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The origin of the heavy elements

HEAVYMETAL is a project to uncover the nuclear and astrophysical
pathways leading to the creation of the rapid neutron capture

elements
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A unified spectral
series of AT2017gfo

Fig. 1 from Sneppen et al (2024b) - unified spectral data-series can be found at

https://github.com/Sneppen/Kilonova-analysis

Data from LDSS + MagE [Shappee et al, 2017], ANU [Andreoni et al, 2017], SALT [Buckley et al,
2018], X-shooter [Pian et al, 2017; Smartt et al, 2017], SOAR [Chornock et al, 2017], Gemini

[Nicholl et al, 2017], HST [Tanvir et al, 2017]


https://github.com/Sneppen/Kilonova-analysis
https://github.com/Sneppen/Kilonova-analysis
https://github.com/Sneppen/Kilonova-analysis

The rapid evolution

Sneppen et al (2024b), Table 1, blackbody temperatures

Time (days) Telescope/Instrument Tobs (K) Publication
0.48 Magellan/LDSS 11000*320° [1] Shappee et al. (2017)
0.53 Magellan/MagE 9300 + 300 [1] Shappee et al. (2017)
0.92 ANU/WiFeS 6800 + 200 [2] Andreoni et al. (2017)
1.17 SALT/RSS 6400 + 110 Buckley et al. (2018)
143 VLT/X-shooter 5440 + 60 Pian et al. (2017)
1.45 VLT/X-shooter 5380 + 60 Sneppen et al. (2023a)
1.47  SOAR/GHTS, Gemini/FLAMINGOS-2 5330 + 60 Nicholl et al. (2017), Chornock et al. (2017)
242 VLT/X-shooter 3940 + 50 Smartt et al. (2017)
3.41 VLT/X-shooter 3420 £ 40 Pian et al. (2017)
4.40 VLT/X-shooter 3330 £ 40 Smartt et al. (2017)
540 VLT/X-shooter 3070 £ 40 Pian et al. (2017)

F; (normalised and offset)

250

500 1000 2000
Wavelength (nm)
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1.43 days post-merger
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1.43-

days

Time (days) Telescope/Instrument Typs (K) Publication
0.48 Magellan/LDSS 110007335 [1] Shappee et al. (2017)
0.53 Magellan/MagE 9300 + 300 [1] Shappee et al. (2017)
0.92 ANU/WiFeS 6800 + 200 [2] Andreoni et al. (2017)
1.17 SALT/RSS 6400 + 110 Buckley et al. (2018)
1.43 VLT/X-shooter 5440 + 60 Pian et al. (2017)
1.45 VLT/X-shooter 5380 + 60 Sneppen et al. (2023a)
147  SOAR/GHTS, Gemini/FLAMINGOS-2 5330 + 60 Nicholl et al. (2017), Chornock et al. (2017)
242 VLT/X-shooter 3940 + 50 Smartt et al. (2017)
3.41 VLT/X-shooter 3420 + 40 Pian et al. (2017)
4.40 VLT/X-shooter 3330 + 40 Smartt et al. (2017)
5.40 VLT/X-shooter 3070 + 40 Pian et al. (2017)

Sneppen et al. (2024b)
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The blackbody spectrum

Sneppen (2023), Fig. 6 — see also Sadeh et al (2025)

25

20

15

10

Collins et al (2024)

N Blackbody
J N, - Blackbody with Sr II
/ %
400 600 1000 2000

Rest Wavelength (nm)

=
o

it
o

o
b

ot
(N}

F, at 1 Mpc [10~'° erg/s/cm?/A]
o
o

g
© o

()}

IS

N

F) at 1 Mpc [1072 erg/s/cm?/A]

o

- (0.8 =cos(B) < 1.0

Blackbody flux (scaled)
T'=3000 K, v;=0.26 ¢

P-Cygni spherical v, =v
P-Cygni oblate v, =1.1v|
P-Cygni prolate v, =0.9v|

— 0.0 = cos(B) < 0.2

Blackbody flux (scaled)
T'=2750K, v;=0.25¢

4000

6000

8000 10000 12000 14000

Wavelength [A]




Spectral features

Sneppen et al (2024b)

Feature zoom-in
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Spectral features from individual elements
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Reproduced and extended with systematic analyses using radiative
Additionally, accounting for the full 3D spatial and time dependence

transfer codes with more atomic line data:
of the density with line-by-line opacity:

and NLTE feasibility in




NIR spectral wiggles
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see also Gd Il contribution in Rahmouni et al (2025)



Feature at 750 nm from Yttrium
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The presence of Sr
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Y Il constraining the optical line-blanketing?
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The origin of the heavy elements

HEAVYMETAL is a project to uncover the nuclear and astrophysical
pathways leading to the creation of the rapid neutron capture
eeeeeeee
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The information hiding in the emergence of

spectral feature

Rapidly evolving transient

Large velocities / long time-delays
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How lines emerge in KNe
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A recombination wave moving through the ejecta
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A recombination wave moving through the ejecta
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A recombination wave moving through the ejecta
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... A prediction
we can Nnow
test!
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... A prediction
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A prediction
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Local estimate of the KN electron-density

Recombination rates (Sr III -> Sr II) from Sr IIT groundstate
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Formation in absorption
at t =1.3-1.5 days

in physical time.
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Take-aways from emergence

1) One should consider the temporal aspect even in
interpreting an individual spectrum. We can see

reverberation/recombination waves in the ejecta.

2) A feature’s emergence and evolution provides

direct observational test of LTE and nLTE line-IDs!

3) We are within 5% of the radiation-field inferred

from the observed blackbody.

4) We can constrain n, from recombination

timescale; n, ~ 108cm™3.
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Reverberation in first principles modelling

Fy (10" ergs~tcm=2 A1)
g w L o o ~
o o o o o (=]

=
=}

o
o

—— All
—— Scattered
—— Unscattered

Ratio

—— Scattered/Total

—— All + Constant
~—— Scattered + Constant

toer — ton + T
o
N

o~

2000 4000 6000 8000

10000 12000
Wavelength (A)

14000 16000 18000

Fy (107 ¥ ergs~tcm™—2 A1)

1.4+

1.2 1

0.84

0.41

0.2 1

7000

8000

9000

Wavelength (A)

Wavelength (A)

taet _ &
—o| L
- = T 6
— 2.4d £
(=)
3.4d o
— 4.4d o 4
— 5.4d o
6.4d 7
— 7.4d =E
—_— 8.4d = —— X-Shooter 4.4d
— 9.4 d —4.4d 4+ T
0 T T T
6000 8000 10000 12000 14000
Wavelength (A)
4 B
T o
4 ]
b
g 11
T
wn
2
(7]
b
o
=)
s = X-Shooter 6.4d
o 6.4d + T
= — 0 . r :
10000 11000 12000 13000 14000 6000 8000 10000 12000 14000

See Poster 11 -- F. McNeill et al (2026), in press




’('T\) (7p]
A
o o
NN
® ©
athway to helium ::
Q -
— N
T un
O Q
?ﬁ_
o
BLh_q1.49 %
109 7
1071 =
N =
102 X
10~3
10~ &
Iln
= 10~* 7
o
K, 5
0 10—5 9
2,
106 §

Jacobi et al (2025) r/(ct)

z/ct

0.7
0.6
0.5
0.4
0.3
0.2
0.1

SFHo-125155

I I I T I I T

0 01 02 03 04 05 06 0.7
x/ct

Sneppen, Just, Bauswein et al

0.6

0.5

0.4

0.3

0.2

0.1

0.0

t=100s

l0g Pre [M o]

-0.6 -0.4 -0.2

02 04 0.6

0.0
R/(ct)

-4

Model from Just et al (2023)

Kawaguchi et al (2022)

More than 0.5 s

Bernuzzi et al (2024)

z/ct

x/ct

0.7 —
06 =
05 =
04 dynamical +v driven q
03 viscous (v-irradiation enhancea)"
02 B j viscosity driven —
0.1 g /. / |
dynamical ‘
0 | | | | | |
0 01 02 03 04 05 06 07
x/ct

o o
W (o)

r oam
o o o
\] W N
Y, (T =5 GK)

t — tmeg = 78.8 mS

—400 -200 O
z [km]

200

o
=

=
w

=
o

o
—

1IIIIIIIIIIIIIIIIL-;<
©
3y




Helium production in neutron-star mergers

helium enrichment in merger ejecta
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He features should™ be visible around 4-5
days...
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Implications for nuclear equation of state
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Thank you

Unified spectral data-series can be found at
https://github.com/Sneppen/Kilonova-analysis
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Ubiquity of P Cygni

Sneppen et al (2024b)
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Data from Pian et al (2017), Smartt et al (2017), Tanvir et al
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“Kilonova in a computer”
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The Expanding Photosphere Method
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Sphericity sufficient -- but is it neccesary?
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Red/blue KNe
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Kilonova models

Various ejection mechanisms characterised

by

different nucleosynthethic ceneitons
e Shocked intestaece
e Tidal tail

e Neutrino driven winds

Wind + hydro
Ejecta ' i

* Magnetic field

* BH Torus ejecta

GRB central

Ascenzi et al (2021)

Engine




Pathways to asphericity

slow viscous winds final ejecta distribution
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Pathways to asphericity
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Helium production in neutron-star mergers

helium enrichment in merger ejecta
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Timescale of black hole formation, 75y,
was rapid — within 20-30 ms.
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Helium NLTE Modelling
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Helium NLTE Modelling

For NLTE KN deep dive see also:
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Early / High-velocity helium constraints
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Connecting remnant lifetime with the EOS
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Connecting remnant lifetime with the EOS
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Implications for nuclear equation of state
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Propogated uncertainties
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Steep dependencies helps EoS constraints
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Thank you

Fig. 1 from Sneppen et al (2024b) - unified spectral data-series at
https://github.com/Sneppen/Kilonova-analysis
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et al, 2017], Gemini [Nicholl et al, 2017], HST [Tanvir et al, 2017]

F; (normalised and offset)

Feature zoom-in

K 0.48 days
m\ 0.53 days
| H\'h 0.92 days

a“n

1.17 days

Py

\_____“

A \\'_

LDSS + MagE
—— 0.48 days
—— 0.53 days
ANU
— 0.92 days
SALT
—— 1.17 days
SOAR + Gemini
— 1.5 days
HST
4.9 days
9.3 days
10.5 days

———

e
g

X-shooter

1.4 days
—— 2.4 days
—— 3.4 days
4.4 days
5.4 days
6.4 days
7.4 days
8.4 days
9.3 days
10.3 days

1.4 days

2.4 days

3.4 days

760 nm P Cygni; Y II

-0.2¢  -0.1¢ 0
Velocity offset

1 gm P Cygni; SrII

0.4¢ -0.2¢ 0
Velocity offset

1.4 ym P Cygni; La IIT

Wavelength (nm)

0.1c
1300 1400
Wavelength (nm)
NIR features
10.3 days
L o
10.5 days oy L J
. Wﬂ( W e ["h 1
[ JHLF? 0.1¢
500 750 1000 1250 1500 1750 2000 11600 2000

Wavelength (nm)

—
(=]

Fl/ FL'{)IP?iFT[lllJJJ

e
o)

—
wn

F}./ F('(Jllfilflilllﬁl

o

— —
= [
F.Jl/ F('(mrinrrum

o
oo

e
(=

—
(9]

Fj/ FL'U“H‘HIHHH

=


https://github.com/Sneppen/Kilonova-analysis
https://github.com/Sneppen/Kilonova-analysis
https://github.com/Sneppen/Kilonova-analysis

	Slide 1: Spectral insights into kilonovae  -- Rapid evolution -- 
	Slide 2: A unified spectral  series of AT2017gfo
	Slide 3: The rapid evolution
	Slide 4: 1.43 days post-merger
	Slide 5: 1.43+0.02 days post-merger
	Slide 6: 1.43-1.47 days
	Slide 7: The blackbody spectrum
	Slide 8: Spectral features
	Slide 9: Spectral features from individual elements
	Slide 10: NIR spectral wiggles
	Slide 11: Feature at 750 nm from Yttrium
	Slide 12
	Slide 13: Atomic data from ‘heavymetal’ underway
	Slide 14
	Slide 15: The information hiding in the emergence of spectral feature
	Slide 16: How lines emerge in KNe
	Slide 17: A recombination wave moving through the ejecta
	Slide 18
	Slide 19: A recombination wave moving through the ejecta
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25: Local estimate of the KN electron-density
	Slide 26
	Slide 27
	Slide 28: Reverberation in first principles modelling
	Slide 29
	Slide 30
	Slide 31: He features should* be visible around 4-5 days…
	Slide 32: sGRB implication
	Slide 33: Implications for nuclear equation of state
	Slide 34: Thank you
	Slide 35: Ubiquity of P Cygni
	Slide 36
	Slide 37: “Kilonova in a computer”
	Slide 38: The Expanding Photosphere Method
	Slide 39: Sphericity sufficient -- but is it neccesary?
	Slide 40
	Slide 41: Kilonova models
	Slide 42
	Slide 43
	Slide 44: Helium NLTE Modelling 
	Slide 45
	Slide 46: He features should* be visible around 4-5 days…
	Slide 47: For both methods cap X sub cap H e less than 0.05
	Slide 48
	Slide 77: He I - 1 mu m feature?
	Slide 78: Helium NLTE Modelling 
	Slide 79: Helium NLTE Modelling 
	Slide 80: Helium NLTE Modelling 
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85: Connecting remnant lifetime with the EOS
	Slide 86: Connecting remnant lifetime with the EOS
	Slide 87: Implications for nuclear equation of state
	Slide 88: sGRB implication
	Slide 89: Propogated uncertainties
	Slide 90: Steep dependencies helps EoS constraints
	Slide 91
	Slide 92: Thank you

