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Magnetar	giant	flares:	a	new	site	for	the	
r-process
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Ani	Patel	-	sirEN	Conference	-	Giulianova,	Italy	-	June	10,	2025.
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-driven	proto-NS	winds	
(“normal”	CCSNe)
ν Neutron	Star	Mergers

e.g.	Lattimer	&	Schramm	74,	76;	
Freiburghaus+99

magneto-rotational	SNe proto-magnetar	
winds(e.g.	Nishimura+06,	Burrows+07,	

Winteler+12,	Mosta+14)	

+
Collapsar	Disk	winds
(e.g.	Kohri+2005,	Siegal+2019)

2

(e.g.	Thompson+04,	Metzger+07,	Desai+23,	
Prasanna+24,	Prasanna+including	A.P.	in	
prep.)

Current	landscape	of	r-process	sites
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magneto-rotational	SNe proto-magnetar	
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+
(e.g.	Thompson+04,	Metzger+07,	Desai+23,	
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-driven	proto-NS	winds	
(“normal”	CCSNe)
ν Neutron	Star	Mergers
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Freiburghaus+99

Collapsar	Disk	winds
(e.g.	Kohri+2005,	Siegal+2019)

ConXirmed

3

Current	landscape	of	r-process	sites
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magneto-rotational	SNe proto-magnetar	
winds(e.g.	Nishimura+06,	Burrows+07,	

Winteler+12,	Mosta+14)	

+
(e.g.	Thompson+04,	Metzger+07,	Desai+23,	
Prasanna+24,	Prasanna+including	A.P.	in	
prep.)

-driven	proto-NS	winds	
(“normal”	CCSNe)
ν Neutron	Star	Mergers

e.g.	Lattimer	&	Schramm	74,	76;	
Freiburghaus+99

Collapsar	Disk	winds
(e.g.	Kohri+2005,	Siegal+2019)

ConXirmed

New	landscape	of	r-process	sites
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Magnetar	Giant	Flares

ConGirmed

Cehula+24,	Patel+(2025a,	2025b)
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Magnetars	(soft	gamma	repeaters)	
vs.	Pulsars	(“normal”	neutrons	stars)

5

NSPulsars Magnetars

B	(G)

P	(s)

Lifetime	
(yr)

Power	
Source Rotation Magnetic	Field

∼ 1012−13 ∼ 1014−15

≲ 10≲ 5

∼ 107 ∼ 103−4

Born	in	
~10-50%	of	
CCSNe
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Magnetar	Giant	Flares	(GFs)
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EGF ∼ 1044 − 1046 erg
3	nearby	events:	1979,	1998,	2004

Hurley+2004

-ray	spike	from	
	outXlow

γ
e−/+γ X-ray	tail	

from	
evaporating	
XireballMagnetic	reconnection

Unstable	magnetic	Xield

	 -pair	photon	outXlowe−/+

NS

NS

NS

NS
B ∼ 1014 − 1015 G

Emagnetic → Ethermal
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Radio	Afterglow	From	GFs
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magnetar	SGR	
1806-20

arcsec

ar
cs
ec

Gaensler+2005
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Radio	Afterglow:	Evidence	for	Baryon	Ejection

8

Key	properties:	

Mej ∼ 10−8-10−6M⊙
v ∼ 0.1c

VLBI	Proper	Motion	(Gaensler+05)

Gelfand+2005

observations

model	of	expanding	
baryon	ejecta	shell

Days	since	Xlare

5	
GH
z	
Fl
ux
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A	Possible	Mechanism	for	Baryon	Ejection

9

PGF ∼ B2/8π

r-process!

Jakub	Cehula	
et	al.	(2024)

mailto:ap4268@columbia.edu


Ani	Patel																																																																																																					anirudh.p@columbia.edu																																																					

Properties	of	Unbound	Ejecta	(Cehula+2024)

10

ρ, e → EOS → s, TShock	jump	conditions:

density	proXile	&	mass	distribution	
for	homologous	expansion

Ye ≈ 0.40

	in
	N
S	
cr
us
t

Y e

log10(Mass Depth in NS Crust) (grams)

0.67	ms	
5.00	ms	
50.0	ms

10−8-10−6M⊙

v (c)

m
(1

024
g)

ρ(v) ∝ v−6

m(v) ∝ v−3

v̄ ∼ 0.1-0.2cbulk	velocity

for	Mej ≈ 10−6M⊙
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∝ t −1.2

Nucleosynthesis	
Calculations

1D	multi-zone	model

Mej ≈ 10−6M⊙

v̄ = 0.15c
Ye = 0.40

11
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∝ t −1.2

Nucleosynthesis	
Calculations

1D	multi-zone	model

Mej ≈ 10−6M⊙
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Optical/UV	Emission:	a	“Mini-Kilonova”

kilonova-like	light-
curve	model

·Q(t)
Mini-kilonovae:	less	mass,	shorter	duration

Mej ≈ 10−6M⊙

≈ 10−7M⊙

≈ 10−8M⊙

13

X(t) → κ(t)
Heating:
Opacity:
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Hurley+2004

-ray	spike	from	
	outXlow

γ
e−/+γ X-ray	tail	

from	
evaporating	
Xireball

14

A	third	EM	component	in	~MeV?
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Radioactive	Gamma	Ray	Emission

15

ρ ∼
Mej

4πR3
∝ t−3

R ≈ v̄t
τγ ∼ κρR ∝ t−2

tpeak ≈ tτ=1 ∼ ( κMej

4πv̄2 )1/2

∼ 650 s ( Mej

10−6M⊙ )1/2( v̄
0.2c )−1

Hurley+2004

-ray	spike	from	
	outXlow

γ
e−/+γ X-ray	tail	

from	
evaporating	
Xireball
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INTEGRAL	Satellite	Data	
(Mereghetti+2005)

A	20	year	old	mystery:	delayed	MeV	emission	in	the	
SGR	1806-20	GF

16

also	observed	by	
RHESSI	
(Boggs+2007)	
and	Konus	Wind	
(Frederiks+2007)
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INTEGRAL	Satellite	Data	
(Mereghetti+2005)

tpeak ≈ 700 s

17

also	observed	by	
RHESSI	
(Boggs+2007)	
and	Konus	Wind	
(Frederiks+2007)

A	20	year	old	mystery:	delayed	MeV	emission	in	the	
SGR	1806-20	GF
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tpeak ≈ 700 s

∝ t−1.2±0.1

INTEGRAL	Satellite	Data	
(Mereghetti+2005)

18

also	observed	by	
RHESSI	
(Boggs+2007)	
and	Konus	Wind	
(Frederiks+2007)

A	20	year	old	mystery:	delayed	MeV	emission	in	the	
SGR	1806-20	GF
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Calculating	gamma-ray	emission

For	a	nuclear	species	 :	

:	number	abundance	

:	beta-decay	rate	

:	photon	branching	ratio	(%	of	beta	
decay	energy	emitted	as	 )	

:	relative	intensity	per	decay	of	
photon	with	energy	

i

Yi(t)

λi

bi
γ

Iij
εij

19

e.g. i → f* → f + γ
3

2

1
0

γ

γ

γ

εi3

εi2

εi1
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·qγ(t) = NA ∑
i

Yi(t)λibi ∑
j

Iijεij
total

Calculating	gamma-ray	emission

20

∝ t−1.2
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Light-Curve	and	Fluence

21

Mej ≈ 10−6M⊙

v̄ = 0.15c
Ye = 0.40

Lγ = ·Qγ(1 − fth)
Hotokezaka+	2016
Barnes+	2016
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Light-Curve	and	Fluence

22

Peak	time,	decay	
rate,	and	Xluence	
consistent	with	data.

Mej ≈ 10−6M⊙

v̄ = 0.15c
Ye = 0.40

Lγ = ·Qγ(1 − fth)
Hotokezaka+	2016
Barnes+	2016
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Spectra	(unattenuated)

23
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Spectra	with	(preliminary)	MC	radiation	transport

24

gamma	ray	transport	by	Indrek	Vurm

400-900s

synthetic	
spectrum
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RHESSI	spectral	Xit,	Boggs	et	al.	(2007)

RHESSI	detection	range

synthetic	
spectrum

gamma	ray	transport	by	Indrek	Vurm

400-900s

Spectra	with	(preliminary)	MC	radiation	transport

25

mailto:ap4268@columbia.edu


Ani	Patel																																																																																																					anirudh.p@columbia.edu																																																					

Magnetar	GFs	can	contribute	~1-10%	of	
Galactic	r-process

26

⟨R⟩ ≈ 6-9 × 10−2 yr−1 (EGF/1046 erg)−0.75 Mr⟨R⟩ = ⟨ ·Mr⟩ ≈ 0.4-6 × 10−8 M⊙yr−1
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Magnetars	are	born	early	in	Galactic	history!

Cote	et	al.	2019

Cosmic	Time	→

→
r-
pr
oc
es
s	e
nr
ic
hm

en
t
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Summary:	Delayed	MeV	detection	from	the	SGR	1806-20	GF	is	
consistent	with	gamma	ray	emission	from	 	of	r-process∼ 10−6M⊙

Peak	Time-Scale

Decay	Rate

Fluence

Hard	Spectrum

- At	least	 	of	
Galactic	r-process	

- Operates	early	in	
galactic	history	

- Provides	Xirst	
opportunity	to	directly	
observe	nuclear	line	
emission	from	the	r-
process	

- Can	constrain	GF	
operating	mechanism	
and	probe	magnetar	
Xield	evolution

1-10 %

28

~MeV	Observations
Ejecta	Mass

Velocity

Radio	Observations
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Backup

29
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Neutrinos	detectable?

30

Assuming	35%	of	r-process	
decay	energy	emitted	as	
neutrinos,	 .	Eν ∼ 1043 erg

⟨εν⟩ ∼ 5 MeV

For	a	supernova	with	 	and	 ,	HyperK	will	detect		
	neutrinos	for	a	 	source.		

For	a	magnetar	giant	Xlare	at	similar	distance:	

Eν,SN ∼ 1053 erg ⟨εν,SN⟩ ∼ 5 MeV
Nν,SN ∼ 104 − 105 ∼ 10 kpc

Nν ≈ Nν,SN
Eν

Eν,SN ( ⟨εν⟩
⟨εν,SN⟩ )2 ∼ 10−6 − 10−5
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No,	it’s	not	from	the	Sun.
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Nucleosynthesis
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EOS,	Ye

	in
	N
S	
cr
us
t

Y e

log10(Mass Depth in NS Crust) (grams)

10−8-10−6M⊙

Cehula	et	al.	(2024)

Pearson	et	al.	(2018)
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Decays

Barnes+2016
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Gamma	ray	Thermalization

κγ ≈ 0.1 cm2 g−1

τγ(r) = ∫
∞

r
κγρ(r′ , t)dr′ 

fth ≈ {
1 − (1/2)N, τγ ≥ 1
N/2, τγ ≤ 1

Hotokezaka	et	al.	(2016)

N = max(τγ, τ2
γ )

Barnes	et	al.	(2016)

Lγ = ·Qγ(1 − fth)
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Gamma	Ray	LC	Parameters

36
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Nova	Brevis	LC	model

37

(Kasen+2013,	Tanaka+2020)

Opacity:	
κ(t) = Xp(t)κp + Xακα + X1κ1 + X2κ2 + X3κ3

Thermalization:		

fth(t) = 0.38
·qn(t)
·q(t)

+
·qr(t)
·q(t) [0.25 + 0.4 {1 − exp (−τ(t)κγ /κ(t))}]

Attenuated	light-curve:		 ·qheat(t) = fth(t) ·q(t)
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LC	model

38

mailto:ap4268@columbia.edu


Ani	Patel																																																																																																					anirudh.p@columbia.edu																																																					

Hoffman+(1997)
unbound ejecta

(Cehula+2024)

39

Alpha	Rich	Freeze-out	1
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2n + 2p → α

T ≈ 10 GK

3α →12 C
12C(α, γ)16O
16O(α, γ)20Ne

…

56Fe

“seed”	formation

alpha	formation

{s, Ye, tα}

r-process

s(n, γ)r

T ≈ 5-2.5 GK

“seeds”r-process	nuclei
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Alpha	Rich	Freeze-out	2

40
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Observed	spectrum

41

kBT = 1.9 ± 0.7

Boggs+2007
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Nova	Brevis	vs	Kilonova
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Nuclei	contributing	to	gamma	ray	signal

43


