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fig. adapted from IceCube collaboration;
article on https://theconversation.com
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1987: astronomy triggers supernova neutrino
detection

SN1987A: astronomy provided time window, mass, position and distance of
star

O(10) MeV neutrino burst found in archival data, confirmed basic
supernova physics

Bionta et al., PRL 58,1987, Hirata et al., PRL 58,1987, Alekseev et al. JETP Lett. 45 (1987)

for figs, see http://astro.berkeley.edu/b̃metzger/sn1987a.html
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2017: neutrino triggers astronomy observation of
AGN flare

IceCube: observed ⇠ 290 TeV neutrino provided time and direction

Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S and INTEGRAL
observed flaring Active Galactic Nucleus

Aartsen et al., Science 361 (2018) 6398,
eaat1378
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Fermi-LAT finds Flaring Blazar: 
TXS 0506+056 

Fermi-LAT Coll., ApJ 846, 2017; fig. from A.
Franckowiak, talk at Mainz, 2018
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2017: Gravitational waves trigger kilonova/GRB
observation

LIGO-Virgo observation of Neutron-Star binary merger
provided localization and timing

gamma ray follow up discovered kilonova/GRB
evidence of r-process nucleosynthesis

fig. from DeAngelis and Mallamaci, Eur.Phys.J.Plus 133 (2018) 324

Abbott et al. (LIGO and Virgo collab.) Phys. Rev. Lett. 119, 161101 2017
Goldstein et al., Astrophys.J.Lett. 848 (2017);
Savchenko et al., Astrophys.J.Lett. 848 (2017).
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Still missing: neutrinos + GW

several coincidences of neutrinos, photons and cosmic rays
have been claimed

no robust neutrino-GW association
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The future of GW: opening the sub-Hz regime

fig. LIGO/Sonoma State University/A Simonnet;
article on https://www.innovationnewsnetwork.com
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The future of neutrino observatories: larger, cleaner

O(10) kt low
background detectors

liquid scintillator,
liquid argon

from 10 kt to Mt mass

growth of Km3

detectors
Km3NeT, IceCube
Gen2, Bajkal, etc.

Towards Mt mass: HyperKamiokande

fig: from IN2P3/CNRS

better signal/background ratio, larger distances of sensitivity,
larger energy window, better energy resolution
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Scenarios for

the future:

Core collapse supernovae
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Core collapse supenovae: a mini-review

Stellar	death:	a	core	collapse	supernova

Credit: Lucy Reading-Ikkanda/Quanta Magazine

Advanced	stellar	
evolution

Loss	of	pressure;	free	
fall;	core	formation

time

Falling	matter	
bounces;	shockwave;
Cooling	via	neutrinos

Star	explodes

Neutrino	burst,	~ 10	s

Stellar death: core collapse

neutrinos emitted thermally, hEi ' 10� 18 MeV, radius R ' 100 Km.

Etot ⇠ 3 1053 ergs emitted in O(10) s burst.



Neutrinos and
gravity:

multimessenger
scenarios

Cecilia
Lunardini

Phases of neutrino emission: L⌫(t)Proto-neutron	star	(PNS)	evolution
• Direct	narrative	of	events	at	R	<	200	Km

Figure	from	Roberts	and	Reddy,	Handbook	of	Supernovae,	Springer	Intl.,	2017

Neutronization:	e- +	p	à n		+	νe

accretion Surface	emission Volume	emission

nuclear	burning/
Volume	emission

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
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GW from core collapse

f = O(102) Hz; observable at LIGO for galactic SN

g-mode : oscillations
of protoneutron star
(PNS)

SASI (Standing
Accretion Shock
Instability): large scale
sloshing motion of
stalled shock front fig. from Kuroda, Kotake and Takiwaki, 2016

ApJL 829 L14

A: g-mode B: SASI
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Probing the near-core dynamics: SASI

Neutrino count at
detector oscillates due
to SASI

nu-GW hase shift due
to distance between
nu-sphere and PNS
surface

– 14 –

to see impacts of the EOS and the progenitor. A pronounced peak is seen around ⇠ 120 Hz in

S15.0(SFHx) (red line), which is absent for other S15.0 models with weak SASI activity (green

and blue lines). This is again consistent with Tamborra et al. (2013, 2014b). The absence of the

SASI signature of the 11.2 M� model is in line with Tamborra et al. (2013). S40.0(SFHx) that

has a relatively high compactness parameter (Table 1) exhibits a SASI activity and shows a peak

at F ⇠ 160 Hz. In addition to the biggest peak, some secondary peaks are also seen on the black

line as well as in other models, e.g., at F ⇠ 60 Hz on the red line. In Tamborra et al. (2013),

these secondary peaks are hard to see in most of the employed progenitors except for the 20M�
model. We consider that this di�erence might be partially due to our simplified transport scheme,

where the neutrino matter coupling is controlled via several parameters (see Kuroda et al. (2012)

for more details). Because of this, our neutrino signals may change more sensitively in response to

the matter motion compared to those obtained in CCSN models with more sophisticated neutrino

transport. For example, during the prompt convection phase (T
pb

. 50ms), our neutrino event

rate shows an oscillatory behavior (see red/green line in every top panel in Fig. 6) which is not

seen in Tamborra et al. (2013). To clarify this, we need to perform 3D-GR simulations with more

elaborate neutrino transport scheme which is, unfortunately, computationally una�ordable at this

stage.

Fig. 8.— Schematic drawing to illustrate the di�erent radial positions of SASI-induced neutrino and

GW emission in the postbounce core. Below the stalled shock (dashed blue line, labeled as “The

stalled shock”), non-spherical flows (dashed red line with arrow) hit first the (average) neutrino

sphere then penetrates into the PNS core surface. R
cor

represents the distance between the neutrino

sphere (⌫̄e in this case) and the PNS. V
adv

is the typical velocity of the downflows there.

From Figures 6 and 7, it has been shown that both of the SASI modulation frequency of the

GW and neutrino signals is relatively close (i.e., in the range of 100 ⇠ 200 Hz). Figure 8 illustrates

how the two signals could be spatially correlated. In the figure, the SASI flows (red dashed arrows)

advecting from the shock first excite oscillation in the neutrino signal at the (average) neutrino

sphere. Afterward, it reaches to the PNS core surface (the blue thick arrows), leading to the

modulation in the GW signal (see also Kuroda et al. (2016a) for the detailed analysis). We can

roughly estimate the time delay �T as follows. The radius of anti-electron type neutrino sphere

– 15 –

is R⌫̄e ⇠ 37 km and the PNS core surface is R
PNS

⇠ 15 km (at T
pb

= 200 ms for S15.0(SFHx)),

then the correlation distance is R
cor

= R⌫̄e � R
PNS

⇠ 20 km. An angle-average accretion velocity

at R = 40(20) km is V
adv

⇠ �1 ⇥ 108(�1 ⇥ 107) cm s�1 at T
pb

= 200 ms, leading to �T of a few

10 ms.

In order to estimate the correlation between the neutrino and GW signal more quantitatively,

we evaluate the correlation function X(t,�T ) in Figures 9 and 10. Note Figures 9 and 10 are for

S15.0(SFHx) and S11.2(SFHx) showing highest and invisible SASI activity in this work, respec-

tively.

Fig. 9.— Top panels show the GW amplitude (blue line) either + (left panel) or ⇥ polarization

(right panel) and the neutrino event rate (black and red lines) in arbitrary units for S15.0(SFHx).

For the red line, the monotonically time-changing component of the black line is subtracted (T
pb

.
170 ms) in order to focus on the SASI-induced modulation. Same as the top panels, middle panels

(b+/⇥) show the correlation function X(t,�T ) between the GW amplitude (blue line (top)) and

the event rate (red line (top)) with several time delay �T (see text for definition) which is indicated

in the upper left part as 0, 4, 8, 12, 16, 20, 24 [ms]. Bottom panels (c+/⇥) show �T
max

that gives

the delay-time with the maximum correlation in the middle panels. Note when we obtain �T
max

,

we set an arbitral threshold as |X(t,�T )| � 0.7 not to extract insignificant values.

The top panel of Figure 9 shows the GW amplitude (blue line) and the neutrino event rate

(black and red lines) in arbitrary units. In order to focus on the SASI-induced modulation, the

red curve is the event rate after the monotonicaly time-changing component is subtracted from the

original curve (black line)4.

4

As one can see from the red line in each top panel in Fig. 6, the neutrino event rate for 0 . T
pb

. 150

ms is approximately fitted by a linear function (as a function of postbounce time) with positive slope, whereas it

Kuroda, Kotake, Hayama and Takami, ApJ, 851:62, 2017
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The gravitational memory of supernova neutrinos

a permanent distortion of the local space time metric

due to anisotropic matter/energy emission

0 1 2 3 4 5
0

1.×10-20
2.×10-20
3.×10-20
4.×10-20
5.×10-20
6.×10-20

t (in s)

h(
t)

hxxTT = h(t) =
2G

rc4

Z t�r/c

�1
dt0L⌫(t

0)↵(t0)

emission timescale �t ⇠ O(10) s ! sub-Hz scale

promising for future Deci-Hz detectors!
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Probing the near-core dynamics: anisotropy

↵(t) =
1

L⌫(t)

Z

4⇡
d⌦0  (#0,'0)

dL⌫(⌦0, t)
d⌦0

develops during accretion, due to convection and SASI

960 KOTAKE ET AL. Vol. 704

Figure 12. Neutrino energy fluxes of dlν/(dΩdS) (Equation (13)) of model A at t = 370 ms, seen from the northern hemisphere (left), the equator (middle), and the
southern hemisphere (right), respectively.
(A color version of this figure is available in the online journal.)

Table 1
Model Summary

Model Lνe (1052 erg s−1) ∆t(ms) hν,fin (10−22) |htot,max| (10−22) EGW,ν (10−12 M⊙c2)

A 6.8 509 8.7 7.7 0.44
B 6.7 570 2.2 9.1 1.32
C 6.6 740 6.1 8.0 1.39
D 6.4 800 4.8 6.1 0.49

Notes. Lνe denotes the input luminosity. ∆t represents the simulation time. hν,fin and htot,max represent the
amplitudes of the neutrino-originated GWs at the end of the simulations and the maximum amplitudes (neutrino
+ matter) during the simulation time. EGW,ν is the radiated energy in the form of the neutrino GWs in unit of
M⊙c2. Note that the supernova is assumed to be located at a distance of 10 kpc.

growth in the GW amplitudes. Large negative amplitudes seen
for some other epochs in other model such as model C (left
panel of Figure 5) are also from the same reason. Such a feature
is genuine outcome of the neutrino emission in the lateral
direction, which is able to be captured correctly by the ray-
tracing calculation.

It is noted that the appearance of the negative growth has
no systematic dependence of the input luminosities. In fact, as
seen from Figure 5, the negative growth is observed for the
intermediate luminosities models (models B and C), but not for
the highest (model A) and smallest luminosity models (model
D) (see also |htot,max| in Table 1). This should reflect the nature
of the SASI which grows chaotically and non-locally. Albeit
with the negative growth, our results suggest that the positively
growing features dominate over the negatively ones for the 2D
models (see hν,fin in Table 1). This is due to the presence of the
symmetry axis, along which the SASI develops preferentially
and the resulting anisotropies become larger.

As mentioned earlier, the neutrino GWs become more than
one order of magnitude smaller than the previous estimation
(compare EGW,ν in Table 1 and the one in Kotake et al.
2007). This stems not only from the incursion of the negative
contributions but also from the appropriate estimation of the
neutrino absorptions made possible by the ray-tracing method.
Previously, the neutrino luminosity was estimated simply by
summing up the local neutrino cooling rates outside the PNSs
(Kotake et al. 2007), which fails to take into account the neutrino
absorption correctly (λ in Equation (11)). These two factors
make the amplitudes much smaller than the previous estimation.
As a result, the neutrino GWs, albeit dominant over the matter
GWs in the lower frequencies below ∼ 10 Hz (Figure 17),
become very difficult to be detected for ground-based detectors
whose sensitivity is limited mainly by the seismic noises at such

-0.05
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-0.02

-0.01

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0  100  200  300  400  500

α
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Figure 13. Time evolution of the neutrino anisotropy parameter (:α in
Equation (15)) for models A and B. α keeps positive value with time in the
later phase (& 400 ms) when the low-modes explosion is triggered by SASI
along the symmetry axis.
(A color version of this figure is available in the online journal.)

lower frequencies (Ando & The TAMA Collaboration 2002;
Thorne 1995; Weinstein 2002; LCGT Collaboration 1999).

On the other hand, the GWs from matter motions seem
marginally within the detection limits of the currently running
detector of the first LIGO, and the detection seems more feasible
for the detectors in the next generation such as LCGT and
the advanced LIGO for a Galactic supernova. The spectra of
the matter GWs have double peaks namely near 100 Hz and
1 kHz. While the latter comes from the rapidly varying local
hydrodynamical instabilities with milliseconds timescales, the
former is associated with the longer-term overturns of O(10)
ms induced by ℓ = 2 mode of SASI (see e.g., Figure 5 in

fig. from Kotake, Iwakami, Ohnishi and Yamada, Astrophys. J. 704 (2009) 951
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Building a phenomenological model

M. Mukhopadhyay, C. Cardona and CL, JCAP 07 (2021), 055

toy L⌫(t): global shape (only valid locally) :

L⌫(t) = �+ � exp
�� � t

�
,

toy ↵(t): multi-Gaussian+constant:

↵(t) = +
NX

j=1

⇠j exp

 
� (t � �j )2

2�2
j

!
,

result: analytical h(t)

h(t) =
NX

j=1

("
h1j

 
erf (⇢j ⌧1j ) + erf

⇣
⇢j (t � ⌧1j )

⌘!#
+

"
h2j

 
erf (⇢j ⌧2j ) + erf

⇣
⇢j (t � ⌧2j )

⌘!#)

+

"
h3

 
�

�

⇣
1 � exp (�t�)

⌘
+ �t

!#
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h̃(f ) =
PN

j=1

" 
h1j

i
⇡f exp

⇣
�⇡2 f 2

⇢2j

⌘
exp
⇣
i2⇡f ⌧1j

⌘!
+

 
h2j

i
⇡f exp

⇣
�⇡2 f 2

⇢2j

⌘
exp
⇣
i2⇡f ⌧2j

⌘!#

+

 
p
2⇡ h3

�
�

⇣
1

i2⇡f � 1
��+i2⇡f

⌘!
,

h1j =
2G

rc4

r
⇡

2
�⇠j�j exp

⇣�

2
(�2�j + �2

j �)
⌘

,

⇢j =
1

p
2�j

,

⌧1j = �j � �2
j � ,

h2j =
2G

rc4
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2
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Comparison with numerical results

Data

Analytical

0.2 0.4 0.6 0.8 1.0

3.5×1052

4.0×1052

4.5×1052

5.0×1052

t (in s)
L ν
(t)

0.0 0.2 0.4 0.6 0.8 1.0

-0.04

-0.02

0.00

0.02

0.04

t (in s)

α(
t)

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

toy model reproduces low frequency trends (relevant for Deci-Hz detectors)
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0.0 0.2 0.4 0.6 0.8 1.0

-2.×10-22

-1.×10-22

0

1.×10-22

2.×10-22

t (in s)

h(
t)

Phenomenological 

Fit

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

toy h(t) reproduces numerical result

dashed: computed from L(t) and ↵(t)
dot-dashed: toy formula for h(t) with e↵ective parameters
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Case studies

A- and LA- : anisotropy in accretion phase only ;
w- : anisotropy is non-zero throughout
(D=10 kpc)

Ac1G

Ac3G
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-1.×10-22

-5.×10-23

0

5.×10-23

1.×10-22

t (in s)

h(
t)

LAc3G

0.0 0.5 1.0 1.5 2.0
0

1.×10-21
2.×10-21
3.×10-21
4.×10-21
5.×10-21
6.×10-21

t (in s)

h(
t)

wlCA

wl4GNZ

0 5 10 15 20

0

2.×10-21

4.×10-21

6.×10-21

8.×10-21

t (in s)

h(
t)



Neutrinos and
gravity:

multimessenger
scenarios

Cecilia
Lunardini

Detectability

hc (f ) ⌘ 2f |h̃(f )| (h̃: Fourier transform)
A- and LA- : anisotropy in accretion phase only ;
w- : anisotropy is non-zero throughout
(D=10 kpc)

0.001 0.010 0.100 1 10 100
10-27

10-25

10-23

10-21

10-19

f (in Hz)

h c
(f)

wlCA

Ac1G

Ac3G

wl4GNZ

LAc3G

Upper Bound

DECIGO

Detectable even in most pessimistic cases!
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Summary of detection prospects

Accretion only model, Ac3G. Note sensitivity up to Mpc distance and beyond!
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New: memory-triggered neutrino searches?

M. Mukhopadhyay, Z. Lin and CL, to appear soon

detecting neutrinos in time coincidence with memory
background-free SN neutrino sample from local universe
requires O(10) improvement in noise at DECIGO
complementary to di↵use (cosmological) flux

learn neutrino spectrum of SNe in local universe

study correlation with star’s mass, type, etc.
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N ⇠ 10� 400 neutrino events in 1 Mt water Cherenkov detector in 30 years

Nak
am

ura
-B

kg

NSN - DECIGO+
NSN - Ult. DECIGO

5 10 50 100
1
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50
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N
νtri
g (
r<
D
)(
t=
30
yr
s)
/M
t

Baseline (conservative) memory scenario

Nak
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-B

kg
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s)
/M
t

Optimistic memory scenario (some failed SNe?)
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Scenarios for

the future:

Binary mergers
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Matter-rich mergers as neutrino sources

Binary Neutron Star (BNS) or neutron star-black hole (NS-BH)

fig. from Yi et al., MNRAS 476, 1, 2018, 683.
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Thermal neutrinos from post-merger phase

Lower energy budget than SNe: E ⌫
merger ⇠ 0.1E ⌫

CCNS

E

⌫
merger larger for larger disk mass and for longer-lived,

more massive remnant

T99(s) E⌫̄e (10
51erg) hE⌫̄e i(MeV ) type remnant Ref.

0.58 4.4 18 BNS HMNS J.Lippuner(2017)
0.40 2.0 16.5 BNS BH
0.30 1.8 15.4 NSBH BH
0.10 1.0 17.8 BNS BH O.Just(2015)
0.27 11.2 16 NSBH BH

0.99 14 10 BNS HMNS S.Fujibayashi(2017)
0.58 40 20 BNS HMNS Y.Sekiguchi(2011)
0.08 19.8 24 NSBH BH H.T.Janka (1999)
0.16 23.2 28 NSBH BH
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Merger rates

Lower rate than SNe: Rmerger ⇠ (10�3 � 10�2)RCCNS

▲▲
▼▼

BNSOpt
BNSMod
NSBHOpt
NSBHMod

0.05 0.10 0.50 1 5

1

10

100

1000

z

R
z
/G
pc

-3
yr

-1

Mapelli and Giacobbo, MNRAS 479, 4391 (2018) ; Eldridge, Stanway, and Tang, MNRAS 482, 870 (2019).
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GW-triggered detection possible!

background abatement is key

requires Mt mass and decades of operation

DD2-135135-On-H
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Kyutoku and Kashiyama, PRD97, 103001 (2018).

Z. Lin and CL, PRD 101 (2020) 2, 023016
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time of first detection can discriminate between models

results in 2 decades!

M

DD2-135135-On-H

Background only
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Kyutoku and Kashiyama, PRD97, 103001 (2018).

Z. Lin and CL, PRD 101 (2020) 2, 023016
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Scenarios for

the future:

Tidal Disruption Events
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A tidal disruption event (TDE)

a star-supermassive BH merger
m 'M�, M ' (105 � 107) M�

if M<⇠ 107.2 M�, and r < rT the
star is shredded by tidal forces
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TDE as gravitational wave sources

TDEs have not been detected in GW

detectable signal predicted for sub-Hz interferometers
(LISA, etc.)

amplitude and avg. frequency increase with penetration
factor (� = r/rT )

D=20 Mpc; M = 106 M�; solar type star

fig. from Kobayashi et al 2004 ApJ 615 855
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photons and neutrinos from TDEs

Figure 1: An illustration of the disk-outflow-jet system formed after the tidal disruption of a star,

as in the case of AT2019dsg. Here � indicates a neutrino. Depending on the viewing angle, the

waveband of observable thermal emission from TDEs changes from soft-X-rays to the optical/UV

[15]. AT2019dsg shows optical to X-ray variability with weak radio emission [5,8]. It has been

proposed that the high-energy neutrino is produced in (i) the relativistic jet [9], (ii) the disk (a

super-Eddington MAD and/or RIAF) [13], (iii) the disk corona, or (iv) the wind/outflow [12].

5

fig. from K. Hayasaki, Nat. Astron. (2021)

accretion disk: from star’s debris; cools in Optical-UV and X-rays

outflow: v ' 0.1c; emits at radio wavelengths

jet: v ⇠ c, hadron-rich, can form for extreme accretion rates

high energy neutrinos can come from disk, outflow, jet



Neutrinos and
gravity:

multimessenger
scenarios

Cecilia
Lunardini

A year long transient

Main luminosity scale:

L

Edd

' 1.3 1044 erg s�1

✓
M

106 M�

◆

photon/neutrino flare
fades when Ṁ < LEdd
(Ṁ = mass accretion
rate)

typical duration
�T ⇠ O(0.1� 1) yr

© 1988 Nature  Publishing Group
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Observations

⇠ 90 candidate TDEs observed
most are consistent with thermal emission
3 show evidence of jets (hard X-ray spectrum)

Fig. S1a (top): Variability analysis of the X-ray light curve (gray with green
spline overlay) observed with the Swift XRT.We define the variability timescale
t
var

as the time between count rate rising (red) or declining (blue) by a factor
of 2. Upper limits on t

var

can occur between gaps in the observing cover-
age by the satellite. We show two model lightcurves [flux / (t� t0)��/� with
t0 = t� in green (93) and t0 = t� + �⇥10� sec in red] for illustration to high-
light the nominal TDF decline prediction. There is a qualitative agreement
of these �5/3 decay models with the data from 10� sec onward but there are
significant quantitative discrepancies in detail. (bottom) Cumulative rate of
significant rising and declining events from t� + 10� sec to t� + �.�⇥ 10� sec.
A number of the measured events (t

var

� 100 – few ⇥10�) occur in the times-
pan from t� + �⇥ 10� sec to t� + �⇥ 105 sec.

2

Best known jetted TDE, Swift J1644+57, Burrows et al., Nature 476 (2011) 421
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High energy neutrinos from TDE jets

Particle acceleration in internal shocks:

Neutrinos from ⇡±
decay chain:

p + � ! ⇡+
+ anything , ⇡+ ! µ+

+ ⌫µ, µ+ ! e

+
+ ⌫e + ⌫̄µ

Bustamante, Baerwald, Murase and Winter, Nat. Comm. 6, 6783 (2015)
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Analytics: �-resonance approximation

X.-Y. Wang, et al., Phys. Rev. D84 (2011) 081301

⌫µ + ⌫̄µ and ⌫e + ⌫̄e fluence (no oscillations):

E

2
F

0
µ(E) =
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EX ⇠p
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)
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e (E) =
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fp�⇣⇡⇣µ .

pion production e�ciency:
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damping due to ⇡± and µ± cooling before decay:

⇢
⇣⇡ = 1 for E⇡ <⇠ E⇡,br

⇣⇡ / E

�2
⇡ for E⇡ >⇠ E⇡,br

⇢
⇣µ = 1 for Eµ <⇠ Eµ,br

⇣µ / E

�2
µ for Eµ >⇠ Eµ,br

E⇡,br ' 5.8⇥ 10
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Bounds from IceCube

TDEs contribute to up to ⇠ 26% of the di↵use astrophysical
flux at IceCube.

������� ������ ��� ��� (����) ��

������ ����� ���� ��������� ����

� � � � � � �
-��

-��

-�

-�

-�

-�

����� [�/���]

��
� �

�[
�
� Φ

μ
(�
��

�-
�
��

-�
��

-�
)]

������

������

������� �������

������ ���-������

������ ������

R. Stein, PoS ICRC2019, 1016 (2020)



Neutrinos and
gravity:

multimessenger
scenarios

Cecilia
Lunardini

A neutrino-TDE coincidence

TDE AT2019dsg (“Bran Stark”) is likely the source of the
IceCube neutrino IC191001A (E ⇠ 200 TeV)

discovered in follow up search with the Zwicky Trasient
Facility (ZTF)
p-value of 0.2% to 0.5% of random association; ⇠ 3�
significance.

R. Stein et al., Nat Astron 5, 510-518 (2021)



Neutrinos and
gravity:

multimessenger
scenarios

Cecilia
Lunardini

Figure 1: Multi-wavelength lightcurve of AT2019dsg. Error bars represent 1� intervals. The
upper panel, a, shows the optical photometry from ZTF (in green and red), alongside UV obser-
vations from Swift-UVOT (in blue, purple and pink). The late-time UV observations show an
apparent plateau which is not captured by a single power-law decay. The dashed pink line illus-
trates a canonical t�5/3 power law, while the dotted pink line illustrates an exponentially-decaying
lightcurve. Neither model describes the UV data well. The lower panel, b, shows the integrated
X-ray energy flux, from observations with Swift-XRT (in black) and XMM-Newton (in blue), in the
energy range 0.3-10 keV. Arrows indicated 3� upper limits. The vertical dotted line illustrates the
arrival of IC191001A.

16

LBB exponential (or power-law) decay (⌧ ⇠ 60 days), late time flattening

LX faster exponential decay (⌧ ⇠ 10 days), upper limits only at late times

150 days delay between the neutrino event and the photon peak

van Velzen, et al., arXiv:2001.01409, R. Stein et al., Nat Astron 5, 510-518 (2021)
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A concordance jetted model: concept

Walter Winter and Cecilia Lunardini, arXiv:2005.06097
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Main features, motivation

Idea: direct link between late time X-ray and neutrino

emission

fast dimming in X-rays suggests increasingly strong
absorption
the same absorption could favor neutrino production at
late times, if the backscattered X-rays photons are the

targets for p� scattering!

uses scalings with BH mass from Unified TDE Model,
which matches the data for M ' 106 M�
Dai, McKinney, Roth, Ramirez-Ruiz, & Miller, Astrophys. J. 859, L20 (2018)
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Input time profiles

LBB and jet luminosities: from observation or Unified model scalings

X-ray unattenuated: from slim disk simulations
Wen, Jonker, Stone, Zabludo↵, Psaltis, arXiv:2003.12583

X-ray isotropized: assumed 10% photons backscattered at late times
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Results: neutrino luminosity
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Jet ceases

numerical calculation done with NeuCosmA code
see Lunardini and Winter, arXiv:1612.03160, and refs. therein.

double peak in L⌫ due to interplay of decline of Lisotr .X and
decrease of RC (i.e., increase in neutrino production
e�ciency) ! reproduces late time neutrino detection!
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Neutrino fluence and expected number of events

Total

t-tpeak<100 days

t-tpeak≥100 days

3 4 5 6 7 8 9
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GFU, Nμ∼0.05

PS, Nμ∼0.26

Eν

GFU: gamma-ray follow-up e↵ective area ; PS: point source e↵ective area

good agreement with likely neutrino energy

number of predicted events: Nµ ⇠ 0.05� 0.26 depending
on e↵ective detector area used
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New: a second neutrino-TDE association!
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Discussion and conclusions
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Detectability

neutrino and GW observatories are now providing
frequent, high quality alerts to the multimessenger
astronomy community

power discoveries, thanks to real-time, pointing and precise
timing

upcoming sub-Hz GW detectors and Mt-scale neutrino
observatories will lead to joint discoveries, which may
require decades of running.

Core collapse supernovae, stellar-mass compact object
mergers, Tidal Disruption Events
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What physics can we learn? Core collapse
supernovae

galactic SN: correlations in time structure of GW and ⌫
signals

probe large scale dynamics near collapsed core (SASI, emission anisotropy)

di↵use, O(10-100) neutrinos from SNe in local universe
Complementary to cosmological flux
Can extract spectrum parameters, study SN sub-populations (failed SNe?)
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Fit

joint fit of memory signal and ⌫ burst will measure anisotropy parameter
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What physics can we learn? Binary mergers

Even with a single detection, we can

confirm the presence of at least one neutron star in the binary

distinguish between models using time of first detection
constrain the mass and lifetime of remnant, mass of accretion disk

M
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Background only
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What physics can we learn? Tidal Disruption Event

exclude alternative interpretations of flare (AGN activity,
etc.)

test the rate of TDEs

test jet hypothesis

estimate LEdd / M, complementary estimate of BH mass
constrain BH mass distribution, currently very uncertain at
M . 106 M�.

© 1988 Nature  Publishing Group
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Looking forward to the next 50 years of discoveries!

IceCube
HyperKamiokande

Thank you!
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Backup



Neutrinos and
gravity:

multimessenger
scenarios

Cecilia
Lunardini

Still missing: neutrinos + GW

several coincidences of neutrinos, photons and cosmic rays
have been claimed

no robust neutrino-GW association

Most	Significant	Event

Raamis	Hussain Neutrino	Follow	up	to	the	First	29	Gravitational	Wave	Events 16

Early	Sunday	morning,	LVC	sent	a	notice	
for	a	potential	NS-BH	merger	event

Neutrino	follow	up	resulted	in	most	
significant	p	value	of	all	events	to	date

GCN	Circular	was	sent	with	results	from	both	follow	
up	analyses

GCN:	https://gcn.gsfc.nasa.gov/gcn3/25210.gcn3

}	=	0.0136

}~�ÄÅÇ =	0.0102	
IceCube Preliminary

IceCube Preliminary

Most significant coincidence, from R. Hussain for IceCube coll., ICRC2019 conference
see also B. Zhang, Res.Notes AAS 3 (2019) 8, 114 for physical plausibility discussion
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Longer accretion model, LAc3G.
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masses: m ⇠ (0.1� 2) M�, M ⇠ (104 � 108) M�
Tidal radius: where SMBH gravity ' star’s self gravity

rt =

✓
2M

m

◆1/3

R

' 8.8⇥ 1012 cm

✓
M

106 M�

◆1/3
R

✓
m

M�

◆�1/3

Schwarzschild radius

Rs =
2MG

c

2
' 3⇥ 1011 cm

✓
M

106 M�

◆

Condition for TDE: rt >⇠ Rs ! M

<⇠ M

max

' 107.2 M�
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Bounds from IceCube

TDEs contribute to up to ⇠ 26% of the di↵use astrophysical
flux at IceCube.
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R. Stein, PoS ICRC2019, 1016 (2020)
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AT2019dsg basic facts

z ' 0.05 (dL ' 230 Mpc). Optical-UV, X-ray thermal spectra.

Optical-UV

T

BB

= 3.35 eV R

BB

' 5 1014cm, L
BB

= 2.88 · 1044 erg s�1

X-ray

TX ⇠ 0.06 keV, RX ⇠ 3� 7 1011 cm,
LX ⇠ 2.5 1043 erg s�1 ([0.3� 8] keV)
LX ⇠ 4 1044 erg s�1 ([0.1� 10] keV).

Radio

radio emission nearly constant with increasing radius of
emission R

radio

= O(1016) cm
(indication of mildly relativistic outflow)

van Velzen, et al., arXiv:2001.01409, R. Stein et al., Nat Astron 5, 510-518 (2021)
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Time evolution

LBB exponential (or power-law) decay (⌧ ⇠ 60 days), late
time flattening

LX faster exponential decay (⌧ ⇠ 10 days), upper limits
only at late times

van Velzen, et al., arXiv:2001.01409, R. Stein et al., Nat Astron 5, 510-518 (2021)
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RBB decreases slightly with time:

RBB

1014 cm
⇠

(
5.0 exp

⇣
� t�t

peak

109 d

⌘
, t � t

peak

 150 d

1.3 , t � t

peak

> 150 d .
(1)

van Velzen, et al., arXiv:2001.01409
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Technical slide: more detailed inputs

Jet parameters (inspired by Swift J1644+57 and AGNs):

Lorentz factor: � = 7;
variability time scale: tv ⇠ 2⇡RS/c ⇠ O(102) s (for M = 106 M�);
collision radius RC ⇠ 2�2ctv ⇠ few 1014 cm (comparable to RBB !)

Time-evolving collision radius:
Ansatz: RC ⇠ RBB at all times, i.e., RC decreases with time. !
increased neutrino production e�ciency: f⇡ / R�2

C .

target photons:

checked connection between X-ray energy (boosted) and neutrino
energy: EX /keV ' 0.025 (E⌫/PeV)�1

assumed same spectrum as primary for backscattered X-rays
checked that fast outflow overtakes RC for realistic speeds
(v ⇠ 0.1� 0.5 c)
checked basic consistency with Unified model using Thomson
scattering optical depth
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Hadronic content of jet:

initial proton spectrum / E 0�2
p

verified Hillas criterion
Lisop ' 2�2✏Lphysjet (✏ = 0.2)
require relatively large baryonic loading, from non-observation of
(non-thermal) jet X-rays: ⇠b & 103 � 104

magnetic field, etc.

⇠ 1% of jet kinetic energy in magnetic field, implies B0 ⇠ 102 G.
included neutrino flavor oscillations
calculation done in discrete steps of �t = 1 day


