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NIR Spectroscopy of SNe Ia at Nebular Phases 

Significant 
differences 
between 
SNe Ia 
subtypes in 
the NIR 

Figure from Hsiao et al. 2019



NIR Spectroscopy of SNe Ia at Nebular Phases 

Currently more photometry 
than spectroscopy 
(will only increase with LSST) 

Need to strategically use 
spectroscopic resources for 
follow up observations



NIR Spectroscopy of SNe Ia at Nebular Phases 

SN 2015F observations with HST

Graur et al. 2016

Nebular Phase = ejecta has 
become optically thin

NIR goes nebular before optical 

Innermost region contains clues 
about the progenitor 



SN 1994D in NGC 4526
(HST image: https://www.spacetelescope.org/images/opo9919i/)

SN Ia Origins

SNe Ia = Thermonuclear 
explosion of at least one 
Carbon-Oxygen White Dwarf

Classified by optical spectra:
No H or He  

https://www.spacetelescope.org/images/opo9919i/


SN 1994D in NGC 4526
(HST image: https://www.spacetelescope.org/images/opo9919i/)

SN Ia Origins

❏ Does the WD have a 
companion star? 

❏ How massive is the 
progenitor WD?

https://www.spacetelescope.org/images/opo9919i/


SN 1994D in NGC 4526
(HST image: https://www.spacetelescope.org/images/opo9919i/)

SN Ia Origins

❏ Does the WD have a 
companion star? 

❏ How massive is the 
progenitor WD?

https://www.spacetelescope.org/images/opo9919i/


Searching for Companion Signatures

Image Source: Astrobites

Single Degenerate 
vs. 

Double Degenerate 
Progenitor System



Searching for Companion Signatures

Image Source: Astrobites

Surviving H from 
companion star may 
be embedded in low 
velocity ejecta

Possible evidence of 
single degenerate 
progenitor scenario



Most SNe Ia do NOT exhibit 
Hydrogen in nebular phase 
optical spectra, but.....

Tucker et al. 2020

Searching for Companion Signatures



But narrow H𝛼 has been 
detected in the optical at nebular 
phases for a few SNe Ia
(Kollmeier et al. 2019, Prieto et al. 2020, 
Elias-Rosa et al. 2021)

 

Figure from Prieto et al. 2020

Searching for Companion Signatures



But narrow H𝛼 has been 
detected in the optical at nebular 
phases for a few SNe Ia
(Kollmeier et al. 2019, Prieto et al. 2020, 
Elias-Rosa et al. 2021)

H not detected at earlier times, 
variable emission at late times 

Possible evidence of single 
degenerate progenitor scenario 

Figure from Prieto et al. 2020

Searching for Companion Signatures



Maeda et al. 2014

Searching for Companion Signatures

NIR Pβ may be easier to 
detect than optical H𝛼



Kumar 2023

NIR Pβ



Kumar 2023

NIR Pβ

± ~ 500 km/s

Kollmeier et al. 2019, Prieto et al. 2020



NIR Pβ

Kumar 2023

No strong NIR detection 
of H at nebular phases

Consistent with optical 
results 



Nebular Phase NIR 
Spectroscopy & 
SN Ia Progenitor WD 
Properties



Ground-Based 
NIR Challenge: 
Telluric 
Absorption from 
the Atmosphere 

Figure from Hsiao et al. 2019



Ground-Based 
NIR Challenge: 
Telluric 
Absorption from 
the Atmosphere 

Figure from Hsiao et al. 2019

★ Can use Nebular Phase NIR Spectroscopy to investigate progenitor 
central density both with and without telluric corrections 



With Telluric Corrections:

The Search for Stable Nickel 



➢ How can we distinguish between M
ch

 and sub-M
ch

 progenitors?

Progenitor mass tells us about the WD that exploded, 
but may also tell us HOW the WD exploded 
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➢ How can we distinguish between M
ch

 and sub-M
ch

 progenitors?

Progenitor mass tells us about the WD that exploded, 
but may also tell us HOW the WD exploded

Certain explosion mechanisms are associated with certain progenitor 
masses, for example:  

● M
ch  

& Delayed Detonation 

● sub-M
ch 

& Helium (double) Detonation 



➢ How can we distinguish between M
ch

 and sub-M
ch

 progenitors?

Density of the innermost region depends on WD mass 



➢ How can we distinguish between M
ch

 and sub-M
ch

 progenitors?

Density of the innermost region depends on WD mass 

Production of stable Iron Group 
Elements (IGEs) requires sufficiently 
high density  
(e.g. Hoeflich et al. 2006)



The Search for Stable Nickel using 
the [Ni II] 1.939 𝜇m Line



The Search for Stable Nickel using 
the [Ni II] 1.939 𝜇m Line

➢ By Nebular Phases, all radioactive Ni has decayed away, so any 
Ni emission at late times must be from stable material 



The Search for Stable Nickel using 
the [Ni II] 1.939 𝜇m Line

➢ By Nebular Phases, all radioactive Ni has decayed away, so any 
Ni emission at late times must be from stable material 

➢ NIR [Ni II] 1.939 𝜇m line is less blended than optical [Ni II] 
lines...but it is in a telluric region



Sufficiently high density conditions 
are required to produce significant 
amounts of stable Nickel 

Figure from Blondin et al. 2018

The Search for Stable Nickel using the 
[Ni II] 1.939 𝜇m Line



Sufficiently high density conditions 
are required to produce significant 
amounts of stable Nickel 

Detection of stable nickel at late 
times may be a way of discerning 
between M

ch
 and sub-M

ch
 

scenarios

(e.g. Friesen et al. 2014, Wilk et al. 2018, 
Blondin et al. 2018, 2022; Hoeflich et al. 2021)

Figure from Blondin et al. 2018

The Search for Stable Nickel using the 
[Ni II] 1.939 𝜇m Line



Kumar et al. 2024 (in prep.)
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Telluric Corrected 
NIR Spectra from the 
Carnegie Supernova 
Project - II 

(CSP-II: Phillips et al. 
2019, Hsiao et al. 2019)

The Search for Stable Nickel using the 
[Ni II] 1.939 𝜇m Line
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The Search for Stable Nickel using the 
[Ni II] 1.939 𝜇m Line

Sub-luminous 1986G-likes
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The Search for Stable Nickel using the 
[Ni II] 1.939 𝜇m Line

Sub-luminous 1986G-likes

● Fast declining light curves 

● Low s
BV

 values

● “Transition” between 
normal SNe Ia and 
1991bg-likes
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The Search for Stable Nickel using the 
[Ni II] 1.939 𝜇m Line

Sub-luminous 1986G-likes

● Stronger NIR Ni 
detections compared to 
normal SNe Ia 

Higher mass progenitors 



No Telluric Corrections? No problem! 



No Telluric Corrections? No problem!

Look at NIR [Fe II] 1.644 𝜇m Line Width
  



Stable IGEs 

Radioactive Ejecta 
At Nebular Phases: 
energy transport 
via positrons from 
56Co 
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Stable IGEs 

Radioactive Ejecta 
At Nebular Phases: 
energy transport 
via positrons from 
56Co 

More stable IGEs in central region = broader [Fe II] 1.644 𝜇m line 



Eventually, positrons escape SN 
ejecta and [Fe II] 1.644 𝜇m line 
becomes narrow 



[Fe II] 1.644 𝜇m Line Width 

Higher Progenitor 
WD Central 

Density 

Broader [Fe II] 
1.644 𝜇m Line

Figure from Diamond et al. 2015

Line eventually narrows 
when positrons escape

1D DDT models 
from Diamond 
et al. 2018



➢ Method: Measure total range of 
possible line widths by assuming 
maximum and no continuum 
(Diamond et al. 2015, Kumar et al. 2023)

➢ 17cbv has broadest NIR [Fe II] line 
in this sample - possibly higher 
mass progenitor 

Kumar 2023

[Fe II] 1.644 𝜇m Line Width 



[Fe II] 1.644 𝜇m Line Width 

Advantages of this method

❏ Constraints on progenitor WD central 
density, and therefore mass 

❏ Comparison to models to improve 
understanding of energy transport 
within SN ejecta at late times 

❏ [Fe II] 1.644 feature is not affected 
by tellurics 

❏ Useful measurements can be made 
with lower S/N spectra (i.e. Band 2 
conditions)

Figure from Graham et al. 2022



Nebular Phase NIR Spectroscopy of SNe Ia 
What we can learn about SN Ia Origins

Sahana Kumar - bsw2dc@virginia.edu

Companion Signatures [Ni II] 1.939 𝜇m [Fe II] 1.644 𝜇m Line Width

➢ Detection of H at 
nebular phases could 
be evidence of single 
degenerate 
progenitor system

➢ NIR results consistent 
with optical: most 
normal SNe Ia do not 
exhibit H at late times

➢ So far H has only been 
detected in the optical 
in a few SNe Ia 

➢ Detection of stable 
nickel at late times 
could discern between 
M

ch
 and sub-M

ch
 

explosions

➢ Requires telluric 
corrections for 
ground-based 
observations

➢ Subluminous 86G-likes 
show strongest NIR Ni 
detections, possible 
evidence of higher mass 
progenitors

➢ Higher progenitor 
central density (which 
is a proxy for 
progenitor mass) 
produces a broader [Fe 
II] feature 

➢ Small sample study 
shows difference in [Fe 
II] line widths 

➢ Useful measurements 
can be made with low 
S/N spectra 

➢ Not affected by telluric 
regions 


