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SCIENCE JUSTIFICATION

Big Picture: Supernovae (SNe) at redshifts z > 2 are a relatively unexplored frontier that will
make it possible to (1) test Initial Mass Function (IMF) evolution scenarios, (2) constrain the con-
tribution of massive stars to the reionization of the Universe, and (3) discover some of the most rare
and extreme explosions in our Universe from the first (Pop III) stars. With its extreme wide field
of view and near-IR sensitivity, modifications in depth to Roman’s baseline Deep High-Latitude
Time Domain Survey (HLTDS; Rose et al., 2021) will enable the detection and classification of
a statistically significant SN sample to test IMF evolution scenarios between 2 < z < 4. Fur-
thermore, extending the baseline HLTDS in both time (Years 1 & 2) and wavelength (K-band) is
needed to more efficiently color select and classify SNe at z > 2 and extend the detection of rare
transients out much farther (i.e., z > 6). An extended TDS (eTDS) can generate an unparalleled
transient database in terms of combined supernova (SN) redshift reach, area, and timescale (Tab.
1). A strategy of repeated visits will also provide legacy value with exceptionally deep and wide
imaging for static-sky science comparable to COSMOS-Webb' in depth (F158 ~ 29.5/F213 ~ 27.5
mag), but 8x larger in area! An eTDS costs between ~400-1000 hours, depending on final design.

The Relevance of Massive Stars at High-z: The Epoch of Reionization (EoR) is a crucial pe-
riod in the early universe when the first luminous sources, presumably massive stars in nascent
galaxies, began to impact the neutral Hydrogen around them. Understanding the EoR is valuable
for a variety of astronomical research including, but not limited to, the chemical enrichment, star
formation rate (SFR) history, and galaxy evolution in the early universe (e.g., Behroozi & Silk,
2015; Finkelstein et al., 2015). While the general time-frame for reionization (z ~ 6) is agreed
upon given current observational constraints (e.g. Fan et al., 2006), a number of questions remain
unanswered. For example, recent JWST results have found more galaxies than expected at high-z
(e.g., Finkelstein et al., 2022). While more galaxies than expected could be interpreted as a chal-
lenge to ACDM (e.g. Boylan-Kolchin, 2023), there are several other more likely explanations.

A Potentially Evolving IMF: Finkelstein et al. (2022) present several explanations for the ob-
served over-density of galaxies in their JWST data, but are most intrigued by the possibility of
an evolving, more “top-heavy” IMF. At higher redshifts, low metallicities likely resulted in stars
with inefficient cooling mechanisms and, thereby, very high stellar masses (> 100 Mg; Vink et al.,
2001; Kudritzki, 2002). In fact, a constant IMF is not even expected theoretically, and a more
top-heavy IMF has already been invoked as a possible mechanism for addressing the buildup of
“too-massive” galaxies at high-redshifts (e.g., Larson, 1998; Ferguson et al., 2002; Lacey et al.,
2008; Davé, 2008; Labbé et al., 2023). While no variations have been unequivocally detected in
local studies (Kroupa, 2001), there are hints of IMF variations that favor larger proportions of high
mass stars in high-z galaxies (Savaglio et al., 2005; Erb et al., 2006a,b,c; Maiolino et al., 2023).

Using Supernovae to Measure the IMF and Defining «: SNe hold the key for testing IMF evolu-
tion models. Massive stars (Mzams = 8 Mg) end their lives as core-collapse supernovae (CCSNe).
CCSN rates trace the most recent star formation. To understand any changes in the IMF, the CCSN
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rate must be compared relative to the SFR. A useful metric in the field is k, which is defined as
the ratio of the volumetric CCSN rate, R(z), to the cosmic star-formation rate, SFR(z) (i.e., R(z) =
k X SFR(z) ; Botticella et al., 2012). An evolving k may indicate a changing SFR, changing IMF,
or a higher fraction of CCSNe due to other causes, such as more/less efficient explosion pathways
at high-z. It could also be a combination of effects. Measuring the redshift dependence of « is a
critical first in disentangling the contributing effects.

A New Field of Transient Astronomy with Extreme, Rare, and Bright Explosions: Measuring
SN rates at z > 2, even with Roman, will be possible only with the brightest CCSNe. If the
IMF does indeed become more “top-heavy” as a function of redshift, the most massive of these
stars (i.e., >100 My) may also be the source of some of the most extreme and elusive explosions
in the Universe, including those from the first stars (i.e., Pop III). These paramount explosions
include the brightest CCSNe, super-luminous supernovae (SLSNe; Quimby et al. 2011), and pair-
instability supernovae (PISNe; Woosley et al. 2007). Such transients are not only necessary for
conducting our IMF experiment, but inevitably open an entirely new field of transient astronomy
in and of themselves. For example, the currently unknown powering mechanism for SLSNe (i.e.,
magnetars/interaction) is also likely present in other transients (normal CCSNe, GRBs, kilonovae,
etc.), but its dominance in SLSNe makes it easier to study (e.g., Nicholl et al., 2013). Also, while
PISNe are mostly theoretical at this point (but see SN 2018ibb, Schulze et al., 2023), the discovery
and study of PISNe are essential to understand progenitors, explosion dynamics, compact objects,
and most importantly, new physics, from the first generation of stars (e.g., Hummel et al., 2012).

TECHNICAL JUSTIFICATION

Big Picture Strategy: To be clear, Roman cannot probe the IMF evolution at z > 6. But with
several modifications to the baseline Deep HLTDS design summarized in Table 2 of Rose et al.
(2021), Roman can produce a significant SN sample out to at least z = 4, an important anchor for
any future high-z studies. These modifications will also allow for the discovery of extreme and
rare high-z explosions at z > 6. For newly discovered SNe, the redshift will be constrained by a
combination of the intrinsic color and, if available, the host galaxy redshift measured from both
photo-z’s and possibly Prism observations by the HLTDS. The SN will be classified by its color
and light-curve obtained by long-term monitoring. JWST spectroscopy will be a useful tool, but
not necessary to do the bulk of the science. An eTDS will require a combination of depth, area,
filter combination, and cadence, all of which we expand upon below. A significant amount of this
work was first outlined by Moriya et al. (2021) and a complementary white paper is also being led
by Moriya, who is a Co-I on this team. This White Paper focuses more on the IMF, while Moriya’s
White Paper focuses more on the explosions themselves.

Survey Size and Depth: The science driver for defining our survey parameters is the number of
SNe necessary at each redshift to constrain « evolution scenarios. While there are many potential
scenarios, we consider only two in Fig 1 (left): (1) a constant x and (2) an evolving k. The cur-
rent best-fit to the data is unconstrained and not representative of any physical model, stressing
the need to go out to higher-z. We assume that differentiating between models is dominated by
counting statistics. In other words, to differentiate at the 100 level requires a survey that predicts
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a difference in yields of ~100 CCSNe. Using our simulations, Fig 1 (right) shows the number
of SNe at 2 < z < 4 for both the baseline survey depth of F158 = 27.5 mag per epoch (red) and
going deeper to roughly F158 = 28.7 mag per epoch (blue), where we define below an epoch to be
stacked observations within ~1 month. Given our statistical requirements, going deeper (F158 >
27.5 mag per epoch) is necessary for this experiment. Going as deep as F158 = 28.7 mag may not
be necessary. Tradeoffs should be explored, but Fig 1 gives a sense of the impact of those variables.

Filters (and Depth Again): The eTDS would benefit from adding F213 to detect higher red-
shift targets. The color-magnitude space for various transients is shown in Fig 2 for both our
preferred eTDS filter combinations (F158/F213) and the current HLTDS (F158/F184). Although
HLTDS goes sufficiently deep to detect some high-z transients (particularly SLSNe), the figure un-
derscores that to color discriminate these events we must (1) use the F213 filter, and (2) go deeper
in two filters (F158~28.7 and F213 =~ 26.6) in a single epoch, which we again define as stacked
observations within ~ 1 month. Tradeoffs should be explored, but Fig 2 gives a sense of the impact.

Advantage of Slitless Spectroscopy: We also note that deep HLTDS Prism observations of any
fraction of the field would be welcome as they provide spectroscopic redshifts for the host galaxies.

Cadence/Timing: PISNe and SLSNe already have long-lasting light-curves (Fig 3). Atz > 4,
PISN light curves can already span five years. Monitoring the evolution of these light-curves re-
quires epochs separated roughly 6 months apart. The eTDS proposes to extend the HLTDS to five
years and implement a six-month cadence. Such a cadence and time-scale are necessary not just
for characterizing these transients, but also filter out low-z fast-evolving SNe. Further cadence
designs are possible and encouraged within this framework.

Contiguous: Only the total area matters, but we point out the current HLTDS is already optimal.

Survey Time and Comparison to HLTDS: Our proposed eTDS both complements and stands out
from the HLTDS by expanding it in three important ways: (1) wavelength out to K band, (2) SN
reach to beyond z = 6, and (3) the timescale from ~ 2 to ~ 4 — 5 years. The survey parameters are
driven by the desired sensitivity to and rates of SLSNe and PISNe at high-z. To go deep enough,
we will require roughly forty 300-sec exposures in both proposed filters (F158 and F213), adding
~6 extra hours per pointing (totaling 100 hrs for the 15 pointings) every 6 months for 2-4 years,
for a total of roughly 800 hours. A trade study is possible to decrease this time, which we think
can be done for as little as 400 hrs if we limit our redshift range. A complete swap of the F213
with the F184 filter can keep the overall change in time request at a minimum (we estimate F184
currently costs 540 hrs total). We prefer keeping the F158 filter due to its sensitivity and better
color leverage when combined with F213. An even shorter wavelength filter (F106 or F129) is
still necessary to filter out low-z transients. For each epoch, individual exposures would consist
of shorter integrations spaced out over a designated time frame (~1 month) to optimize sampling
of low-z/faster-evolving transients. The choice of field is open-ended, but we strongly recommend
overlap with the SN/HLTDS field to optimize monitoring of long-term (i.e., 4-5 year) variability.



Table 1: Characteristics of Various Space Time-Domain Surveys?

Name Near-IR Sensitivity®® SN Zmax (M>-21) | Area | Timescale
(mag) () (deg?) (yr)
HLTDS F158=27.5, F184=27.7 5.3 5 2
eTDS F158=28.7, F213=26.6 8.5 5 > 4
COSMOS-Webb | F444W=27.7, F277TW=28.1 0.6 1
F150W=27.6, F115W=27.4 5.5 0.6 1
F770W=23.9 0.2 1
HST-COSMOS! F814W=26.2 - 1.7 2
CANDELS F160W=25.4, F125W=25.8 2.3 0.25 3
GOODS! F8501p=25.4 - 0.08 4

# All numbers are rough approximations since many numbers are case-dependent.

b 50 detection in difference imaging.

¢ In roughly a month of stacked images, which we take to correspond to a single epoch.
4 These surveys had no sensitivity in the near-IR, but found no transients at z > 2.
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Figure 1: (left) Adapted from Strolger et al. (2015), the core-collapse SN (CCSN) rate as a function of
redshift. We define k as the ratio of the volumetric CCSN rate, R(z), to the cosmic star-formation rate,
SFR(z) (i.e., R(z) = k X SFR(2)). k incorporates changes to the IMF due to a variety of different variables,
but can be interpreted as a proxy for the degree of top-heaviness in the IMF. Filled circles are individual
(blue) and binned (maroon) observations from the literature. Over-plotted are the best-fits for two models:
(1) a constant « (purple) and (2) an evolving « (gold). The current best-fit to the data (green) is currently
unconstrained and not representative of any physical model. To differentiate scenarios, higher-redshift data
are needed. (right) The Figure of Merit (FOM), which shows the number of SNe at 2 < z < 4 as a function
of area for several illustrative examples. Red lines correspond to the current baseline survey (F158=27.5
mag per epoch), while blue shows the impact of going deeper (F158=28.7 mag per epoch). We define an
epoch as stacked observations within ~1 month. Solid lines correspond to an evolving «, while dotted lines
correspond to a constant «. To differentiate between IMF scenarios, a F158>27.5 mag survey is required.
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Figure 2: The color-magnitude phase space for (left) the current HLTDS (F158W/F184W) and (right) our
proposed eTDS (F158W/F213W). The F158W-F213W color is critical to distinguish SLSNe and PISNe at
z > 6 (orange and red) from lower-redshift SNe Ia and CCSNe (in blue and purple). Additional epochs,
corresponding light-curves, and potential spectroscopic follow-up will help to further classify the SNe.
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Figure 3: Theoretical observer-frame light curve models of SLSNe (left) and PISNe (right) at
7z = 4 (dotted) and z = 6 (solid). These light-curves tend to slowly evolve and last for >2 years. Horizontal
black arrows at the bottom mark the corresponding time-scales of both the HLTDS and eTDS, while
horizontal colored lines identify the sensitivity per epoch, where the calculation for the deep HLTDS
sensitivity assumes, in one month, six 300 s and 900 s exposures in the F158 and F184 filters, respectively.
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