
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Alternate form of the analytical formulae
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Using the approximation (accurate within 1%):
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N

h(t) = Z |:{h1j (tanh (mp; T1;) + tanh (mpj(t — le))> } + {h2j (tanh (mpj Tj)

j=1

+ tanh (mpj(t — 7—2]-))> }:| + h3 <§ (1 — exp(ftx)) + At> s

2 2

h(f) = é [( hljn:—; csch (':—f) exp (i27rf‘rlj)> + <h2jni—7; csch (:rn—f) exp (i27rf‘rzj)>:|

j Pj j Pj

1 1
+ (var h3§ (7 - 7) .
x \Ni2wf —x + i2wf
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o Longer accretion model, LAc3G.
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Detecting neutrinos from local SNe
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signal-to-noise (SNR) ratio of GW detector:

2
70 = [ dlog) (h,jig;’;))

The Poisson probability of observing N > N, v events:
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o0

P mlm Z Nn r) —N(r)

n=Npmin
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. Number of neutrino events over detector lifetime, from SNe at
distance r < D:

Nlt;rig(D) = AT Z RJN("J)Pi‘t/”V(”J)?
J,r<D

Rj= SN rate in galaxy j ; N(rj)= number of v events from SN
at distance r;



