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A B S T R A C T 

The radioisotope 44 Ti is produced through α-rich freezeout and e xplosiv e helium burning in type Ia supernovae (SNe Ia). In 

this paper, we discuss how the detection of 44 Ti, either through late-time light curves of SNe Ia, or directly via gamma-rays, 
can uniquely constrain the origin of SNe Ia. In particular, building upon recent advances in the hydrodynamical simulation 

of helium-ignited double white dwarf binaries, we demonstrate that the detection of 44 Ti in a nearby SN Ia or in a young 

Galactic supernova remnant (SNR) can discriminate between the double-detonation and double-degenerate channels of sub- 
Chandrasekhar (sub- M Ch ) and near -Chandrasekhar (near - M Ch ) SNe Ia. In addition, we predict that the late-time light curves of 
calcium-rich transients are entirely dominated by 

44 Ti. 

Key words: nuclear reactions, nucleosynthesis, abundances – white dwarfs – transients: supernovae. 
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 I N T RO D U C T I O N  

hermonuclear supernovae play a fundamental role in astrophysics.
 or e xample, type Ia superno vae (SNe Ia) are standardizable can-
les used to measure extragalactic distances, which underpin the
utstanding problems of dark energy and the Hubble tension (Riess
t al. 1998 , 2021 ; Perlmutter et al. 1999 ; Di Valentino et al. 2021 ;
reedman 2021 ; Kenworthy et al. 2022 ). Furthermore, SNe Ia are
mong the brightest explosions in the Universe and are thought
o be the dominant source of Fe-peak elements in the Galaxy
Seitenzahl et al. 2013 ). Similarly, Ca-rich supernovae, a recently
isco v ered class of transients, inform us about detonation physics
nd progenitor properties of thermonuclear supernovae in general
Zenati et al. 2022 ). Despite their astrophysical importance, the
xplosion mechanism and stellar progenitors of SNe Ia, and to a lesser
xtent of Ca-rich transients, remain unknown and subject to intense
nvestigation (see re vie ws by Wang & Han 2012 ; Maoz, Mannucci
 Nelemans 2014 ; Soker 2019 ). In particular, it is unknown whether

ormal SNe Ia occur primarily as a result of the thermonuclear
xplosion of a sub-M Ch or near-M Ch carbon-oxygen white dwarf
C/O WD). It is therefore important to bring additional observational
robes to bear on the SN Ia progenitor problem. 
The most abundant radioisotope produced by Ca-rich transients

nd SNe Ia is 56 Ni, which is primarily responsible for powering
he early-time light curve (Pankey 1962 ). Ho we ver, because 56 Ni is
ynthesized during nuclear statistical equilibrium conditions at high
ensities, the yield is insensitive over a wide range of C/O WD
 E-mail: dk osak owski@umassd.edu (DK); mugalino@umassd.edu (MIU) 
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asses, and therefore a relatively weak probe of explosion channels
Diehl et al. 2015 ). Two additional decay chains, produced by 57 Ni
nd 55 Co and their decay products, both the result of neutronized
sotopes, have been detected in nearby SNe Ia and Ca-rich transients:

7 
8 Ni 

1 . 5d −→ 

57 
27 Co 

272d −→ 

57 
26 Fe (1) 

5 
7 Co 

18h −→ 

55 
26 Fe 

3y −→ 

55 
25 Mn . (2) 

hese neutronized isotopes have been suggested as the powering
echanism behind the recently disco v ered slo w-do wn of SN Ia

ight curves at ∼800–2000 d past maximum light (Graur et al. 2016 ;
imitriadis et al. 2017 ; Kerzendorf et al. 2017 ; Shappee et al. 2017 ;
raur et al. 2018a , b ; Yang et al. 2018 ; Jacobson-Gal ́an et al. 2018 ; Li

t al. 2019 ; Graur 2019 ; Tucker et al. 2021 ). These decay chains signal
uclear burning with electron captures in high-density environments,
nd therefore characterize near- M Ch WD progenitors. In contrast, due
o their lower central densities, sub-M Ch WD progenitors generally
roduce significantly less of these neutronized isotopes (Tiwari et al.
022 ). Moti v ated by these factors, studies have been performed
eeking to use 57 Ni and 55 Co to distinguish between SNe Ia progenitor
cenarios (R ̈opke et al. 2012 ). To our knowledge, no such studies have
ttempted to use 44 Ti, another product of SNe Ia. The neutronized
sotopes are specifically informative for SN Ia spectra at times up to

2000 d. For much later times, other radioisotopic signatures such
s 44 Ti (60 yr half life) are required. 

Recent simulations of merging C/O WDs with thin helium layers,
eading to both full and surface-limited detonations, exhibit explosive
elium burning, producing substantial amounts (10 −4 –10 −3 M �) of
he radioisotope 44 Ti (Pakmor et al. 2022 ; Roy et al. 2022 ). Because
ll but the most massive C/O WDs are predicted to have thin helium
© 2022 The Author(s) 
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ayers as the result of stellar evolution (Lawlor & MacDonald 
006 ), this phase of e xplosiv e helium burning with its attendant
ucleosynthesis of 44 Ti will be generic to almost all WD mergers. 
dditionally, models of double-detonation SNe Ia predict similar 
ields ( ∼10 −3 M �) of 44 Ti (e.g. Leung & Nomoto 2020 ). Finally,
ergers with He-enriched WDs (He or hybrid HeCO WDs) can also 

ive rise to enhanced production of 44 Ti (Perets et al. 2019 ). 
In this paper, we discuss the use of 44 Ti as a unique radioisotopic

robe of sub-M Ch WD progenitors. In Section 2 , we present the
ele v ance of 44 Ti for SNe Ia. In Section 3 , we examine the influence
f 44 Ti on the light curves of Ca-rich transients. In Section 4 , we
ummarize existing direct gamma-ray observations and show that 
4 Ti can be used to distinguish between different SN Ia classes.
astly, in Section 5 , we summarize our findings and discuss some of

heir implications. 

 

44 TI  P RO D U C T I O N  IN  SNE  IA  

4 Ti is produced in both core-collapse supernovae (CC SNe) and 
Ne Ia. In CC SNe, it is most naturally produced in the freeze-
ut stage of nuclear burning. The density and temperature sig- 
ificantly affect the nuclear burning time-scale, which determines 
hether a mass element undergoes normal freeze-out or alpha- 

ich freeze-out, with alpha-rich freeze-out being responsible for 
he production of substantial amounts of 44 Ti (Woosley, Arnett & 

layton 1973 ; Thielemann, Hashimoto & Nomoto 1990 ; Woosley 
 Hoffman 1992 ). CC SNe inevitably undergo alpha-rich freeze-out 

nd production of 44 Ti (Woosley et al. 1973 ; Thielemann, Nomoto 
 Hashimoto 1996 ). Because SNe Ia do not usually reach the

onditions of alpha-rich freeze-out, an alternative mechanism is 
equired to produce significant amounts of 44 Ti, namely e xplosiv e 
elium burning (W oosley, T aam & Weaver 1986 ; Livne & Arnett
995 ). 
A star must reach nuclear statistical equilibrium (NSE) in order 

or alpha-rich freeze-out to occur. During the NSE stage, alpha 
articles may merge into iron-group elements via the triple-alpha 
eaction on a time-scale ∝ ρ−1/2 , where ρ is density (Timmes et al.
996 ; Magkotsios et al. 2010 ). A low density rapidly cooling star
ould have a longer freeze-out time-scale, leaving insufficient time 

or alpha particles to merge and consequently lead to the cooling 
own of nuclei in an alpha-rich environment (Timmes et al. 1996 ;
londin et al. 2021 ). For SN Ia models that involve explosive helium
urning, the helium layer of the primary never reaches NSE and 
ubsequently does not undergo alpha-rich freeze-out (Timmes et al. 
996 ). Explosive helium burning is characterized by the triple- 
lpha reaction rate and alpha capture reaction rate, with alpha 
apture likely to play a more significant role (Khokhlov 1984 ; Shen
 Moore 2014 ). During this burning phase, 12 C is produced via

he reaction 3 α −→ 

12 C (Khokhlov 1984 ). Further nucleosynthesis 
roduces heavier elements up to 44 Ti and beyond (Khokhlov 1984 ; 
hokhlov & Ergma 1985 ). If the helium is mixed with carbon,
xygen, or nitrogen, then alpha captures occur much more quickly 
han the triple-alpha reaction, resulting in a fast depletion of alpha 
articles (Shen & Moore 2014 ; Gronow et al. 2020 ). Consequently,
ucleosynthesis of heavier elements such as 56 Ni is suppressed and 
igher abundances of lighter elements such as 44 Ti are produced. 

44 Ti has been directly measured in the CC SNR Cassiopeia A 

Cas A) through gamma-rays and SN 1987A through both gamma- 
ays and its light curve. Additionally, 44 Ti has been measured in SN
987A by fitting the late-time light curve of the SN with the Bateman
quation (Seitenzahl, Timmes & Magkotsios 2014 ). Null detection 
f 44 Ti lines in SNR of the peculiar SN 1885A give upper limits of
0.12 M � of 44 Ti (W. Jianbin; pri v ate communication) which are still
ot constraining the models mentioned abo v e. To date, the only type
f Ia SNR or SNe to have a measurement of 44 Ti is the Tycho SNR
Troja et al. 2014 ). We return to the discussion of the direct detection
f 44 Ti in SNe Ia in gamma-rays in Section 4 . There is strong evidence
hat Ca-rich transients have large helium abundances and can produce 
ubstantial amounts of 44 Ti (Perets et al. 2010 ; Zenati et al. 2022 ).
odels predict these transients could produce as much as ∼10 −1 M �

f 44 Ti (Perets et al. 2010 ; Waldman et al. 2011 ; Zenati et al. 2022 ).
he production of 44 Ti during e xplosiv e helium burning is therefore

mportant for Ca-rich transients as well and can significantly impact 
he shape of their late-time light curves. 

 

44 TI  POWERED  LATE-TIME  L I G H T  C U RV E S  

F  T H E R M O N U C L E A R  SUPERNOVA E  

n this section, we calculate and plot the late-time pseudo-bolometric 
ight curve of SN 2019ehk, a Ca-rich transient believed to originate
rom either a thermonuclear helium detonation or a low-mass stripped 
ore-collapse event (Jacobson-Gal ́an et al. 2020 ; Nakaoka et al. 2021 ;
e et al. 2021 ; Zenati et al. 2022 ). We also make an approximation
f the late-time light curve of SN 2011fe, an SN Ia, and consider
hether it could be used to distinguish between a progenitor of the

ub-M Ch versus near-M Ch channels. 
For the case of SN2019ehk, we calculate late-time pseudo- 

olometric light curves obtained using a nebular model that self- 
onsistently accounts for incomplete gamma-ray and positron trap- 
ing as the ejecta become optically thin (Cappellaro et al. 1997 ;
acobson-Gal ́an et al. 2021 ), 

 ( t) = S 56 Co ( t) + S 44 Ti ( t) , (3) 

here contributions due to each isotope decay chain are denoted by
 subscript. The contributions due to heating from radioactive decay 
f unstable isotope 44 Ti is given by the Bateman equation solution
Seitenzahl, Taubenberger & Sim 2009 ; Bateman 1910 ), 

 A ( t) = M( A ) ε A e 
−λA t , (4) 

here λA is the decay rate, M ( A ) is the mass of a radioactive isotope
ith atomic number A , and ε A is the specific average decay energy. 
We can manipulate the Bateman equation solution to obtain a 

ondition that a more slowly decaying radioisotope (e.g. λB < 

A ) al w ays dominates the energy input of a more rapidly decaying
pecies, 

M( B) 

M( A ) 
> 

λA 

λB 

ε A 

ε B 
. (5) 

his expression yields the critical mass ratios M ( 44 Ti) / M ( 57 Co) ≥
15 and M ( 44 Ti) / M ( 55 Fe) ≥ 8.19, in order for 44 Ti to dominate the
ate-time light curve entirely. The model of Waldman et al. ( 2011 )
hich most closely matches the kinetic energy and 56 Ni yield of SN
019ehk, the N14-enriched 0.2 M � helium layer on top of a 0.5 M �
/O WD (model CO.5HE.2N.02), satisfies these nucleosynthetic 
riteria, strongly suggesting that the light curve of SN 2019ehk 
nd similar Ca-rich transients will transition directly from a 56 Ni- 
ominated phase to a 44 Ti-dominated phase. 
Heating from gamma-rays emitted from 

56 Co decay is given by, 

 

γ
56 Co 

( t) = 0 . 81 S 
[ 
1 − e −( t γ /t) 2 

] 
, (6) 

hile the energy released by gamma-rays produced through positron 
nnihilation corresponds to the following expression, 

 

+ 

56 Co 
( t) = 0 . 164 S 

[ 
1 − e −( t γ /t) 2 

] [ 
1 − e −( t + /t) 2 

] 
, (7) 
MNRASL 519, L74–L78 (2023) 



L76 D. Kosakowski et al. 

M

Figure 1. Late-time pseudo-bolometric light curves obtained for the Ca-rich 
SN 2019ehk using measured yields for 56 Co from Jacobson-Gal ́an et al. 
( 2021 ) ([ 56 Co] = 2.8 × 10 −2 M �), and 44 Ti from Zenati et al. ( 2022 ) ([ 44 Ti] 
= 7.34 × 10 −3 –1.46 × 10 −2 M �). The horizontal dotted lines represent the 
upper- and lower-bound contribution of 44 Ti to the light curve. 
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Figure 2. Inferred isotropic photon count rate (4 π × F γ × d 2 kpc ) for double 

degenerate (DD) mergers: [ 44 Ti] = 1.0 × 10 −4 –1.0 × 10 −3 M � (Roy et al. 
2022 ; Pakmor et al. 2022 ) and single degenerate (SD) near - M Ch : [ 44 Ti] = 

1.15 × 10 −6 –4.25 × 10 −5 M � (Leung & Nomoto 2018b ) compared with 
Kepler, Tycho, and G1.9 + 0.3 SNRs. Kepler: t = 406 yr, d = 5.1 kpc, upper 
bound F γ = 1.1 × 10 −5 phcm 

−2 s −1 (Weinberger et al. 2020 ). Tycho: t = 

442 yr, d = 4.1 kpc, F γ = (1.4 ± 0.6) × 10 −5 phcm 

−2 s −1 at 78 keV line 
(Troja et al. 2014 ). G1.9 + 0.3: t = 120 yr, d = 8.5 kpc, upper bound F γ = 

1.0 × 10 −5 phcm 

−2 s −1 (Weinberger et al. 2020 ). 
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here S = M( 56 Ni ) ε 56 Co 

[
e −λ56 Co t − e −λ56 Ni t 

]
, and t + 

, t γ are time-
cales for positron and gamma-ray trapping. We adopt the positron
rapping times-cale used in the late-time light curve fit by Kerzendorf
t al. ( 2017 ) t + 

= 1200 d, which is attributed to weak magnetic fields
n the ejecta. We use the measured yields of [ 56 Co] = 2.8 × 10 −2 M �
rom Jacobson-Gal ́an et al. ( 2021 ) and [ 44 Ti] = 7.34 × 10 −3 –
.46 × 10 −2 M � from Zenati et al. ( 2022 ) to obtain bounds for
N2019ehk (see Fig. 1 ). Jacobson-Gal ́an et al. ( 2021 ) estimate the
mount of 57 Co to be less than 8.3 × 10 −4 M �, which indicates
he amount of 44 Ti is less than 9.55 × 10 −2 M � (by critical mass
atios from equation 5 ), consistent with the range we use. We find
hat the light curve will be powered by 44 Ti decay after 740–800 d
 ∼2.0–2.2 yr) post-explosion. Additionally, we note that the Ca-rich
ransient SN2021gno could also be powered by 44 Ti at late times due
o the fact that it produced a similar amount of 56 Co and is consistent
ith the models of Zenati et al. ( 2022 ) (Jacobson-Gal ́an et al. 2022 ).
For the case of SN 2011fe, we use the Bateman solution and

nclude the effects of 57 Co and 55 Fe. We take the estimated yields
or 44 Ti from simulated models of near-M Ch WD (Leung & Nomoto
018a ), sub-M Ch double degenerate WD mergers (Roy et al. 2022 ;
akmor et al. 2022 ), and sub-M Ch double detonations (Leung &
omoto 2020 ), generating lower and upper bounds for each channel.
sing the e xpression abo v e, the light curve from double degenerate
ergers is estimated to be dominated by 44 Ti decay past (4.51–

.00) × 10 3 d ( ∼12.3–21.9 yr), and from double detonations (4.01–

.71) × 10 3 d ( ∼11.0–26.6 yr) post-explosion. Lastly, for near-M Ch 

rogenitors, 44 Ti is projected to power the light curve after 9.3 × 10 3 –
.48 × 10 4 d ( ∼25.5–40.5 yr). This calculation is approximate, since
t neglects the role of recombination and other atomic processes in the
ate-time light curve that could play a significant role. Detailed late-
ime light curve calculations including these atomic processes will
e required to separate the 44 Ti contribution from the recombination
nd atomic physics ef fects. Ho we ver, the large separation of predicted
ime-scales suggests the direct detection of 44 Ti around one decade
fter the explosion would strongly point towards a sub- M Ch explosion
n SN 2011fe. 
NRASL 519, L74–L78 (2023) 
 D I R E C T  DETECTI ON  O F  

44 TI  F RO M  

ALACTI C  SNE  IA  IN  G A M M A - R AY S  

Ne may be observed through the gamma-ray decay of radioiso-
opes synthesized in the explosion (Renaud et al. 2006 ). Recent
tudies have found the upper gamma-ray flux limit of two Galactic
NRs, Kepler and G1.9 + 0.3, to be 1.1 × 10 −5 phcm 

−2 s −1 and
.0 × 10 −5 phcm 

−2 s −1 , respectively, using a combined fit for the
8 keV, 78 keV 

44 Ti decay lines and the 1157 keV 

44 Sc decay line
Weinberger et al. 2020 ). The upper limit for Kepler corresponds
o a mass limit of 4.0 × 10 −4 M �, placing it just outside the range
f 10 −2 –10 −3 M � predicted by previous double-detonation models
Weinberger et al. 2020 ). The Tycho Ia SNR has been detected with
he Burst Alert Telescope (BAT)/ Swift at a flux of (1.3 ± 0.6) ×
0 −5 phcm 

−2 s −1 for the 68 keV line and a flux of (1.4 ± 0.6) ×
0 −5 phcm 

−2 s −1 for the 78 keV line (Troja et al. 2014 ). 
The gamma-ray line flux F γ is given by 

 γ = 

8 . 21 × 10 −3 M 4 exp ( −t/ 87 . 7 yr ) 

d 2 kpc 

γ cm 

−2 s −1 , (8) 

here M 4 is the mass of 44 Ti in units of 10 −4 M �, d kpc is the distance
n kpc from the Sun, and γ denotes one photon (The et al. 2006 ). We
onsider the distance-independent isotropic count rate, 4 π × F γ ×
 

2 
kpc , as a function of age, and plot our results o v er 500 yr (see Fig. 2 ),
panning the ages of the three SNRs we are interested in. For Tycho,
e use the time of detection (Troja et al. 2014 ). For Kepler and
1.9 + 0.3, we use the time for which upper bounds were calculated

Weinberger et al. 2020 ). We consider the double degenerate merger
hannel, and the single degenerate near-M Ch channel. We adopt 44 Ti
ass ranges obtained from recent multidimensional hydrodynamical

imulations; [ 44 Ti] = 1.0 × 10 −4 − 1.0 × 10 −3 M � for He-ignited
ouble-degenerate mergers (Roy et al. 2022 ; Pakmor et al. 2022 ),
nd [ 44 Ti] = 1.15 × 10 −6 –4.25 × 10 −5 M � for single degenerate
ear-M Ch SNe Ia (Leung & Nomoto 2018b ). 
Significantly, the detection for Tycho is consistent with current

umerical simulations of helium-ignited double-degenerate mergers.

art/slac152_f1.eps
art/slac152_f2.eps
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n contrast, the upper bound for G1.9 + 0.3 is consistent with
umerical simulations of the single degenerate near -M Ch event, b ut 
ot with a double-degenerate merger. The upper bound for Kepler 
s consistent with models of either a double-degenerate event or a 
ingle degenerate near-M Ch event. 

 C O N C L U S I O N  

n this paper, we hav e e xplored the use of 44 Ti as a unique probe
f SN Ia progenitors. We discussed the production of 44 Ti during 
 xplosiv e helium burning and how this implies that a substantial
mount (10 −4 –10 −3 M �) should be expected for almost any double-
egenerate merger. Moti v ated by this, we considered the influence of
4 Ti on the very late-time light curves of SN 2019ehk and SN 2011fe.

e predict the light curve of SN 2019ehk will be entirely dominated
y 44 Ti after 550–820 d. We also suggest that the light curve of SN
011fe might become dominated by 44 Ti decay at different time- 
cales depending on whether it was a double-degenerate merger 
(4.51–8.00) × 10 3 d], a double detonation [(4.01–9.71) × 10 3 d], or 
 single-de generate near-M Ch e xplosion (9.3 × 10 3 –1.48 × 10 4 d).
ore detailed calculations incorporating recombination effects are 

equired to make conclusive predictions about SN 2011fe. The final 
nalysis carried out was a comparison of three Galactic SNRs with 
he predicted gamma-ray flux of double-degenerate mergers and the 
ingle-degenerate near-M Ch channel. We find the Tycho detection 
o be consistent with a double-degenerate merger, while the upper 
ound for G1.9 + 0.3 is consistent with a single degenerate near-
 Ch event and rules out a double-degenerate merger . Kepler’ s upper

ound is consistent with either of the two channels. 
There are tw o k e y cav eats to the analysis carried out in this paper

hat need to be considered. One is that there is currently a limited
arameter space for 3D hydrodynamical simulations of helium- 
gnited mergers. As future work is performed, it will be possible
o put stronger constraints on the predicted ranges of 44 Ti yields. The
econd caveat is the possibility of a significant amount of 44 Ti being
ravitationally bound and falling back onto the surviving remnant. 
he delayed decay of 44 Ti could then drive winds from the surface
f the surviving remnant and lead to a non-negligible contribution 
o the late-time light curve (Shen & Schwab 2017 ). In fact, this
cenario can explain extreme winds in the Galactic SN Iax candidate 
N1181(Lykou et al. 2022 ). These two caveats require further work 

o be done which would strengthen the ability to use 44 Ti as a means
o distinguish between SN Ia progenitors. 

The production of 44 Ti during e xplosiv e helium burning has 
mplications not just for the SNe Ia progenitor problem, but also 
or the Galactic positron problem. The 511 keV signal (due to 
ositron annihilation) was first detected from the Galactic Center 
n the 1970’s (Johnson, Harnden & Haymes 1972 ). After 50 yr,
he main source of these positrons remains uncertain. The decay 
hain 44 Ti −→ 

44 Sc −→ 

44 Ca produces these positrons, making the 
roduction of 44 Ti a key ingredient (Johnson et al. 1972 ). Since
C SNe are known to produce ∼10 −4 M � of 44 Ti, they have
onventionally been thought to produce most of the 44 Ti in the 
alaxy. Ho we v er, the observ ed amount of Galactic 44 Ca is difficult

o explain using only CC SNe (The et al. 2006 ). With SNe Ia capable
f producing even larger amounts of 44 Ti, they are increasingly 
onsidered to make a significant contribution to the Galactic 44 Ca 
bundance (Perets 2014 ; Crocker et al. 2017 ). Recent arguments 
ave shown that Ca-rich transients, such as SNR G306.3 −0.9, alone 
re able to explain the 511 keV signal (Weng et al. 2022 ). 

We note that current detectors such as BAT and INTEGRAL have 
ine sensitivities ∼10 −4 and 10 −5 phcm 

−2 s −1 , respectively (Skinner 
t al. 2008 ; Savchenko et al. 2017 ). These current detectors are
ufficient to constrain 44 Ti yields of young SNRs within the Galaxy
equation 8 ). Future planned telescopes such as COSI and AMEGO
ill reach sensitivities approaching ∼10 −7 phcm 

−2 s −1 (Timmes 
t al. 2019 ). Such high sensiti vities will allo w for direct gamma-ray
etection of ∼10 −4 M � of 44 Ti for any SN Ia remnant in the Galaxy,
he Large Magellanic Cloud (LMC), Small Magellanic Cloud (SMC), 
nd out to distances of up to ∼300 kpc. These future detectors will
lso enable the full range of sub- M Ch mass explosion progenitors to
e confirmed or ruled out for Kepler and G1.9 + 0.3, and also begin to
llow for meaningful constraints to be placed on the 44 Ti abundances
n the youngest SNRs in the LMC and SMC with distances of 50–
0 kpc (Bozzetto et al. 2017 ). 
Additionally, data from telescopes such as the JWST , ELTs, 

oman Space Telescope ( Roman ), and Athena will complement 
rospective gamma-ray observations. Due to their sensitivity in the 
ear-IR, JWST and Roman will make numerous observations of 
Ne Ia and their remnants. JWST will be able to to obtain spectra

n addition to having the ability to detect and follow SNe at z > 1
Gardner, Stiavelli & Mather 2010 ). Roman is expected to observe
10 4 SNe Ia, with the majority of these occurring within redshifts

.5 < z < 2 (Joshi et al. 2022 ). Spectroscopic data will also be
ollected for some fraction of SNe Ia. Athena will be able to map
jecta abundance patterns and allow for the comparison of observed 
D SN Ia explosion properties with those of particular theoretical 
odels (Barcons et al. 2012 ). It will also be able to routinely measure

lements such as 44 Ti in young SNRs in the Galaxy, LMC, and SMC
Barcons et al. 2012 ). These adv ances will be transformati ve in either
irectly measuring or constraining the abundance of 44 Ti in SNe Ia,
nd the associated mechanism of e xplosiv e helium burning on sub-
 Ch WDs. 
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