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Core collapse supernovae: overview



Stellar death: a core collapse supernova

Credit: Lucy Reading-Ikkanda/Quanta Magazine

Advanced 
nuclear fusion

Loss of pressure; free 
fall; core formation

time

Falling matter 
bounces; shockwave;
Cooling via neutrinos

Star explodes

Neutrino burst, ~ 10 s



Neutrinos from core collapse 

• Neutrinos thermalized in ultra-
dense matter
• Surface emission 

• Fermi-Dirac spectrum, E  ~ 10-15 MeV

• Neutrino cooling of proto-neutron 
star is most efficient
• gravitational binding energy: 

   L ~ G M2
f/Rf – G M2

i/Ri ~ 3 1053 ergs      
(Rf ~ 10 Km)

• Cooling timescale ~ neutrino 
diffusion time
• Time ~ (size2)/(mean free path) ~ 10 s

Figure: Amol Dighe, talk at WHEPP XV, 2017



Direct narrative of near-core events 

Li, Roberts and Beacom, Phys.Rev.D 103 (2021) 2, 023016

Neutronization: e- + p → n  + νe 



High (low) statistics, low (high) probability

Pablo Fernandez,  Super-Kamiokande coll., PhD thesis, 2017.
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Rate of collapses within distance D

• Water Cherenkov detectors:  
• 𝑁~ 104 (D/10 kpc)



Within our lifetime…. 

Guaranteed: 
multiple SNe, (quasi-)diffuse flux

Possible: 
single, galactic SN burst

Exceptional: 
single, near-Earth 
SN burst

Credit: ESA/Hubble, NASA

SmithsonianScience.org

Credit: Anglo-Australian observatory

This talk



Near Earth CCSNe: candidates
• 𝐷 ≾ 1 kpc : 31 stars in supergiant phase

• E.g., Betelgeuse (D = 0.22 kpc), Antares (D=0.17 kpc)

Mukhopadhyay, CL, Timmes and Zuber, Astrophys.J. 899 (2020) 2, 153 



The gamma ray echo of a neutrino burst 



Star as a neutrino mega-detector?

• IBD in the star’s hydrogen envelope:

• Positrons lose energy and annihilate at rest :  
• 0.511 MeV gamma rays signature! 

•  neutron is captured: 
• 2.22 MeV gamma rays

• Subdominant (not considered here) 

Bisnovatyi-Kogan, Imshennik, Nadyozhin and Chechetkin,  Astrophys. Space Sci. 35, 23 (1975).
Ryazhskaya, N. Cim. 22C, 115 (1999).
Lu and Qian, PRD 76, 103002 (2007)
CL, J. Loeffler, M. Mukhopadhyay, M. Hurley, E. Farag and F. X. Timmes, Astrophys.J. 969 (2024) 2, 149



Positron annihilation 

• Example: envelope with

• Positron thermalization:

• Mostly due to excitation of free electrons

•  is fast: ~ 10-2 s 

• Occurs before annihilation in ~ 87 % of the cases

• Annihilation:
• Mostly on free electrons 

• 𝐸𝛾 = 511 𝐾𝑒𝑉 , ∆𝐸𝛾 ≅ 2 𝐾𝑒𝑉 

Lu and Qian, PRD 76, 103002 (2007)



Surface emission 

• Gamma rays undergo Compton scattering
• Mean free path << of stellar radius:  

• Emission rate follows neutrino luminosity
• Time-integrated flux: 
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Figur e 1. Geometry of a gamma ray echo.

0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
time∆ t ⇠ R/ c (with R being thestar’s radius), relat ive
to the neutrino burst. In those early studies, the pre-
dicted luminosity of thisecho wasconsidered too low for
observation, and therefore this phenomenon was largely
ignored since.

In thisletter, wepresent amodern study of thegamma
ray echo of a supernova neutrino burst. There are two
main elements of novelty. The first is a prediction of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potential of upcominggamma-ray surveysto observethe
echo from nearby core-collapse supernovae, and extract
important information from it. With improved, next-
generation, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detect ing this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in section 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
section 4.

2. FORMALISM
To fix the ideas, we focus on the case which is most

favorable for detection, where thegamma rays originate
near the surface of the star, and propagate without ab-
sorpt ion to Earth (attenuation will bediscussed below).
Let’sbegin by estimating thetotal photon flux at Earth.
We assume a spherically symmetric star, and model the

1 Other channels were considered, but the most dominant signal
was the 0.511 MeV γ− rays.

flux of ⌫̄e reaching its surface (after flavor conversion,
see, e.g. Duan & Kneller 2009 for a review) as having
total energy E⌫,t ot = 5 1052 ergs.

The commonly used “alpha spectrum” is assumed for
its energy distribut ion (Keil et al. 2003; Tamborra et al.
2012), with thefirst two momenta beinghE⌫i = 15 MeV
and hE2

⌫i = 293.2 MeV2 (corresponding to theshapepa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE2

⌫i / hE⌫i 2 − 1).
For simplicity, we use a time-independent spectrum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sections are relevant
here: one is the spectrum-averaged IBD cross section,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scattering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
absorption at the energies of interest (Lu & Qian 2007).
As an approximation, we consider that the emerging
flux of gamma rays is entirely due to the ⌫̄e that in-
teract in the outermost layer of the star, a very thin
shell of width equal to the gamma ray Compton optical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
Onecan then express thenumber of positrons produced
in this layer, and the corresponding number of gamma
rays from positron propagation that leave the star as
(Ryazhskaya 1999):

N+ '
YphσIBD i

YeσC
N⌫' 1.25 1041 ;

Nγ =
1
2

⌘γ N+ ⇠ N+ , (1)

where Yp ⇠ 1 and Ye ⇠ 1 are the proton and elec-
tron fract ions in the stellar matter; ⌘γ ⇠ 2 is the ef-
fect ive number of 0.511 MeV gamma rays produced per
positron (seebelow), and thefactor 1/ 2 accounts for the
fact that half of thegamma rayspropagates inwardsand
is absorbed. By symmetry arguments, it follows imme-
diately that the time-integrated photon flux at Earth
is 2

Φγ ,tot =
Nγ

4⇡D2 ⇠ 10− 3 cm− 2
✓

D
kpc

◆− 2

. (2)

Weestimate the uncertainty on N+ and Nγ to beabout
⇠ 50% in either direction due to the uncertainty in the
neutrino spectrum parameters.

2.1. Time-dependent gamma ray flux

2 Our result is a factor of 4 larger than the one in Lu & Qian
(2007). We were unable to trace the origin of the di↵erence; st ill,
the geometric factor 4⇡ D2 in Equat ion (2) is substant iated by
the extended derivat ion in Favorite (2016).
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Figur e 2. Example of neutrino (dashed, vert ical axis on the right) and gamma ray (solid, vert ical axis on the left ) lightcurves.
See legend for the stellar radius and distance to Earth. Included are t ime snapshots of the star, showing the part that shines in
gamma rays as seen by an observer at Earth (regions in white in the black disks).

The results are shown in Figure 2 and 3 (solid curves).
The expression in Equat ion (5) describes the “ phases”
of the star as seen by an observer at Earth (see illus-
trat ion in Figure 2): first , there is an increase in flux
(0 t R/ c), when the surface of the star becomes
bright in a circle around the line of sight, and the cir-
cle expands. After a t ime comparable with the neu-
trino emission t imescale, t ⇠ 3⌧, the luminosity of the
echo has reached a plateau. This behavior describes the
phase where the gamma-ray emitt ing region of the star
– as seen at Earth – is made of an expanding annu-
lus where the intensity of emission is at its maximum,
whereas the region near the line of sight emits less in-
tensely due to thedeclineon L⌫. Theplateau lasts unt il
t = R/ c, when the entire visible face of the star has be-
come bright in gamma rays; at later t imes the star st ill
appearscompletely illuminated, but thegamma ray flux
declines over a t imescale ⇠⌧because all the points on
its surface are receiving a neutrino flux that is past its
peak luminosity.

As shown in Equat ions (3) and (5), and Figure 3, the
echo becomesfainter and longer for larger enveloperadii;
for a reference radius R = 1013.5 cm and distance D = 1
kpc to the star, we est imate a durat ion of R/ c ' 103

s (approximately 17 minutes) and maximum flux Φγ ⇠
10− 6 cm− 2s− 1.

The case of a failed supernova – for which the analyt-
ical result is complicated, and will be omitted for sim-
plicity – is described in Figure 3 (dotted lines). Qual-
itat ively, the behavior is similar to the previous case,

with the di↵erence that the transit ion between phases
is sharper, reflect ing the sudden drop of L⌫. In this
case, an observer at Earth would see a sharp boundary
between a fully illuminated annulus and a completely
dark circle centered at the line of sight. Note that, by
construction, the total energy emit ted in neutrinos is
the same for the two types of collapses. Therefore, due
to the shorter t ime scale of the emission, for a failed su-
pernova the rise phase of the echo is more luminous and
could be more easily observed.

2.3. Attenuation

Let us briefly discuss the attenuat ion of the emit-
ted gamma rays due to propagat ion in the circumstellar
medium (CSM) and interstellar medium (ISM). The at-
tenuat ion factor is ⌘abs = exp −

R
ds ⌫⇢ , where ⌫,

and ⇢are the monochromatic opacity and density of the
medium respect ively, and theintegral isperformed along
the line of sight. For simplicity, we approximate the
CSM using the radially averaged density and temper-
ature profiles from Georgy et al. (2013), where typical
values are in the range: − 29 . log(⇢/ g/ cm3) . − 22.5,
2.5 . log(T/ K) . 8.5. For these, the 0.511 MeV photon
interactions are dominated by Compton scattering (in
the Klein-Nishina regime): ⌫⇡ 0.071 cm2/ g. Absorp-
t ion by atomsand ions isnegligible, being most e↵ective
at lower energy (see Figure 4, where the corresponding
spectral lines are shown). We find that attenuat ion is
practically negligible; for example ⌘abs − 1 ' 1.5 10− 6
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Figur e 1. Geomet ry of a gamma ray echo.

0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being the star’s radius), relat ive
to the neutrino burst . In those early studies, the pre-
dicted luminosity of this echo was considered too low for
observat ion, and therefore this phenomenon was largely
ignored since.

In this let ter, wepresent a modern study of thegamma
ray echo of a supernova neut rino burst . There are two
main elements of novelty. The first is a predict ion of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potent ial of upcoming gamma-ray surveys to observe the
echo from nearby core-collapse supernovae, and ext ract
important informat ion from it . With improved, next-
generat ion, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detect ing this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in sect ion 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
sect ion 4.

2. FORMALISM
To fix the ideas, we focus on the case which is most

favorable for detect ion, where the gamma rays originate
near the surface of the star, and propagate without ab-
sorpt ion to Earth (at tenuat ion will be discussed below).
Let ’s begin by est imat ing the total photon flux at Earth.
We assume a spherically symmetric star, and model the

1 Other channels were considered, but the most dominant signal
was the 0.511 MeV γ− rays.

flux of ⌫̄e reaching its surface (after flavor conversion,
see, e.g. Duan & Kneller 2009 for a review) as having
total energy E⌫,t ot = 5 1052 ergs.

The commonly used “ alpha spect rum” is assumed for
its energy dist ribut ion (Keil et al. 2003; Tamborra et al.
2012), with the first two momenta being hE⌫i = 15 MeV
and hE 2

⌫i = 293.2 MeV2 (corresponding to the shape pa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE 2

⌫i / hE⌫i 2 − 1).
For simplicity, we use a t ime-independent spect rum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sect ions are relevant
here: one is the spect rum-averaged IBD cross sect ion,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scat tering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
absorpt ion at the energies of interest (Lu & Qian 2007).
As an approximat ion, we consider that the emerging
flux of gamma rays is ent irely due to the ⌫̄e that in-
teract in the outermost layer of the star, a very thin
shell of width equal to the gamma ray Compton opt ical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
One can then express the number of posit rons produced
in this layer, and the corresponding number of gamma
rays from posit ron propagat ion that leave the star as
(Ryazhskaya 1999):

N+ '
YphσIBD i

YeσC
N⌫ ' 1.25 1041 ;

Nγ =
1
2

⌘γ N+ ⇠ N+ , (1)

where Yp ⇠ 1 and Ye ⇠ 1 are the proton and elec-
t ron fract ions in the stellar mat ter; ⌘γ ⇠ 2 is the ef-
fect ive number of 0.511 MeV gamma rays produced per
posit ron (see below), and the factor 1/ 2 accounts for the
fact that half of thegamma rays propagates inwards and
is absorbed. By symmetry arguments, it follows imme-
diately that the t ime-integrated photon flux at Earth
is 2

Φγ ,t ot =
Nγ

4⇡ D 2 ⇠ 10− 3 cm− 2
✓

D
kpc

◆− 2

. (2)

We est imate the uncertainty on N+ and Nγ to be about
⇠ 50% in either direct ion due to the uncertainty in the
neut rino spect rum parameters.

2.1. Time-dependent gamma ray flux

2 Our result is a factor of 4 larger than the one in Lu & Qian
(2007). We were unable to t race the origin of the di↵erence; st ill,
t he geomet ric factor 4⇡ D 2 in Equat ion (2) is substant iated by
the extended derivat ion in Favorit e (2016).

(𝜂𝛾 ≃ 1.74, avg. number of photons per positron) 
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0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being the star’s radius), relat ive
to the neutrino burst . In those early studies, the pre-
dicted luminosity of this echo was considered too low for
observat ion, and therefore this phenomenon was largely
ignored since.

In this let ter, wepresent a modern study of thegamma
ray echo of a supernova neutrino burst . There are two
main elements of novelty. The first is a predict ion of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potent ial of upcoming gamma-ray surveys to observethe
echo from nearby core-collapse supernovae, and extract
important informat ion from it . With improved, next -
generat ion, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detect ing this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in sect ion 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
sect ion 4.

2. FORMALISM
To fix the ideas, we focus on the case which is most

favorable for detect ion, where the gamma rays originate
near the surface of the star, and propagate without ab-
sorpt ion to Earth (at tenuat ion will be discussed below).
Let ’s begin by est imat ing the total photon flux at Earth.
We assume a spherically symmetric star, and model the

1 Other channels were considered, but the most dominant signal
was the 0.511 MeV γ− rays.

flux of ⌫̄e reaching its surface (after flavor conversion,
see, e.g. Duan & Kneller 2009 for a review) as having
total energy E⌫,t ot = 5 1052 ergs.

The commonly used “ alpha spectrum” is assumed for
its energy dist ribut ion (Keil et al. 2003; Tamborra et al.
2012), with thefirst two momenta being hE⌫i = 15 MeV
and hE 2

⌫i = 293.2 MeV2 (corresponding to theshapepa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE 2

⌫i / hE⌫i 2 − 1).
For simplicity, we use a t ime-independent spectrum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sect ions are relevant
here: one is the spectrum-averaged IBD cross sect ion,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scat tering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
absorpt ion at the energies of interest (Lu & Qian 2007).
As an approximat ion, we consider that the emerging
flux of gamma rays is ent irely due to the ⌫̄e that in-
teract in the outermost layer of the star, a very thin
shell of width equal to the gamma ray Compton opt ical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
One can then express the number of posit rons produced
in this layer, and the corresponding number of gamma
rays from posit ron propagat ion that leave the star as
(Ryazhskaya 1999):

N+ '
YphσIBD i

YeσC
N⌫ ' 1.25 1041 ;

Nγ =
1
2

⌘γ N+ ⇠ N+ , (1)

where Yp ⇠ 1 and Ye ⇠ 1 are the proton and elec-
t ron fract ions in the stellar mat ter; ⌘γ ⇠ 2 is the ef-
fect ive number of 0.511 MeV gamma rays produced per
posit ron (see below), and the factor 1/ 2 accounts for the
fact that half of thegamma rayspropagates inwards and
is absorbed. By symmetry arguments, it follows imme-
diately that the t ime-integrated photon flux at Earth
is 2

Φγ ,t ot =
Nγ

4⇡ D 2 ⇠ 10− 3 cm− 2
✓

D
kpc

◆− 2

. (2)

We est imate the uncertainty on N+ and Nγ to be about
⇠ 50% in either direct ion due to the uncertainty in the
neutrino spectrum parameters.

2.1. Time-dependent gamma ray flux

2 Our result is a factor of 4 larger than the one in Lu & Qian
(2007). We were unable to t race the origin of the di↵erence; st ill,
the geomet ric factor 4⇡ D 2 in Equat ion (2) is substant iated by
the extended derivat ion in Favorit e (2016).

Requires telescope with A> 102 cm2



A gamma ray echo of SN neutrinos

• photon flux from surface shell (dR ∼ photon m.f.p. ≪ R ) 

• Photon-neutrino time delay : Δ𝑡 =
𝑅

𝑐
 (1 − 𝑐𝑜𝑠𝜃)

(𝜂𝛾 ≃ 1.74, avg. number of 0.511 MeV photons per positron) 

CL, J. Loeffler, M. Mukhopadhyay, M. 
Hurley, E. Farag and F. X. Timmes, 
Astrophys.J. 969 (2024) 2, 149



• Minutes/hours-long echo: 
• starts in coincidence with neutrino burst
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F igur e 2. Example of neut rino (dashed, vert ical axis on the right ) and gamma ray (solid, vert ical axis on the left ) lightcurves.
See legend for the stellar radius and distance to Earth. Included are t ime snapshots of the star, showing the part that shines in
gamma rays as seen by an observer at Earth (regions in white in the black disks).

The results are shown in Figure 2 and 3 (solid curves).
The expression in Equat ion (5) describes the “ phases”
of the star as seen by an observer at Earth (see illus-
t rat ion in Figure 2): first , there is an increase in flux
(0 t R/ c), when the surface of the star becomes
bright in a circle around the line of sight , and the cir-
cle expands. After a t ime comparable with the neu-
t rino emission t imescale, t ⇠ 3⌧, the luminosity of the
echo has reached a plateau. This behavior describes the
phase where the gamma-ray emit t ing region of the star
– as seen at Earth – is made of an expanding annu-
lus where the intensity of emission is at its maximum,
whereas the region near the line of sight emits less in-
tensely due to the decline on L⌫. The plateau lasts unt il
t = R/ c, when the ent ire visible face of the star has be-
come bright in gamma rays; at later t imes the star st ill
appears completely illuminated, but the gamma ray flux
declines over a t imescale ⇠ ⌧because all the points on
its surface are receiving a neutrino flux that is past its
peak luminosity.

As shown in Equat ions (3) and (5), and Figure 3, the
echo becomes fainter and longer for larger enveloperadii;
for a reference radius R = 1013.5 cm and distance D = 1
kpc to the star, we est imate a durat ion of R/ c ' 103

s (approximately 17 minutes) and maximum flux Φγ ⇠
10− 6 cm− 2s− 1.

The case of a failed supernova – for which the analyt -
ical result is complicated, and will be omit ted for sim-
plicity – is described in Figure 3 (dot ted lines). Qual-
itat ively, the behavior is similar to the previous case,

with the di↵erence that the t ransit ion between phases
is sharper, reflect ing the sudden drop of L⌫. In this
case, an observer at Earth would see a sharp boundary
between a fully illuminated annulus and a completely
dark circle centered at the line of sight . Note that , by
const ruct ion, the total energy emit ted in neutrinos is
the same for the two types of collapses. Therefore, due
to the shorter t ime scale of the emission, for a failed su-
pernova the rise phase of the echo is more luminous and
could be more easily observed.

2.3. Attenuation

Let us briefly discuss the at tenuat ion of the emit -
ted gamma rays due to propagat ion in the circumstellar
medium (CSM) and interstellar medium (ISM). The at -
tenuat ion factor is ⌘abs = exp −

R
ds ⌫⇢ , where ⌫,

and ⇢are the monochromat ic opacity and density of the
medium respect ively, and the integral isperformed along
the line of sight . For simplicity, we approximate the
CSM using the radially averaged density and temper-
ature profiles from Georgy et al. (2013), where typical
values are in the range: − 29 . log(⇢/ g/ cm3) . − 22.5,
2.5 . log(T/ K) . 8.5. For these, the 0.511 MeV photon
interact ions are dominated by Compton scat tering (in
the Klein-Nishina regime): ⌫⇡ 0.071 cm2/ g. Absorp-
t ion by atoms and ions is negligible, being most e↵ect ive
at lower energy (see Figure 4, where the corresponding
spectral lines are shown). We find that at tenuat ion is
pract ically negligible; for example ⌘abs − 1 ' 1.5 10− 6



• Calculation parameters:  
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0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being thestar’s radius), relat ive
to the neutrino burst. In those early studies, the pre-
dicted luminosity of thisecho wasconsidered too low for
observation, and therefore this phenomenon was largely
ignored since.

In thisletter, wepresent amodern study of thegamma
ray echo of a supernova neutrino burst. There are two
main elements of novelty. The first is a predict ion of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potential of upcoming gamma-ray surveysto observethe
echo from nearby core-collapse supernovae, and extract
important information from it. With improved, next-
generation, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detect ing this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in sect ion 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
tion 3. We summarize and discuss future prospects in
sect ion 4.
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To fix the ideas, we focus on the case which is most

favorable for detect ion, where the gamma rays originate
near the surface of the star, and propagate without ab-
sorpt ion to Earth (attenuation will be discussed below).
Let ’sbegin by estimating thetotal photon flux at Earth.
We assume a spherically symmetric star, and model the

1 Other channels were considered, but the most dominant signal
was the 0.511 MeV γ− rays.

flux of ⌫̄e reaching its surface (after flavor conversion,
see, e.g. Duan & Kneller 2009 for a review) as having
total energy E⌫,t ot = 5 1052 ergs.

The commonly used “alpha spectrum” is assumed for
its energy distribution (Keil et al. 2003; Tamborra et al.
2012), with thefirst two momenta beinghE⌫i = 15 MeV
and hE2

⌫i = 293.2 MeV2 (corresponding to theshapepa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE2

⌫i / hE⌫i 2 − 1).
For simplicity, we use a time-independent spectrum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sections are relevant
here: one is the spectrum-averaged IBD cross sect ion,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scattering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
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flux of gamma rays is entirely due to the ⌫̄e that in-
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shell of width equal to the gamma ray Compton optical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
One can then express thenumber of positrons produced
in this layer, and the corresponding number of gamma
rays from positron propagat ion that leave the star as
(Ryazhskaya 1999):
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We estimate theuncertainty on N+ and Nγ to be about
⇠ 50% in either direct ion due to the uncertainty in the
neutrino spectrum parameters.
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0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being thestar’s radius), relat ive
to the neutrino burst. In those early studies, the pre-
dicted luminosity of thisecho wasconsidered too low for
observat ion, and therefore this phenomenon was largely
ignored since.

In thisletter, wepresent amodern study of thegamma
ray echo of a supernova neutrino burst. There are two
main elements of novelty. The first is a prediction of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potential of upcoming gamma-ray surveysto observethe
echo from nearby core-collapse supernovae, and extract
important information from it. With improved, next-
generat ion, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detecting this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in sect ion 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
section 4.
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sorpt ion to Earth (attenuat ion will be discussed below).
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⌫i / hE⌫i 2 − 1).
For simplicity, we use a time-independent spectrum,
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0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being the star’s radius), relat ive
to the neutrino burst. In those early studies, the pre-
dicted luminosity of thisecho was considered too low for
observat ion, and therefore this phenomenon was largely
ignored since.

In this let ter, wepresent a modern study of thegamma
ray echo of a supernova neutrino burst. There are two
main elements of novelty. The first is a predict ion of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potential of upcoming gamma-ray surveysto observethe
echo from nearby core-collapse supernovae, and extract
important information from it. With improved, next-
generat ion, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detecting this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in section 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
sect ion 4.
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see, e.g. Duan & Kneller 2009 for a review) as having
total energy E⌫,t ot = 5 1052 ergs.
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its energy distribution (Keil et al. 2003; Tamborra et al.
2012), with thefirst two momenta being hE⌫i = 15 MeV
and hE2

⌫i = 293.2 MeV2 (corresponding to theshapepa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE2

⌫i / hE⌫i 2 − 1).
For simplicity, we use a t ime-independent spectrum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sect ions are relevant
here: one is the spectrum-averaged IBD cross sect ion,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scattering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
absorption at the energies of interest (Lu & Qian 2007).
As an approximation, we consider that the emerging
flux of gamma rays is ent irely due to the ⌫̄e that in-
teract in the outermost layer of the star, a very thin
shell of width equal to the gamma ray Compton opt ical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
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in this layer, and the corresponding number of gamma
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0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being thestar’s radius), relat ive
to the neutrino burst. In those early studies, the pre-
dicted luminosity of thisecho wasconsidered too low for
observat ion, and therefore this phenomenon was largely
ignored since.

In thislet ter, wepresent a modern study of thegamma
ray echo of a supernova neutrino burst. There are two
main elements of novelty. The first is a predict ion of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potent ial of upcoming gamma-ray surveysto observethe
echo from nearby core-collapse supernovae, and extract
important information from it . With improved, next-
generat ion, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detect ing this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in sect ion 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
sect ion 4.

2. FORMALISM

To fix the ideas, we focus on the case which is most
favorable for detection, where the gamma rays originate
near the surface of the star, and propagate without ab-
sorpt ion to Earth (attenuat ion will be discussed below).
Let ’sbegin by est imat ing thetotal photon flux at Earth.
We assume a spherically symmetric star, and model the

1 Other channels were considered, but the most dominant signal
was the 0.511 MeV γ− rays.

flux of ⌫̄e reaching its surface (after flavor conversion,
see, e.g. Duan & Kneller 2009 for a review) as having
total energy E⌫,t ot = 5 1052 ergs.

The commonly used “ alpha spectrum” is assumed for
its energy distribut ion (Keil et al. 2003; Tamborra et al.
2012), with thefirst two momenta being hE⌫i = 15 MeV
and hE2

⌫i = 293.2 MeV2 (corresponding to theshapepa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE2

⌫i / hE⌫i 2 − 1).
For simplicity, we use a time-independent spectrum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sect ions are relevant
here: one is the spectrum-averaged IBD cross section,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scattering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
absorpt ion at the energies of interest (Lu & Qian 2007).
As an approximation, we consider that the emerging
flux of gamma rays is ent irely due to the ⌫̄e that in-
teract in the outermost layer of the star, a very thin
shell of width equal to the gamma ray Compton optical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
One can then express the number of positrons produced
in this layer, and the corresponding number of gamma
rays from positron propagat ion that leave the star as
(Ryazhskaya 1999):
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0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being the star’s radius), relat ive
to the neutrino burst. In those early studies, the pre-
dicted luminosity of thisecho was considered too low for
observat ion, and therefore this phenomenon was largely
ignored since.

In thisletter, wepresent amodern study of thegamma
ray echo of a supernova neutrino burst. There are two
main elements of novelty. The first is a predict ion of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potent ial of upcoming gamma-ray surveysto observethe
echo from nearby core-collapse supernovae, and extract
important informat ion from it . With improved, next-
generat ion, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detect ing this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in sect ion 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
sect ion 4.

2. FORMALISM

To fix the ideas, we focus on the case which is most
favorable for detection, where the gamma rays originate
near the surface of the star, and propagate without ab-
sorpt ion to Earth (attenuat ion will be discussed below).
Let’sbegin by estimating thetotal photon flux at Earth.
We assume a spherically symmetric star, and model the

1 Other channels were considered, but the most dominant signal
was the 0.511 MeV γ− rays.
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total energy E⌫,t ot = 5 1052 ergs.
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2012), with thefirst two momenta being hE⌫i = 15 MeV
and hE2

⌫i = 293.2 MeV2 (corresponding to theshapepa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE2

⌫i / hE⌫i 2 − 1).
For simplicity, we use a t ime-independent spectrum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sections are relevant
here: one is the spectrum-averaged IBD cross sect ion,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scattering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
absorpt ion at the energies of interest (Lu & Qian 2007).
As an approximation, we consider that the emerging
flux of gamma rays is entirely due to the ⌫̄e that in-
teract in the outermost layer of the star, a very thin
shell of width equal to the gamma ray Compton optical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
One can then express the number of positrons produced
in this layer, and the corresponding number of gamma
rays from positron propagat ion that leave the star as
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0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being the star’s radius), relat ive
to the neutrino burst. In those early studies, the pre-
dicted luminosity of thisecho was considered too low for
observat ion, and therefore this phenomenon was largely
ignored since.

In thisletter, wepresent a modern study of thegamma
ray echo of a supernova neutrino burst. There are two
main elements of novelty. The first is a predict ion of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potent ial of upcoming gamma-ray surveysto observethe
echo from nearby core-collapse supernovae, and extract
important information from it . With improved, next-
generat ion, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detect ing this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in sect ion 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
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total energy E⌫,t ot = 5 1052 ergs.
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its energy distribution (Keil et al. 2003; Tamborra et al.
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⌫i = 293.2 MeV2 (corresponding to theshapepa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE2
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For simplicity, we use a time-independent spectrum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sections are relevant
here: one is the spectrum-averaged IBD cross sect ion,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scattering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
absorpt ion at the energies of interest (Lu & Qian 2007).
As an approximation, we consider that the emerging
flux of gamma rays is entirely due to the ⌫̄e that in-
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shell of width equal to the gamma ray Compton optical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
One can then express the number of positrons produced
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0.511 MeV gamma rays (Lu & Qian 2007)1. Due to the
geometry of the system (Figure 1), these gamma rays
arrive at Earth as an echo, spread over a characterist ic
t ime∆ t ⇠ R/ c (with R being the star’s radius), relat ive
to the neutrino burst. In those early studies, the pre-
dicted luminosity of this echo was considered too low for
observat ion, and therefore this phenomenon was largely
ignored since.

In this letter, wepresent a modern study of thegamma
ray echo of a supernova neutrino burst. There are two
main elements of novelty. The first is a predict ion of
the gamma ray light curve, and its dependence on the
main parameters. The second is the discussion of the
potential of upcoming gamma-ray surveysto observethe
echo from nearby core-collapse supernovae, and extract
important informat ion from it . With improved, next-
generat ion, gamma ray telescopes like COSI (Tomsick
2021) (already funded), AMEGO (Caputo et al. 2019;
Kierans 2020), and AMEGO-X (Caputo et al. 2022),
detect ing this 511 keV signal will soon be a realist ic
possibility.

The paper is organized as follows. We discuss the
formalism of the gamma ray echo, along with its t ime-
dependent flux in sect ion 2. The detectability of the
echo, and relevant backgrounds are discussed in sec-
t ion 3. We summarize and discuss future prospects in
sect ion 4.

2. FORMALISM
To fix the ideas, we focus on the case which is most

favorable for detect ion, where the gamma rays originate
near the surface of the star, and propagate without ab-
sorpt ion to Earth (attenuat ion will be discussed below).
Let ’sbegin by estimat ing the total photon flux at Earth.
We assume a spherically symmetric star, and model the

1 Other channels were considered, but the most dominant signal
was the 0.511 MeV γ− rays.

flux of ⌫̄e reaching its surface (after flavor conversion,
see, e.g. Duan & Kneller 2009 for a review) as having
total energy E⌫,t ot = 5 1052 ergs.

The commonly used “ alpha spectrum” is assumed for
its energy distribut ion (Keil et al. 2003; Tamborra et al.
2012), with thefirst two momenta being hE⌫i = 15 MeV
and hE2

⌫i = 293.2 MeV2 (corresponding to theshapepa-
rameter ↵ = 2.3, where (1 + ↵)− 1 = hE2

⌫i / hE⌫i 2 − 1).
For simplicity, we use a t ime-independent spectrum,
so the total number of ⌫̄e emit ted is, simply, N⌫ =
E⌫,t ot / hE⌫i ' 2.1 1057. Two cross sections are relevant
here: one is the spectrum-averaged IBD cross sect ion,
hσIBD i = 2.05 10− 41 cm2, the other is for the Compton
scattering of gamma rays, σC = 3 10− 25 cm2 (Rybicki
& Lightman 1986), which is the main channel of photon
absorpt ion at the energies of interest (Lu & Qian 2007).
As an approximation, we consider that the emerging
flux of gamma rays is ent irely due to the ⌫̄e that in-
teract in the outermost layer of the star, a very thin
shell of width equal to the gamma ray Compton optical
depth (lC ⇠ O(109) cm, lC ⌧ R, see Lu & Qian 2007).
One can then express the number of posit rons produced
in this layer, and the corresponding number of gamma
rays from positron propagat ion that leave the star as
(Ryazhskaya 1999):

N+ '
YphσIBD i

YeσC
N⌫' 1.25 1041 ;

Nγ =
1
2

⌘γ N+ ⇠ N+ , (1)

where Yp ⇠ 1 and Ye ⇠ 1 are the proton and elec-
tron fract ions in the stellar matter; ⌘γ ⇠ 2 is the ef-
fect ive number of 0.511 MeV gamma rays produced per
positron (seebelow), and the factor 1/ 2 accounts for the
fact that half of thegamma rayspropagates inwardsand
is absorbed. By symmetry arguments, it follows imme-
diately that the t ime-integrated photon flux at Earth
is 2

Φγ ,t ot =
Nγ

4⇡D2 ⇠ 10− 3 cm− 2
✓

D
kpc

◆− 2

. (2)

We est imate the uncertainty on N+ and Nγ to be about
⇠ 50% in either direct ion due to the uncertainty in the
neutrino spectrum parameters.

2.1. Time-dependent gamma ray flux

2 Our result is a factor of 4 larger than the one in Lu & Qian
(2007). We were unable to t race the origin of the di↵erence; st ill,
the geometric factor 4⇡ D 2 in Equat ion (2) is substant iated by
the extended derivat ion in Favorite (2016).



• Main background: diffuse galactic 0.511 MeV flux
• Better S/B ratio for smaller R (shorter echo) 
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Detectability: signal, S/B ratio
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• 𝑁𝑆 = 𝜙𝛾𝐴𝑅/𝑐  number of detected photons (shown: A = 103 cm2)



Detection prospects

• Upcoming: COSI, A > 20 cm2 , resolution 𝛿𝜃 = 4.1∘

• could be sensitive to Betelgeuse (D=0.2 kpc) with a factor of 2 
improvement  

• 25% sky coverage

• Distant future: AMEGO (A= 3 103 cm2 ), GECCO (A= 800 cm2 ),  
resolution 𝛿𝜃~3∘

• Sensitivity to 1 kpc 

Tomsick, J. A. 2021, PoS, ICRC2021, 652 
Caputo, R., et al., 2022, J. Astron. Telesc. Instrum. Syst., 8, 044003, 
Kierans et al, Proc. SPIE Int.Soc.Opt.Eng. 11444, 1144431 (2020); 
Orlando et al, JCAP07 (2022) 036



Discussion and conclusions



What can we learn?

• Test neutrino emission away from line of sight 

• Complementary measurement of stellar radius

• Test for stellar envelope composition 

• Star as near detector (neutrino flux at star’s surface)



Possible generalizations

• More realistic envelope
• Subdominant interactions

• Realistic nuclear composition

• Non-spherical star

• Non-hydrogen envelopes?

• non-envelope hydrogen: clouds, companion star, …



Conclusions

• A near-Earth supernova is possible
• 30+ candidates at D < 1 kpc (Betelgeuse, Antares, Rigel, … )  

• It can happen any day! 

• Unique multimessenger opportunities

• Detectable multimessenger signals that have neutrinos as 
source
• Gamma ray echo

• Gravitational wave memory 



Thank you! 



BACKUP



• Galactic 511 KeV background 

Skinner, G., Diehl, R., Zhang, X.-L., Bouchet, L., & Jean, P. 2015, PoS, Integral2014, 054 

Latitude b=0



Preparedness: near-Earth supernova 

• Danger of Data Acquisition System overload!
• New SuperK protection module with veto

Fig. 16 Hits per a hardware counter as measured by the SN module for a supernova
burst at a distance of 800pc from the Earth assuming the Nakazato model. The horizontal
axis is the t ime measured from the first hit . The peak area meets the trigger condit ion of
the SN module.

In this window and there are SN triggers which meet the condit ion of Veto module around
0.445s shown in Table 2, and during which the QBEEs would be vetoed by the Veto module.

In this way, the amount of dead-t ime incurred by supernovae as a funct ion of distance
is calculated and summarized in Figure 18. The simulat ion results show that supernovae
begin to trigger the Veto module at distances between 700pc and 850pc. For SK-Gd the
module is triggered by more distant supernovae than pure water due to the gamma rays
emit ted when neutrons are caputured by Gd. The Gd doping increases the total veto dead-
t ime by approximately a factor of 1.6 regardless of the supernova’s distance. Comparing the
Nakazato and Mori models, we find that the distance at which the Nakazato model t riggers
Veto module is closer than that for the Mori model, as expected by the higer luminosity
in the former. Table 4 summarizes the distances at which veto signals start being issued.
With a 0.011% concentrat ion of Gd, this distance is closer by 20-30pc and the start of the
Nakazato model is closer by 100pc than that of the Mori model.

8 Summary

This paper describes new DAQ modules introduced at SK to insure the as much data as
possible from a nearby supernova is recorded without overflowing or crashing the standard
QBEE-based DAQ. These modules, the SN module and Veto module, e↵ect ively prescale

25

Protection module 
is triggered

D=0.8 kpc

M. Mori et al. (SuperK. coll.), arxiv:2404.08725
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