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ABSTRACT

Type-I Superluminous Supernovae (SLSNe) are an exotic class of core-collapse SN (CCSN) that

can be up to 100 times brighter and more slowly-evolving than normal CCSNe. SLSNe represent

the end-stages of the most massive stripped stars, and are thought to be powered by the spin-down

energy of a millisecond magnetar. Studying them and measuring their physical parameters can help

us to better understand stellar mass-loss, evolution, and explosions. Moreover, thanks to their high

luminosities, SLSNe can be seen up to greater distances, allowing us to explore how stellar physics

evolves as a function of redshift. The High Latitude Time Domain Survey (HLTDS) will provide us

with an exquisite dataset that will discover 100s of SLSNe. Here, we focus on the question of which

sets of filters and cadences will allow us to best characterize the physical parameters of these SLSNe.

We simulate a set of SLSNe at redshifts ranging from z = 0.1 to z = 5.0, using six different sets of

filters, and cadences ranging from 5 to 100 days. We then fit these simulated light curves to attempt

to recover the input parameter values for their ejecta mass, ejecta velocity, magnetic field strength,

and magnetar spin period. We find that four filters are sufficient to accurately characterize SLSNe at

redshifts below z = 3, and that cadences faster than 20 days are required to obtain measurements with

an uncertainty below 10%, although a cadence of 70 days is still acceptable under certain conditions.

Finally, we find that the nominal survey strategy will not be able to properly characterize the most

distant SLSNe at z = 5. We find that the addition of 60-day cadence observations for 4 years to the

nominal HLTDS survey can greatly improve the prospect of characterizing these most extreme and

distant SNe, with only an 8% increase to the time commitment of the survey.
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1. Superluminous Supernovae

Type Ib/c supernovae (SNe) are a common type of core-collapse SN (CCSN) that result from the explosions of

massive stars which have lost their hydrogen (SNe Ib) and helium (SNe Ic) envelopes. These SNe are known to be

powered by the radioactive decay of 56Ni (Filippenko 1997), but the mechanism by which their progenitors lose their

envelopes is not well understood, ranging from stellar winds, to interaction with a binary companion, or pair-instability

events (e.g., Podsiadlowski et al. 1992; Woosley et al. 2007; Aguilera-Dena et al. 2023). Over the past decade, a rare

class of stripped-envelope CCSN has been identified and dubbed Type I superluminous supernovae (SLSNe). SLSNe

can have luminosities up to 100 times brighter than SNe Ib/c (Quimby et al. 2011), and are therefore thought to be

powered by a completely different mechanism, namely a millisecond magnetar engine created during the explosion

(Kasen & Bildsten 2010; Woosley 2010).

Thanks to their extreme nature, SLSNe can be particularly useful for studying CCSNe, stellar evolution, and the

high-redshift universe. Probably the most critical parameter to measure from SLSNe is their ejecta mass. Knowing

the mass of the ejecta allows us to infer the masses of their progenitors, explore how these relate to other types of SNe,

and test against different stellar evolution models. The ejecta masses of SLSNe can reach up to ∼ 40 M⊙ (Blanchard

et al. 2020), further than the maximum of ∼ 20 M⊙ inferred for typical SNe Ib/c (Gomez et al. 2022). This suggests

that the creation of a magnetar allows for the detection of SNe from more massive stars. Comparisons between the

mass distribution of SLSNe to stellar evolution models seem to suggest that SLSNe are more likely to be produced

in binary stars (Blanchard et al. 2020). Other parameters such as the ejecta velocity or magnetar properties can

help us to better understand the physics of the explosion. If we know the velocity of the ejecta, we can use this to

estimate how efficient SLSNe are by measuring the total kinetic energy released in the explosion and comparing it to

the total radiated luminosity. Additionally, measuring the magnetar spin period and magnetic field allows us to know

the properties of the magnetar formed in the explosion, how much this contributes to the total luminosity of the SN,

and whether or not magnetars can be formed in other types of SNe (Gomez et al. 2022).

Thanks to their high luminosities, SLSNe can be detected out to larger distances than most SNe. Some of the most

distant SLSNe have been found out to z ∼ 2 (Howell et al. 2013; Hsu et al. 2021). These high-z SNe are likely the best

probes we have to test different stellar evolution models and explore how the rotation rates, masses, and metallicities

of massive stars evolve as a function of redshift (e.g., Schulze et al. 2018; Aguilera-Dena et al. 2020). Massive stars

play a critical role in the reionization of the universe, and while individual stars are too faint to observe at z ≳ 5,

SLSNe are luminous enough to be detected and allow for the direct characterization of massive star properties at

these high redshifts during the epoch of reionization (Moriya et al. 2022), and be used to estimate star formation

rates as a function of redshift (Frohmaier et al. 2021). Some studies have even suggested that SLSNe could be used as

cosmological probes (Scovacricchi et al. 2016). Although the validity of this technique is still pending, this could be

tested with the discovery of even more distant SLSNe.

2. SLSNe in the High Latitude Time Domain Survey

A significant component of the Nancy Grace Roman Space Telescope (Roman) mission will be the High Latitude

Time Domain Survey (HLTDS). While one of the key science drivers of the HLTDS is the study of Type Ia SNe, this

survey will also provide us with an exquisite dataset for all types of transients. We advocate that the study of other

types of extragalactic transients, such as SLSNe, should be considered when defining the parameters of the HLTDS.

The HLTDS is expected to find hundreds of SLSNe during the lifetime of the mission (Rose et al. 2021; Moriya et al.

2022), significantly more than the ∼ 200 total SLSNe discovered to date (Gomez et al. 2022; Chen et al. 2023). Thanks

to the slowly-evolving nature of SLSNe, the HLTDS is particularly well suited to study them, without having to impose

strong constraints on the cadence of the observations.

Here, we focus on optimizing the set of filters and cadences tht are best suited for the characterization of SLSNe, to

measure their physical parameters. We do not, however, consider the effects these choices have on their discovery rate

or the ease of differentiating SLSNe from other transients. We consider the nominal HLTDS survey design from Rose

et al. (2021) as a starting point. This strategy proposes to observe the HLTDS fields on a 5 day cadence during the

middle 2 years of the 5 year survey with two sets of filters: F062, F087, F106, and F129 in a wide region, and F106,

F129, F158, and F184 in a deep overlapping region.
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We estimate the signal-to-noise ratio (SNR) of the HLTDS observations using Pandeia 2.0 (Pontoppidan et al.

2016), the Roman exposure time calculator (ETC). We implement a strategy in which each field is observed with a 10s

exposure time in a “rapid” readout pattern, followed by a 300s exposure in a “deep2” readout pattern with 9 groups.

The addition of the “rapid” readout pattern allows us to observe sources ∼ 2 mag brighter without saturating the

detectors. In this work, we implement this approximation to replicate the capability Roman will have to observe with

unevenly spaced resultants, which is not yet implemented in Pandeia. We assume a benchmark zodiacal background

for these SNR measurements.

3. Simulations

For this analysis, we simulate SLSNe light curves powered by a magnetar central engine model created with the

Modular Open-Source Fitter for Transients (MOSFiT) Python package, a flexible code that uses a Markov chain Monte

Carlo (MCMC) implementation to fit the multi-band light curves of transients (Guillochon et al. 2018). We adopt the

mean physical parameters of SLSNe from Nicholl et al. (2017) and create a model with an ejecta mass of Mej = 9.0

M⊙, an ejecta velocity of Vej = 5000 km s−1, a magnetar spin period of Ps = 2.0 ms, and a magnetic field of

B⊥ = 0.5 × 1014G. We then calculate the expected magnitude of the SLSNe in the Roman filters at redshifts of

z = 0.1, 1.0, 3.0, and 5.0. An example of a model light curve is shown in Figure 1.
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Figure 1. Example light curve model of a SLSN generated with
MOSFiT at a redshift of z = 1.0, where phase is observed days
from explosion. The nominal 5σ upper limits of the HLTDS for
a 300s in each Roman filter are shown as dashed horizontal lines.

We add noise to the model light curves based on the SNR estimates derived using Pandeia, and convert any

measurements below the 5σ detection threshold to upper limits. We simulate light curves at cadences of 5, 15, 30,

45, 60, 80, and 100 days, assuming the best-case scenario that the SN exploded at the beginning of the survey. We

simulate the light curves using six different filter combinations, listed in Table 1 and some representative light curve

examples shown in Figure 2. We include the set of “Nominal 6” filters defined in Rose et al. (2021), the “Bluest 4” set

has the four blue filters from the wide component of the survey design, and “Reddest 4” has the four red filters from

the deep component of the survey. We also include a model with all Roman filters, and one with just the bluest and

reddest filters (F062 + F213).
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Figure 2. Representative examples of four simulated HLTDS observations of SLSN models at increasingly higher redshifts and
longer cadences, where phase is observed days from explosion. At the highest redshifts the SNe become dimmer and harder to
detect, but also last longer, delaying the time of peak. Triangles denote 5σ non-detections.

Table 1. Names for sets of filters explored

Name Filters

All F062+F087+F106+F129+F146+F158+F184+F213

Nominal 6 + F213 F062+F087+F106+F129+F158+F184+F213

Nominal 6 F062+F087+F106+F129+F158+F184

Bluest 4 F062+F087+F106+F129

Reddest 4 F106+F129+F158+F184

F062 + F213 F062+F213

Note—The set of “Nominal 6” filters are the ones defined in Rose et al.
(2021), where “Bluest 4” are the four blue filters from the wide component of
the survey and “Reddest 4” are the four red filters from the deep component
of the survey.

4. Results

To determine how accurately we can recover the physical parameters of SLSNe under different observing strategies,

we fit the simulated model light curves using the same magnetar central engine model with MOSFiT. We assume that

the redshift of the SN is known, and that there is no intrinsic host extinction; which is usually the case for the dim
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dwarf galaxies that host SLSNe (Lunnan et al. 2015). To maintain a realistic scenario, we do not assume that any

other parameter in the MOSFiT model is known. The parameters we fit for include: ejecta mass Mej, ejecta velocity

Vej, neutron star mass MNS, magnetar spin period Ps, magnetar magnetic field strength B⊥, angle of the dipole

moment θBP, explosion time relative to first data point texp, photosphere temperature floor Tmin, optical opacity κ,

and gamma-ray opacity κγ .

The most critical parameter we aim to recover is the ejecta mass Mej, which gives us some of the most critical

information about the progenitor that produced the SN. In Figure 3, we show how the uncertainty on the measurement

of Mej depends on filter choice and cadence at various redshifts. We find that for the most nearby SLSNe, a cadence of

≲ 30 days is needed to measure Mej with an uncertainty of less than 10%. With the exception of the under-performing

F062 + F213 filter set, all other filter choices provide similar constraints on the value of Mej.

We find that the cadence choice is extremely important to determine Vej. In the second row of Figure 3 we show

how the uncertainty in the measurement of Vej drastically increases for cadences ≳ 70 days for the SLSNe at z ∼ 0.1.

We are otherwise able to measure Vej with a 10% uncertainty for most filter choices and cadences up to z = 3, with

the exception of the F062 + F213 filter set, which produces much worse estimates above z = 3.

For both Mej and Vej we find that observing with all Roman filters reduces the measurement in the uncertainty by

a factor of ∼ 2 compared to the “Nominal 6” filters for SLSNe between z = 1.0 and z = 3.0, regardless of the cadence

of the observations. For Ps we find that the Reddest 4 and F062+F213 filter choices perform worse than others for

SLSNe at z = 1. With the exception of some fast cadences at z = 0.1, we find that most of these strategies are unable

to constrain B⊥ with less than 10% error.

4.1. High Redshift SLSNe

We have determined from our analysis the set of filters and cadences that allow us to measure the physical parameters

of SLSNe with a 10% accuracy. Nevertheless, we find that for SLSNe at z = 5 (critical for the study of the epoch of

reionization and the redshift-dependence of stellar evolution), we are not able to recover the values of Mej or Vej to

better than 10% with any choice of filter set or cadence. Therefore, in this section, we relax some of the assumptions

from the previous section. We test the possibility of extending the duration of the survey, increasing the exposure time

of the observations, or considering only the most luminous SLSNe. For these tests, we only consider cadences of 30

days or larger given that at this redshift SLSNe will be heavily time-dilated and thus do not require rapid cadences.

We also only consider the three sets of filter choices from Rose et al. (2021).

First, we explore the effects of doubling the exposure time of the “deep2” component described in §2 to a total of

600s per filter. This strategy reduces the uncertainty in the measurement of Vej and Ps at all cadences by a factor of

∼ 3 and ∼ 5, respectively. The uncertainty on the measurement of B⊥ is also reduced by a similar factor, but not

below the target 10% error. The uncertainty on the measurement of Mej is not significantly different.

We perform the same simulations as above, but instead of adopting the mean parameters of SLSNe, we adopt those

of iPTF13ajg, one of the most luminous SLSNe ever discovered Vreeswijk et al. (2014). We create SLSN models using

an ejecta mass of Mej = 40.0 M⊙, an ejecta velocity of Vej = 10000 km s−1, a magnetar spin period of Ps = 2.0 ms,

and a magnetic field of B⊥ = 1.3× 1014G. Any cadence or filter choice results in an uncertainty in Mej of ∼ 75%, the

uncertainty in the other three parameters are reduced by a factor of 2− 5.

Finally, we explore the effects of doubling the length of the HLTDS to four years instead of two. This is the

strategy that results in the most accurate estimates for Ps and Vej for effectively all cadences. The uncertainty in

B⊥ is significantly reduced down to ∼ 30% for cadences below 60 days. Similarly to doubling the exposure time,

the estimate on Mej does not appear to be significantly affected. Doubling the exposure time for all filters would

also double the required time to complete the HLTDS. On the other hand, doubling the duration of the HLTDS at a

modest cadence of 60 days represents only an ∼ 8% increase over the nominal survey design. Given that the effects of

doubling the exposure times or doubling the length of the HLTDS are comparable, the latter is much preferred.
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Figure 3. Error in the measurement of the ejecta mass, ejecta velocity, spin period, and magnetic field as a function of survey
cadence for four different redshifts (z = 0.1, 1.0, 3.0, 5.0). The colored lines represent different filter choices, and the error bars
represent the scatter on 150 individual model realizations.



Roman SLSNe 7

0

25

50

75

100

125

150

175

200

M
ej

 E
rr

or
 [%

]

Nominal Strategy
Nominal 6
Bluest 4
Redest 4

Brighter SLSN Double HLTDS Duration Double Exposure Time

0

20

40

60

80

100

V e
j E

rr
or

 [%
]

0

20

40

60

80

100

P s
pi

n 
E

rr
or

 [%
]

40 60 80 100
Cadence [days]

0

20

40

60

80

100

B
 E

rr
or

 [%
]

40 60 80 100
Cadence [days]

40 60 80 100
Cadence [days]

40 60 80 100
Cadence [days]

Redshift = 5.0
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strategy doubles the duration to a total of 4 years. The Double Exposure Time doubles the exposure time of each image to 600s.
The colored lines represent different filter choices, and the error bars represent the scatter on 150 individual model realizations
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5. Conclusion

We have simulated observations of SLSNe in the HLTDS to determine the set of filters and cadences that will allow

us to characterize their physical parameters with a target uncertainty of 10% and found:

• Four filters are sufficient to accurately characterize SLSNe out to z = 1.

• Six filters are preferred to characterize SLSNe out to z = 3.

• A cadence of < 20 days is required to constrain Mej, Vej, and Ps with better than 10% uncertainty.

• For cadences above 70 days, the uncertainty in all parameters, but mainly Vej, increases by a factor of 2 to 5.

• Doubling the duration of the HLTDS, even with a 60 day cadence, can reduce the uncertainty in Vej, Ps, and

B⊥ enough to go below 10% for SLSNe at z = 5.

• If the duration of the HLTDS is doubled, the Reddest 4 filters perform better than the Bluest 4.

• Doubling the exposure time of the survey can improve the estimates of Vej, Ps, and B⊥ for SLSNe at z = 5 by

a factor of ∼ 5; although at a high cost of exposure time.

• For SLSNe at z = 5, the nominal survey strategy will only be able to characterize the most luminous SNe.
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