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ABSTRACT

We present the HOLISMOKES programme on strong gravitational lensing of supernovae (SNe) as a probe of SN physics and cos-
mology. We investigate the effects of microlensing on early-phase SN Ia spectra using four different SN explosion models. We find
that distortions of SN Ia spectra due to microlensing are typically negligible within ten rest-frame days after a SN explosion (<1%
distortion within the 1o spread and <10% distortion within the 20~ spread). This shows the great prospects of using lensed SNe Ia
to obtain intrinsic early-phase SN spectra for deciphering SN Ia progenitors. As a demonstration of the usefulness of lensed SNe
Ia for cosmology, we simulate a sample of mock lensed SN Ia systems that are expected to have accurate and precise time-delay
measurements in the era of the Rubin Observatory Legacy Survey of Space and Time (LSST). Adopting realistic yet conservative
uncertainties on their time-delay distances and lens angular diameter distances, of 6.6% and 5%, respectively, we find that a sample
of 20 lensed SNe Ia would allow us to constrain the Hubble constant (Hy) with 1.3% uncertainty in the flat ACDM cosmology. We
find a similar constraint on Hj in an open ACDM cosmology, while the constraint degrades to 3% in a flat wCDM cosmology. We
anticipate lensed SNe to be an independent and powerful probe of SN physics and cosmology in the upcoming LSST era.
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1. Introduction

In the past few years, strongly lensed supernovae (SNe) have
transformed from a theoretical fantasy to reality. First envis-
aged by Refsdal (1964) as a cosmological probe, a strongly
lensed SN occurs when a massive object (e.g., a galaxy) by
chance lies between the observer and the SN; the gravita-
tional field of the massive foreground object acts like a lens
and bends light from the background SN, so that multiple
images of the SN appear around the foreground lensing object.
The arrival times of the light rays of the multiple images are
different, given the difference in their light paths. The time
delays between the multiple SN images are typically days
or weeks for galaxy-scale foreground lenses, and years for
galaxy-cluster-scale foreground lenses. A strongly lensed SN is
thus nature’s orchestrated cosmic fireworks with the same SN
explosion appearing multiple times one after another. Refsdal
(1964) showed that the time delays between the multiple SN
images provide a way to measure the expansion rate of the
Universe.

The first strongly lensed SN system with multiple resolved
images of the SN was discovered by Kelly et al. (2015), half a
century after the prescient Refsdal (1964). The SN was named
Supernova Refsdal, and its spectroscopy revealed that it was a
core-collapse SN (Kelly et al. 2016a). This lensed SN was first
detected serendipitously when it appeared in the galaxy clus-
ter MACSJ1149.6+2223 in the Hubble Space Telescope (HST)
imaging taken as part of the Grism Lens-Amplified Survey from
Space (GLASS; PI: T. Treu) and the Hubble Frontier Field (PI:
J. Lotz) programmes. While this was the first system that showed
spatially resolved multiple SN images, Quimby et al. (2013,
2014) had previously detected a SN in the PanSTARRS' sur-
vey (Kaiser et al. 2010; Chambers et al. 2016) that was mag-
nified by a factor of ~30 by a foreground intervening galaxy,
although the multiple images of the SN could not be resolved in
the imaging. The first discovery of a strongly lensed type Ia SN
by Goobar et al. (2017) in the intermediate Palomar Transient
Factory (Law et al. 2009), namely the iPTF16geu system, came

! Panoramic Survey Telescope and Rapid Response System.
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two years after the SN Refsdal event. This is particularly exciting
given the standardisable nature of type Ia SNe for cosmological
studies.

With strongly lensed SNe being discovered, we have new
opportunities to use such systems to study SN physics, partic-
ularly SN progenitors. Strongly lensed SNe facilitate observa-
tions of a SN explosion right from the beginning, which was
impossible to do in the past given both the difficulty of finding
SNe at very early phases and the time lag to arrange follow-up
observations after a SN is detected. By exploiting the time delay
between the multiple SN images, the lens system can be detected
based on the first SN image and follow-up (especially spectro-
scopic) observations can be carried out on the next appearing
SN image from its beginning. Early-phase observations are cru-
cial for understanding the progenitors of SNe, especially type
Ia SNe, whose progenitors are still a puzzle after decades of
debate — are they single-degenerate (SD) systems with a white
dwarf (WD) accreting mass from a non-degenerate compan-
ion and exploding when reaching the Chandrasekhar mass limit
(e.g., Whelan & Iben 1973), or double-degenerate (DD) sys-
tems with two WDs merging (e.g., Tutukov & Yungelson 1981;
Iben & Tutukov 1984), a mix of the two, or other mecha-
nisms? A few SNe Ia now have extremely early light-curve
coverage and an UV excess is observed in some of them (e.g.,
Dimitriadis et al. 2019), but there are no rest-frame UV spectra
at such early phases to constrain the origin of the UV emission. A
continuum-dominated UV flux would hint at shocks and interac-
tion of the ejecta with a companion star or circumstellar matter,
which would be prominent for ~10% of the viewing angles and
would favour the SD scenario (Kasen 2010). A line-dominated
early UV spectrum, on the other hand, would probe radioactive
material close to the surface of the SN, as predicted by some DD
models (Maeda et al. 2018).

Strongly lensed SNe with time-delay measurements also pro-
vide a direct and independent method to measure the expansion
rate of the Universe, or the Hubble constant (H), as first pointed
out by Refsdal (1964). There is currently an intriguing tension
in the measurements of Hy from independent probes, particu-
larly between the measurement from observations of the cosmic
microwave background (CMB) by the Planck Collaboration VI
(2020) and the local measurement from the Cepheids distance
ladder by the Supernovae, Hy, for the Equation of State of Dark
Energy (SHOES) programme (Riess et al. 2019). This tension, if
not due to any unaccounted for measurement uncertainties, has
great implications for cosmology as it would require new physics
beyond our current standard flat A cold dark matter (ACDM)
cosmological model. The latest Hy measurement from the Mega-
maser Cosmology Project by Pesce et al. (2020), which is inde-
pendent of the CMB and SHOES, corroborates the measurement
of SHOES, although it is within 30~ of the Planck measurement.
On the other hand, Freedman et al. (2019) measured a Hy value
that is right in between those from the Planck Collaboration VI
(2020) and Riess et al. (2019) through the Carnegie-Chicago
Hubble Program (CCHP; Beaton et al. 2016) using a separate
distance calibrator, the tip of the red giants, instead of Cepheids.
There is ongoing debate about the method (e.g., Yuan et al. 2019;
Freedman et al. 2020) and the results from CCHP and SHOES
are not fully independent due to calibrating sources/data that are
common among the two distance ladders. Strong-lensing time
delays are therefore highly valuable for providing a direct Hy
measurement, completely independent of the CMB, distance lad-
der, and megamasers (Riess 2019).

Given the rarity of lensed SNe, the method of time-
delay cosmography has matured in the past two decades using
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lensed quasars that are more abundant. The COSmologi-
cal MOnitoring of GRAvltational Lenses (COSMOGRAIL,;
Courbin et al. 2018) and the Hy Lenses in COSMOGRAIL’s
Wellspring (HOLiCOW; Suyu et al. 2017) collaborations have
greatly refined this technique using high-quality data and state-
of-the-art analyses of lensed quasars. The latest HOLICOW H)
measurement by Wong et al. (2020) from the analyses of six lens
systems (Suyu et al. 2010, 2014; Wong et al. 2017; Birrer et al.
2019; Jee et al. 2019; Chen et al. 2019; Rusu et al. 2020), which
include three systems analysed jointly with the Strong lensing at
High Angular Resolution Program (SHARP; Chen et al. 2019),
is consistent with the results from SHOES and is >30 higher than
the value from the Planck Collaboration VI (2020), strength-
ening the argument for new physics. Analysis of new lensed
quasars is underway (e.g., Shajib et al. 2020, from the STRong-
lensing Insights into the Dark Energy Survey (STRIDES) col-
laboration), and a detailed account of systematic uncertainties in
such measurements is presented by Millon et al. (2020) under
the new Time-Delay Cosmography (TDCOSMO) organisation.
With time-delay cosmography maturing through lensed quasar,
lensed SNe are expected to be a powerful cosmological probe.

The two known lensed SN systems, iPTF16geu and SN Refs-
dal, do not have early-phase spectroscopic observations for pro-
genitor studies and have yet to yield Hy measurements. The
time delays between the four SN images in iPTF16geu are
short, <1 day (More et al. 2017; Dhawan et al. 2019), and
all four SN images were past the early phase when the sys-
tem was discovered by Goobar et al. (2017). The short delays
also make it difficult to obtain precise Hy from this system,
since the relative uncertainties in the delays (which are >50%;
Dhawan et al. 2019) set the lower limit on the relative uncer-
tainty on Hp. On the other hand, SN Refsdal has one long
time delay between the SN images (~1 year; Treu et al. 2016;
Grillo et al. 2016; Kawamata et al. 2016), in addition to shorter
delay pairs (Rodney et al. 2016). The reappearance of the long-
delayed SN Refsdal image was detected by Kelly et al. (2016b),
providing an approximate time-delay measurement. The pre-
cise measurement of the long delay using multiple techniques
is forthcoming (P. Kelly, priv. comm.), and this spectacular
cluster lens system with multiple sources at different redshifts
could yield the first Hy measurement from a lensed SN (e.g.,
Grillo et al. 2018, 2020).

Even though lensed SNe are very rare, their numbers will
increase dramatically in the coming years thanks to dedicated
wide-field cadenced imaging surveys. In particular, Goldstein
et al. (2019) forecasted about a dozen lensed SNe from the
ongoing Zwicky Transient Facility (ZTF; Bellm et al. 2019;
Masci et al. 2019); most of these lensed SNe will be systems
with short time delays (days) and high magnifications, given
the bright flux limit of the ZTF survey. The upcoming Rubin
Observatory Legacy Survey of Space and Time (LSST; Ivezi¢
et al. 2019)? that will image the entire southern sky repeatedly
for ten years will yield hundreds of lensed SNe (e.g., Oguri &
Marshall 2010; Goldstein et al. 2019; Wojtak et al. 2019). The
efficiency of detecting these systems and measuring their time
delays depends significantly on the observing cadence strategy.
Huber et al. (2019) have carried out the first investigations on
detecting lensed SNe Ia and measuring their delays in the pres-
ence of microlensing, with results that favour long cumulative
season length and higher cadence.

2 LSST was previously known as the Large Synoptic Survey
Telescope.
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With the upcoming boom in strongly lensed SNe, we initi-
ate the HOLISMOKES programme: Highly Optimised Lensing
Investigations of Supernovae, Microlensing Objects, and Kine-
matics of Ellipticals and Spirals. We are developing ways to
find lensed SNe (Cafiameras et al. 2020, HOLISMOKES II)
in current/future cadenced surveys and to model the lens sys-
tems rapidly for scheduling observational follow-up (Schuldt
et al. 2020, HOLISMOKES 1V). We are also exploring in more
detail the microlensing of lensed SNe Ia (Huber et al. 2020,
HOLISMOKES III) and core-collapse SNe (Bayer et al. in prep.,
HOLISMOKES V) for measuring the time delays, following the
works of Goldstein et al. (2018) and Huber et al. (2019).

In this first paper of the HOLISMOKES series, we study
and forecast our ability to achieve two scientific goals with a
sample of lenses from the upcoming LSST: constrain SN Ia pro-
genitors through early-phase observations, and probe cosmology
through lensing time delays. In Sect. 2, we investigate microlens-
ing effects on SNe Ia to determine whether it is feasible to extract
the intrinsic early-phase SN spectra that are crucial for revealing
SN Ia progenitors. In Sect. 3, we forecast the cosmological con-
straints based on an expected sample of lensed SNe from LSST.
We summarise in Sect. 4.

2. Microlensing of SNe la in their early phases

Early-phase spectra (within approximately five rest-frame
days after explosion) carry valuable information to distin-
guish between different SN Ia progenitors (e.g., Kasen 2010;
Rabinak & Waxman 2011; Piro & Nakar 2013, 2014; Piro &
Morozova 2016; Noebauer et al. 2017). Problems arise when
SNe are significantly influenced by microlensing (Yahalomi
et al. 2017; Goldstein et al. 2018; Foxley-Marrable et al. 2018;
Bonvin et al. 2019a; Huber et al. 2019), which distorts light
curves and spectra, and therefore makes these objects hard to
use as a probe for SN Ia progenitors. However, investigations
by Goldstein et al. (2018) and Huber et al. (2019) show that
microlensing of lensed SNe Ia is stronger in late phases than
shortly after explosion. These results raise the hope to use lensed
SNe Ia for the progenitor problem and motivates further investi-
gation of the influence of microlensing on early-phase spectra.

In Sect. 2.1, we describe four explosion models for different
SN progenitor scenarios from the ARTIS simulations (Kromer &
Sim 2009) that we use. We then outline the microlensing formal-
ism in Sect. 2.2, before presenting our results on the microlensed
SN Ia spectra in Sect. 2.3.

2.1. SN la models from ARTIS simulations

To probe the effect of microlensing on SNe Ia, we need the time,
wavelength, and spatial dependence of the SN radiation. For this,
we consider four theoretical explosion models where synthetic
observables have been calculated via ARTIS (Kromer & Sim
2009). We briefly describe these models below; more details are
provided in Noebauer et al. (2017), for example. These models
allow us to explore various progenitor scenarios.

— W7 (carbon deflagration):

The W7 model (Nomoto et al. 1984) is considered one of
the benchmark theoretical models for the explosion of a carbon-
oxygen (CO) WD at the Chandrasekhar mass limit M., since
it reproduces key observable features of SNe Ia. This model is
however not a self-consistent explosion model, in contrast to the
other three models described below. The ARTIS spectral calcula-
tions for the W7 model are presented in Kromer & Sim (2009),

and in this work we use the calculations with seven ionisation
stages.

—N100 (delayed detonation):

Following Ropke et al. (2012), the M., CO WD in this model
has 100 randomly distributed ignition spots that trigger an initial
subsonic deflagration, which then transitions into a detonation.
For more details on the ARTIS spectral calculations, see Sim
et al. (2013).

— subCh (sub-Chandrasekhar mass detonation):

This model is a centrally ignited detonation of a 1.06 My CO
WD (model 1.06 of Sim et al. 2010).

— Merger:

Following Pakmor et al. (2012), this model is a violent
merger of a 0.9 and a 1.1 My CO WD, triggering a carbon deto-
nation in the 1.1 My CO WD and disrupting the system.

We spherically average the photon packets from these sim-
ulations to obtain high signal-to-noise spatial and energy distri-
butions of the photons from the SN Ia models. This is valid for
W7 and subCh models that are spherically symmetric, and is
also a good approximation for the N100 model, which shows
minimal large-scale asymmetry (Ropke et al. 2012) and low
continuum polarisation of ~0.1% (Bulla et al. 2016). While the
merger model is inherently non-spherically symmetric, we find
the spherical averaging to be a good approximation; by following
Huber et al. (2020) in separating portions of the photon packets
of the merger model, we find that different portions of the pho-
ton packets yield similar results and our conclusions thus do not
depend on asymmetries in the merger model.

In Fig. 1, we show the rest-frame spectral evolution com-
puted from ARTIS for the four different explosion models. Each
column corresponds to a particular model as labelled on the top,
and each row is for a rest-frame time ¢ after explosion as indi-
cated on the right. The spectra at t = 4.0, 6.6, and 8.4 days are
significantly different amongst the models, whereas the spectra
att = 20.7 and 39.8 days are more similar to each other in having
iron-line blanketing in the UV and relatively strong absorption
lines. In particular, at = 4.0 days, W7 has weaker absorption
lines especially in the optical and strong emission lines, whereas
N100 and subCh have strong Ca II absorption lines. The W7,
N100, and subCh models are brighter in the UV relative to the
optical, whereas merger is not. At = 6.6 and 8.4 days, N100
has more suppression in flux at wavelengths <3000 A relative
to the optical due to blended groups of Fe II, Ni II, and Mg II
absorption lines, whereas W7 and subCh continue to be bright
in the UV and merger begins to have more UV flux relative to
the optical.

While Fig. 1 shows different relative fluxes in the UV to
optical and different strengths of the absorption features in the
early SN phases amongst the explosion models, we caution that
the exact spectral shapes of these models depend on the vari-
ous approximations used in the radiative transfer calculations
(e.g., Dessart et al. 2014; Noebauer et al. 2017). In particular,
the number of ionisation states and metallicity of the progenitor
could affect the UV spectra at levels comparable to the differ-
ences depicted in Fig. 1 (e.g., Lucy 1999; Kromer & Sim 2009;
Lentz et al. 2000; Kromer et al. 2016; Walker et al. 2012). Fur-
thermore, these spectra do not include thermal radiations from
possible interactions of the SN ejecta with a non-degenerate
companion or with circumstellar matter. Such thermal radia-
tion would only be in the very early phase within ¢ < 4 days
though (e.g., Kasen 2010), so distinguishing spectral features
after approximately four days could still be used as diagnostics.
Therefore, first acquisitions of the early-phase UV spectra would
be extremely useful to provide clues to the explosion/progenitor
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Fig. 1. Spectral evolution of four different SNe Ia explosion models in rest-frame wavelengths. Columns from left to right: W7, N100, subCh,
and merger models. Rows from top to bottom: rest-frame time after explosion in days, as indicated on the right of each row. In early phases (<10
days after explosions), the spectra of different SNe Ia models show distinguishing features that depend on assumptions in the radiative transfer
calculations, whereas at later times the spectra from different models start to resemble one another.

scenarios, and to guide future directions of model developments.
Lensed SNe have a further advantage in that the SN are magni-
fied by the lensing effect, typically by a factor of ~10 for lensing
galaxies and even ~100 for lensing galaxy clusters, which facil-
itates spectroscopic observations?.

2.2. Microlensing formalism and maps

We assume that microlensing maps and positions in the map do
not vary over typical timescales of a SN Ia and the microlens-
ing effect is therefore just related to the spatial expansion of the
SN. This approach is motivated by the work of Goldstein et al.
(2018) and Huber et al. (2019). We closely follow the formalism
described in Huber et al. (2019) to compute microlensing effects
on a SN Ia, and briefly summarise the procedure. The observed
microlensed flux of a SN at redshift z; and luminosity distance
Djum can be determined via

1
Fao(t) = mfdxfd!/h,e(t,%y)#(x’y), (D

where the emitted specific intensity, (¢, x,y), is multi-
plied with the microlensing magnification map* u(x,y) from
GERLUMPH (Vernardos et al. 2015; Chan et al. 2020) and inte-
grated over the whole size of the projected SN Ia. The spe-
cific intensity I, (¢, x, y) depends on the time since explosion ¢,

3 The absolute rest-frame B-band magnitude of a SN Ia at peak is
~ —19. For a SN at redshift 0.5, this corresponds to an apparent magni-
tude of ~23 without lensing magnifications. A lensing magnification by
a factor of 10 would brighten the apparent magnitude to ~20.5.

4 We note that u denotes the magnification factor and not cos 6 as usu-
ally in radiative transfer equations.
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the wavelength A, and the radial coordinate on the source plane
p = /X% + y2, given our spherical averaging of the photon pack-
ets from the models’. The specific intensity profiles for different
times after explosion are shown in Appendix A. Equation (1) is
derived and explained in Huber et al. (2019), who also provide
an example showing the effects of microlensing on spectra and
light curves in detail.

For this work we focus on the spectra, particularly at early
phases. We investigate 30 different magnification maps. These
maps depend on three main parameters: the lensing conver-
gence k, the shear y, and the smooth matter fraction s =
1 — k./k, where k. is the convergence of the stellar compo-
nent. In our analysis we probe (x,y) = (0.29,0.27), (0.36,0.35),
(0.43,0.43), (0.57,0.58), (0.70, 0.70), (0.93, 0.93), where we test
for each combination of « and y the smooth matter fractions of
s = 0.1,0.3,0.5,0.7,0.9. Six of these magnification maps are
shown in Appendix B, in which we also explain further inputs
for producing the magnification maps. The values for the conver-
gence and shear are calculated from the mock lens catalogue of
Oguri & Marshall (2010, hereafter OM10), taking into account
416 lensed SNe Ia that adopted a singular isothermal ellipsoid
(Kormann et al. 1994) as a lens mass model. The two pairs
(x,y) = (0.36,0.35) and (0.70,0.70) correspond to the median
values for type I lensing images (time-delay minimum) and type
IT images (time-delay saddle), respectively. The other (k, y) pairs
are the 16th and 84th percentiles of the OM10 sample, taken
separately for « and .

5 In Eq. (1) the specific intensity is mapped onto a Cartesian grid (x, y)
to combine it with the magnification maps u(x, ). For more details, see
Huber et al. (2019).
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Fig. 2. Deviations (A,(?), see Eq. (2)) of the W7 SN Ia spectra due to microlensing for different times after explosion. The black dashed line
represents the median, and the 10~ and 20 spreads are shown in blue and red shades, respectively, for a sample of 30 different magnification maps
with 10000 random positions per map. The grey dot-dashed line indicates a deviation of 10% in the spectra relative to the intrinsic spectrum
without microlensing effects. The small zoomed-in panels show a region of 150 A to illustrate the small extent of the 1o~ spread especially at early
times. In the early phases within ~10 rest-frame days after explosion, the 20 ranges of the deviations are within 10%.

2.3. Spectral distortions due to microlensing

For each of the 30 magnification maps, we draw 10 000 random
positions in the map to quantify the effect of microlensing on the
SN spectra. For each position we calculate the microlensed flux
Ficro Via Eq. (1) and compare it to the case without microlens-
ing Fiomicro (u = 1) of a given SN Ia model. From this, we can
calculate the deviation A,(#) from the macro magnification as

A/l(t) - F‘micri - Fnomicro _ ~vaicr0 _ l, (2)

no micro Fnr) micro

where F is the normalised flux over a given wavelength range
such that the integrated flux over the wavelength range yields the
same sum for both the microlensed and non-microlensed spectra
(le Fromicro = Fromicros Fmicro = IgFmicro and th~€ normalisa-
tion constant K is set such that f dA Ficro = f dA F o micro)- The
deviation A, quantifies distortions in the spectra of a microlensed
SN relative to the intrinsic SN without microlensing; thus, a
deviation of O across all wavelengths implies no chromatic
microlensing distortion on the intrinsic SN spectra. We note that
a constant (macro)magnification across all wavelengths from
macrolensing without microlensing also yields a deviation of 0,
since Ficro/ Fromicro 18 then the macrolensing magnification (a
constant that is independent of wavelength) and Fricro = Fromicro
after normalisation. Figures A.1 and A.3 of Huber et al. (2019)

provide examples of F e which is FF mee- yp to a constant fac-
tor. From the 30 x 10 000 random conﬁ’gﬁ?ations, we determine
the median deviation of A,(¢) with the 1o range (68% interval,
from the 16 percentile to the 84 percentile of the microlensed
spectra) and 20 range (95% interval, from the 2.5 percentile to
the 97.5 percentile).

We show the deviations at different times after explosions for
the W7, N100, subCh, and merger models in Figs. 2-5, respec-
tively. The median deviation is zero within «1% for all mod-
els, indicating that the microlensing effect does not induce a

systematic distortion on the spectra overall, even though each
microlensed spectrum can be distorted as shown by the 20
spreads. We find that at early times (within ¢ ~ 10 rest-frame
days after explosion), the 20 spread of A,(f) for most wave-
length regions is well within the 10% level, especially for the
W7 and merger models. In the N100 and subCh models, devi-
ations in the UV can reach up to ~20% as a consequence of
absorption features and suppression of UV flux in their spectra
(see Fig. 1). The insets in each of the panels clearly show that the
1o spread of A,(¢) for all SN models is within 1% in the early
phases (rest frame ¢ < 10 days). Therefore, microlensing would
not distort the spectra of SNe beyond 1% at any wavelength in
68% of all strongly lensed SNe Ia at early phases. At later times
(t ~ 20-40days), the influence of microlensing becomes sub-
stantially larger, as is also visible in the increased 1o spread, but
the 1o spread is still mostly below the 10% level.

We find that deviations A,(#) due to microlensing tend to be
larger at wavelengths where the relative flux is low in the spectra,
either because of absorption features or low-level continuum (as
illustrated in Figs. 1-5). This is because microlensing distorts
spectra across all wavelengths, so wavelengths that have lower
fluxes would have relatively larger variations in fluxes due to
microlensing, and thus higher deviations, after normalising the
spectra in Eq. (2). Appendix C gives an example of the covari-
ance matrix of the deviations that further illustrates this.

The overall trend for all four SN models shows that both
the 1o and 20 spreads are increasing over time. There are two
reasons for this. The first reason is that the specific intensity pro-
files for different filters deviate more strongly from each other
at later phases (Goldstein et al. 2018; Huber et al. 2019, and
Appendix A), which leads to higher deviations in the spectrum
between different wavelength regions. The second reason is that
SNe Ia are expanding over time and therefore it is much more
likely to cross a micro caustic at later times. Consequently, the
effect of microlensing should be lower at the earliest phases
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Fig. 3. Deviations A,(#) of the N100 SN Ia spectra due to microlensing for different times after explosion. The panels and labels are in the same
format as in Fig. 2. In the early phase (<10 rest-frame days after explosion), the 10 range of the deviation is within 1% and most of the 20~ range
is within 10% except in the UV, where the 20~ range could reach ~20% owing to the early suppression of UV flux in N100.
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Fig. 4. Deviations A,(f) of the subCh SN Ia spectra due to microlensing for different times after explosion. The panels and labels are in the same
format as in Fig. 2. In the early phase (<10 rest-frame days after explosion), the 10~ range of the deviation is well within 1% and most of the 20
range is within 10% except at wavelengths of ~2500 A corresponding to absorption features where the 20~ deviations could reach 20%.

(t < 4days) compared to the first epoch from our simula-
tions at t+ = 4days; SNe Ia are smaller in size and thus have
smaller chances to be chromatically microlensed in these earliest
phases.

To assess the impact of microlensing on our ability to
distinguish between SN explosion models from early-phase
spectra, particularly in the UV wavelengths, we compare the
deviations due to microlensing to the deviations due to model
differences. In Fig. 6, we show the deviations (Eq. (2)) between
all six possible pairs of the four SN Ia models we con-
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sidered at rest-frame r = 4.0days after explosion. In the
UV wavelength range that is useful for progenitor studies
(Sect. 2.1), the deviations are typically ~100%, which is an
order of magnitude larger than the deviations due to microlens-
ing shown in Figs. 2-5, respectively. At later times, the devi-
ations between the spectra from different models are shown
in Appendix D, and continue to have high amplitudes. There-
fore, deviations in the spectra due to microlensing are negli-
gible compared to the deviations in the spectra arising from
different SN Ia progenitor scenarios and from uncertainties


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037757&pdf_id=3
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037757&pdf_id=4

S. H. Suyu et al.: HOLISMOKES. I. Programme overview

— = median —= N(t)= £10% 20 e 1o
2049 t=4.0days 1 t=6.6 days 1 t=8.4 days
o 10 e e e e e e e e e e e e —
X
~ 0
Z \
< —10 = —— -0 ST —— -0 ST 05
0.0 H 0.0 0.0
—20 7 -0.5 1 -0.5 1 -0.5
209 t=10.7 days 1 t=20.7 days 1 t=39.8 days
? 10 e — — — — — — s — — — — — e el s — — — e ¢ — ]
X
T O s
=
< —10 = ——— =0 S —— oS5 -0:
0.0 = 0.0 E 0.0
=207 -0.5 1 -0.5 1 -0.5

2500 5000 7500 10000

2500 5000 7500 10000 2500 5000 7500 10000

rest-frame wavelength [A]

Fig. 5. Deviations A,(¢) of the merger SN Ia spectra due to microlensing for different times after explosion. The panels and labels are in the same
format as in Fig. 2. In the early phases (<10 rest-frame days after explosion), the 10 and 20 ranges of the deviations are within 1% and 10%,

respectively.

in the spectra due to approximations in radiative transfer
calculations.

To summarise, at early times (<10 rest-frame days) we have
very good prospects to collect good quality spectra with negligi-
ble distortions from microlensing, which is necessary to address
the SN Ia progenitor problem. Nevertheless, we would like to
point out that there are extreme cases where microlensing can
significantly influence even very early spectra. These extreme
microlensing cases could potentially allow us to probe the spe-
cific intensity distribution of SNe. A comparison showing the
dependence of microlensing effects on different parameters, such
as s, is presented in Huber et al. (2020), but especially for high
magnification cases with both values of « and y close to 0.5,
we find that chromatic microlensing distortion is more likely.
This can be understood by looking at the magnification maps
shown in Appendix B, where more caustics and higher gradi-
ents exist for («x,y) = (0.43,0.43) and (x,y) = (0.57,0.58)
in comparison to the other cases. Fortunately, in practice we
can always estimate the likelihood of a given lensed SN Ia
image to be microlensed, to determine whether it is suitable for
obtaining a “clean” SN spectrum that has little distortion from
microlensing.

3. Forecasted cosmological constraints from
strongly lensed SNe

Each lensed SN provides an opportunity to measure two dis-
tances: the time-delay distance D, and the angular diameter
distance to the deflector/lens Dy (e.g., Refsdal 1964; Suyu et al.
2010; Paraficz & Hjorth 2009; Birrer et al. 2016; Jee et al. 2019).
The time-delay distance is defined by Suyu et al. (2010) as

DyD
Dy, =(1+ ,
A= ( Z4) Da:

3

where Dy, and Ds are angular diameter distances to the source
from the deflector and from the observer, respectively. Measur-
ing Dy, requires three ingredients: (1) time delays, (2) strong lens

i=merger, j=N100 i=merger, j=subCh

200_ | Mﬂ - A
i Mw m
- _zzz I i'=merlger. j'=W7' i= NlOOj subCh
< owl ] N\ AL -W
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Fig. 6. Deviations A, () between pairs of SN Ia spectra from the four
SN models (W7, N100, subCh, and merger) at rest frame ¢ = 4.0 day
after explosion. Each panel shows a pair of SN models specified on
the top of the panel. The typical amplitude of deviations in the UV
(for distinguishing progenitor scenarios) is ~100%, which is about an
order of magnitude higher than the deviations due to microlensing. Dis-
tortions due to microlensing therefore do not affect our ability to dis-
tinguish between the four SN explosion models for various progenitor
scenarios.

mass model, and (3) characterisation of the mass environment
along the line of sight to the source. All three parts contribute
to the uncertainties on Dp,. The measurement of Dy depends
on (1), (2), and also the stellar velocity dispersion of the fore-
ground deflector, but not on (3), as shown by Jee et al. (2015,
2019). Recent reviews on time-delay cosmography are provided
by Treu & Marshall (2016), Suyu et al. (2018), and Oguri (2019),
for example.
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The distances Dy, and Dy to lensed quasars have been suc-
cessfully measured using the time-delay method (e.g., Chen et al.
2019; Jee et al. 2019; Rusu et al. 2020; Wong et al. 2020).
Lensed SNe have several advantages over lensed quasars as fol-
lows: (1) The time delays are easier to measure with simple and
sharply varying light-curve shapes that are less prone to strong
microlensing effects. (2) The lens mass distribution is easier to
model without strong contamination by quasar light that typi-
cally outshines everything else in the lens system; SNe are bright
as well, but they fade in months, revealing their host galaxy and
lens galaxy light clearly. (3) Some SNe are standardisable can-
dles and their intrinsic luminosities could mitigate lens model
degeneracies in cases when microlensing effects are negligible.
(4) The effect of microlensing time delay, pointed out by Tie
& Kochanek (2018) for lensed quasars, is negligible for typical
lensed SNe (Bonvin et al. 2019a).

We create a mock sample of lensed SNe Ia expected from
the upcoming LSST, with simulated D, and Dy measurements
in Sect. 3.1, and forecast the resulting cosmological constraints
based on the sample in Sect. 3.2.

3.1. Mock distance measurements from lensed SNe Ia

We focus on a sample of lensed SNe Ia that would have “good”
time-delay measurements even in the presence of microlensing,
that is, those systems with accuracy better than 1% and preci-
sion better than 5% in their time-delay measurements. From the
investigations of Huber et al. (2019), the expected number of
spatially resolved lensed SNe Ia is ~75 for ten years of LSST
survey with baseline-like LSST cadence strategies. Accounting
for the effects of microlensing, lensed SN Ia systems that have
delays longer than 20 days could yield accuracy better than 1%,
whereas shorter delays could suffer from inaccuracy (see Fig. 13
of Huber et al. 2019). SNe Ia at lower redshifts, z; < 0.7, are
brighter and would yield good delays (i.e. delays with accuracy
and precision within the target), whereas for SNe Ia at z, > 0.7,
only about half of the systems could yield good delays with deep
follow-up imaging (see Fig. 15 of Huber et al. 2019). Using these
results, we start with the mock sample of lensed SNe Ia expected
for LSST from OM10 (Oguri & Marshall 2010), and select the
fraction of lensed SN systems with at least one time delay (rel-
ative to the first appearing image) that is longer than 20 days,
resulting in 30 lensed SNe Ia systems.® Of these 30 systems, 10
have zg < 0.7 which we keep, whereas 20 have z; > 0.7 and
we randomly select half of these systems. This leads to a final
sample of Ngni, =20 mock lensed SNe Ia that we expect to have
good delays. Figure 7 shows the redshift distributions of these
mock lens systems.

To estimate the precision for Dj, measurements, we con-
servatively adopt 5% for the time-delay uncertainties based on
the work of Huber et al. (2019), who showed that ground-
based follow-up observations every other night in three filters

6 The OMI0 catalogue of lensed SNe is oversampled by a factor of 10
(i.e. OM10 boosted the number of lensed SNe Ia by a factor of 10) to
reduce shot noise, and these authors accounted for this in their analysis.
We note that by using the more recent LSST cadence strategies (Huber
et al. 2019) instead of the assumed detection and cadence criteria in
OM10, the expected number of lensed SN Ia systems (75) is higher
than the forecasted number by OM10. To account for this, we deter-
mined the fraction of systems with at least one time delay longer than
20 days in OM10 (41%) and used this fraction of the expected number
of systems (75) to get 30 systems (=0.41 x 75) with delays longer than
20 days. These 30 were randomly selected from the OM 10 oversampled
catalogue of systems with delays longer than 20 days.
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Fig. 7. Source redshift z; and lens redshift z4 distribution of the mock
sample of lensed SNe Ia from LSST with good time-delay measure-
ments (accuracy better than 1% and precision better than 5%). The top
and right panels show the histograms of the number of systems in each
lens-redshift and source-redshift bin, respectively.

g, r, and i (with 50 depth of 25.6 mag, 25.2 mag, and 24.7 mag,
respectively) for our 20 mock systems would yield good time
delays (i.e. precisions better than 5%, even in the presence of
microlensing). This is compatible with the estimated uncertain-
ties by Goldstein et al. (2018) based on mock HST observa-
tions, and also with the measured time delays of iPTF16geu by
Dhawan et al. (2019) who obtained uncertainties of <1 day on
the delays, which would be <5% for time delays longer than 20
days. We further adopt 3% for the lens mass modelling uncer-
tainties and 3% for the lens environment uncertainties, which
are realistic given current lensed quasar constraints (e.g., Suyu
et al. 2010, 2014; Greene et al. 2013; Collett et al. 2013; Rusu
et al. 2017; Wong et al. 2017; Tihhonova et al. 2018; Bonvin
et al. 2019b; Chen et al. 2019; Millon et al. 2020). Adding the
values for these three sources of uncertainties in quadrature, we
assign 6.6% uncertainty to Dj, from each lensed SN Ia sys-
tem. For the precision on Dy, we consider the scenario of hav-
ing spatially resolved kinematics of the foreground lens (e.g.,
Czoske et al. 2008; Barnabe et al. 2009, 2011), such that we
can measure Dy with its uncertainty essentially dominated by the
time-delay uncertainty (Yildirim et al. 2020). Spatially resolved
kinematic observations of the lens systems would be relatively
straightforward to obtain after all the multiple SN images fade
away in <1 year. We thus adopt 5% uncertainties on Dy for each
lensed SN Ia system.

To generate mock Dy, and Dy measurements for the Ngnia
(=20) lensed SN Ia systems, we adopt as input a flat ACDM cos-
mology with Hy = 72kms™ ' Mpc™! and Q,, = 1 - Q4 = 0.32.
Given the deflector and SN source redshifts from the OM10 cat-
alogue, we compute the DtA‘;‘j and Dg}i‘e of lensed SN Ia system
i, where i = 1...Ngn. Using the estimated 1o uncertainty
of 6.6% for Dp, and 5% for Dy, which we denote as o a,; and
04, respectively, we draw random Gaussian deviates, 6Dp,; and
0Dy, to obtain the mock measurements for lensed SN Ia system
i as follows:

Dok = DS + 6Dy, 4)
and
Dok = DY + 6Dy, S

From this, we get the following mock distance measurements
for our lensed SN Ia sample: { DY + orp ;, DYO* + 0g;} where
i=1...NsNLa-


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037757&pdf_id=7

S. H. Suyu et al.: HOLISMOKES. I. Programme overview

Table 1. Cosmological models and constraints from 20 mock lensed SNe Ia in the LSST era.

Cosmological model Parameter Prior range

Marginalised constraints on cosmological parameters

from Dy, only

from Dy, and Dy

flat ACDM Ho [kms™ Mpc™']  [0,150] 723+ 1.1 72.5*19
On [0.05,0.5]  0.28+0.15 0.357097
open ACDM Hy [kms™ Mpc™']  [0,150] 72.5%12 72.7+ 1.0
On [0.05,0.5] 0.29+0.1 0.27+014
o [-05,0.5]  0.14%02 0.15+021
flat wCDM Hy [kms™ Mpc™'] [0, 150] 73.9+32 74.0%23
On [0.05,0.5] 0.337012 0.40709
w [-2.5,05]  -1.3170% -1.38+0:48

Notes. The input cosmological model is flat ACDM with Hy = 72kms™ Mpc™ and Q,, = 1 — Q4

3.2. Cosmological constraints from the mock lensed SN la
sample

To obtain the cosmological constraints, we sample the posterior
distribution of the cosmological parameters xr in the same way
as we do for the analysis of lensed quasars (Bonvin et al. 2017;
Wong et al. 2020; Millon et al. 2020). We first describe our like-
lihoods and priors for the cosmological parameters that enter the
posterior probability distribution function.

For lensed SN Ia system i, we assume Gaussian likelihoods
for Dglffk and Dg};’d‘ with their corresponding uncertainties o,
and oy, as the Gaussian standard deviations. That is, the likeli-

hood for (D1ock, Dmek) s
PiDNX, DY |Dari, Da) = G(DAY, o aris Dari) 6)

X G(ngf-mk, 04, Dy, )
where

| Y
G(ug, oG, x) = exp [— (x ,1120) } ) 8)
2 2 20—6
\J270g,

We then multiply the likelihoods of the individual mock lenses
together to compute the joint likelihood for the sample,

NsNia
i

i=1

€))

Pjoint =

We adopt uniform priors on the cosmological parameters in the
sampling.

We consider three background cosmological models as listed
in Table 1 and sample the cosmological parameters in the mod-
els. The first cosmological model is the flat ACDM model with
two variable cosmological parameters Hy and the matter den-
sity Q. The second model is open ACDM where the variable
parameters are Hy, Qp,, and the curvature density Qy (with the
dark energy density Qx = 1 — Qy — Qg > 0). The third model
is flat wCDM with three variable parameters Hy, Qy,, and the
dark energy equation-of-state parameter w (where w = —1 cor-
responds to the cosmological constant A for dark energy). The
priors for these parameters are summarised in Table 1.

For each background cosmological model, we sample the
cosmological parameters & by computing the posterior probabil-
ity, which is the joint likelihood Pji,; multiplied with the prior.

=0.32.

flat ACDM

I D, and Dy
B Dy

Y

Qm
o

Ho [km s~ Mpc1] Qm

Fig. 8. Cosmological constraints in flat ACDM from the mock sam-
ple of 20 lensed SN Ia systems with good time-delay measurements.
Grey contours/histograms show the marginalised constraints from hav-
ing only D,, measurements, orange are those from only D4 measure-
ments, and blue are the results based on both D,, and Dy measurements.
The dashed contours indicate the 68%, 95%, and 99.7% credible
regions, whereas the vertical dashed lines in the histograms indicate
the 68% credible intervals. The input values are denoted in black and
are recovered within the marginalised 68% credible intervals in 1D
(or within the 95% credible regions in the 2D Hy — Q,, plane). In flat
ACDM, even a modest sample of 20 lensed SNe Ia could constrain H
and Q,, with precisions of 1.3% and 19%, respectively.

Specifically, for a given set of & values, we can compute Dy, ;
and Dy ; for system i of the mock lensed SN Ia sample to calcu-
late P; in Eq. (6), and thus Pjuiy via Eq. (9). Given our uniform
priors on m, our posterior is, up to a constant factor, Pjoin;. We
then sample the posterior probability distribution using EMCEE
(Foreman-Mackey et al. 2013) with 32 walkers and 40 000 sam-
ples. To compare the constraining power of the two distance
measurements on the cosmological parameters, we also consider
the constraints from only Dy, and only Dy measurements.

The results of the sampling in flat ACDM are shown in Fig. 8
with the marginalised cosmological constraints listed in Table 1.
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Fig. 9. Cosmological constraints in open ACDM from the mock sam-
ple of 20 lensed SN Ia systems with good time-delay measurements.
Panels and labels are in the same format as in Fig. 8. The input values,
shown in black, are recovered within the marginalised 68% credible
intervals/regions. The combination of D,, and Dy makes the H, con-
straint relatively insensitive to other cosmological parameters, as shown
in the 2D contours in the left panels.

The time-delay distances Dy, provide tight constraints on H but
little information on Q. Since Dy has a different dependence on
cosmological parameters from that of Dy, (the orange contours
from Dy are tilted with respect to the grey contours from Dy,),
the combination of the two distance constraints slightly tight-
ens the constraint on Hy and substantially the constraint on €Qy;,.
The input cosmological parameter values are recovered within
the marginalised 68% credible intervals. With the two distances
from the forecasted sample of 20 mock lensed SN Ia systems,
we expect to measure H, with uncertainties of 1.3%.

We show in Fig. 9 the results in open ACDM, with the
marginalised constraints in Table 1. We see in the bottom left
panel of the figure that the parameter degeneracies between H
and €y are in different directions from the Dy, and Dy con-
straints, and the combination of the two helps to reduce the
degeneracies. As a result, the inferred Hy from both D,, and
Dy measurements is relatively insensitive to other cosmologi-
cal parameters; the blue contours are nearly vertical in the left
column of Fig. 9. The marginalised Hj constraint of 72.7 + 1.0
is comparable in precision to that in flat ACDM (see Table 1),
while the constraint on Q;,, degrades substantially by a factor of
2 compared to that in flat ACDM.

For the background cosmological model of flat wCDM, the
cosmological constraints are shown in Fig. 10 and summarised
in Table 1. When the dark energy equation-of-state parameter
is allowed to vary, this substantially weakens the cosmological
constraint on Hy (to 3% uncertainty), given the strong parame-
ter degeneracy between Hy and w. Having D4 measurements is
important for constraining w and thus limit the possible range of
Hj values, as also previously shown by, for example Jee et al.
(2016). We see clearly that while Dy, is mainly sensitive to H,
it does depend on the assumed background cosmological model.
The dependence of Hj inference on the cosmological model can
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Fig. 10. Cosmological constraints in flat wCDM from the mock sample
of 20 lensed SN Ia systems with good time-delay measurements. Panels
and labels are in the same format as in Fig. 8. The input values, shown
in black, are recovered within the marginalised 68% credible intervals.
When the dark energy equation-of-state parameter w is allowed to vary,
significant parameter degeneracy between Hy and w exists, which weak-
ens the constraint on Hy.

be reduced by making use of the type Ia SN relative distance
scale and anchoring the distance scale with the D), and Dy
measurements, as recently illustrated by, for example Jee et al.
(2019), Arendse et al. (2019), and Taubenberger et al. (2019).

For our cosmological forecast, we adopted uncertainties
on the lensing distances that are based partly on analyses of
lensed quasars. Recently, Kochanek (2020a) has suggested that
systematic uncertainties on Hy are 210% from the lens mass
modelling. Modelling uncertainties due to lensing degenera-
cies, particularly the mass-sheet degeneracy, have been previ-
ously investigated in detail (e.g., Falco et al. 1985; Schneider &
Sluse 2013; Suyu et al. 2014; Wertz et al. 2018). In particular,
Millon et al. (2020) have carried out an extensive study on pos-
sible systematic effects in the analysis of lensed quasars and
found no evidence for systematic uncertainties larger than the
quoted values from the COSMOGRAIL, HOLiCOW, SHARP,
and STRIDES collaborations (Chen et al. 2019; Wong et al.
2020; Shajib et al. 2020). Kochanek (2020b) further suggests
that elliptical mass distributions with few angular degrees of
freedom would lead to biased estimates of Hj. This is not appli-
cable to the latest analyses of lensed quasars that used the so-
called composite model of baryons and dark matter (as one of
the two main families of lens models used), where the total mass
distribution was not restricted to be elliptical given that the bary-
onic and dark matter components could have different elliptici-
ties and position angles (e.g., Chen et al. 2019; Rusu et al. 2020;
Shajib et al. 2020).

Recently, Birrer et al. (2020) allow for the full mass-sheet
degeneracy that is maximally degenerate with Hj in their mass
models. The mass-sheet contribution is constrained through
aperture-averaged stellar velocity dispersion measurements of
the lens galaxies, and the H, precision from a sample of seven
lenses in TDCOSMO degrades to ~8% (with similar median
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value in comparison to the Wong et al. 2020, results). There-
fore, any residual systematics due to possible mass-sheet trans-
formation is no more than ~8%. By combining the seven lensed
quasars with a sample of lenses matched in property to the
lensed quasars, Birrer et al. (2020) constrain Hy at the 5% level
through a Bayesian hierarchical framework, with a shift in Hj
to a lower value from the inclusion of the external lens sam-
ple. Therefore, while there is no evidence of residual systematic
uncertainties affecting the COSMOGRAIL, HOLiCOW, SHARP,
and STRIDES measurements (Millon et al. 2020), Birrer et al.
(2020) conclusively show that any potential residual systematic
uncertainty due to the mass-sheet degeneracy is at most 5%.
The results of Birrer et al. (2020) are based on single aperture-
averaged lens velocity dispersions, and spatially resolved kine-
matic measurements of the lens galaxy will be more powerful in
alleviating mass-model degeneracies (e.g., Barnabe et al. 2011,
2012; Yildirim et al. 2020, and in prep.). Future investigations in
these directions are warranted. In this respect, lensed SNe have
the advantage over lensed quasars in that spatially resolved kine-
matic maps of the lens systems would be easier to acquire after
the SNe fade, without the presence of bright quasars that con-
taminate the kinematic signatures of the lens galaxy.

New methods of SN time-delay measurement techniques
(e.g., Pierel & Rodney 2019) could yield even more precise time-
delay measurements, improving our forecasted cosmological
constraints. In addition, we used a conservative estimate for the
number of lensed SNe Ia with good time delays; more optimistic
estimates could triple the number of systems (see Appendix C of
Huber et al. 2019). While SNe Ia are standardisable candles, we
did not incorporate potential measurements of the SN Ia lumi-
nosity distances; the multiple SN images are likely microlensed
(by stars in the foreground lens galaxy) and millilensed (by
mass substructures within the lens galaxy), as evidenced by the
lensed SN Ia system iPTF16geu (More et al. 2017; Yahalomi
et al. 2017), which make it difficult to extract the unlensed SN
fluxes and thus the SN luminosity distance. Nonetheless, initial
studies by Foxley-Marrable et al. (2018) showed that microlens-
ing could be negligible for SN images that are located far from
the lens galaxy, showing promise in obtaining the unlensed SN
fluxes in situations where millilensing effects are small. Given
the uncertainties associated with millilensing, we conservatively
exclude possible measurements of SN Ia luminosity distances
when forecasting our cosmological constraints. Furthermore,
lensed core-collapse SNe, not considered in this work’, provide
additional Dy; and Dg measurements, and studies indicate more
numerous lensed core-collapse SNe than lensed SNe Ia (e.g.,
Oguri & Marshall 2010; Goldstein et al. 2019; Wojtak et al.
2019). Therefore, we expect that a measurement of Hy with 1%
uncertainty in flat ACDM from lensed SNe in the LSST era to
be achievable.

4. Summary

We initiated the HOLISMOKES programme to conduct Highly
Optimised Lensing Investigations of Supernovae, Microlensing
Objects, and Kinematics of Ellipticals and Spirals. In this first
paper of the programme, we investigate the feasibility of achiev-
ing two scientific goals in the LSST era: early-phase SN obser-
vations for progenitor studies and cosmology through the time-
delay method. We summarise as follows:

7 Tt is beyond the scope of this work to quantify realistic measurement
uncertainties of time delays in lensed core-collapse SNe.

— The time delays between the multiple appearances of a
lensed SN would allow us to observe the SN in its early phases.
We find that microlensing distortions of early-phase SN Ia spec-
tra (within approximately ten rest-frame days) are typically neg-
ligible, with distortions within 1% (1o spread) and within ~10%
(20 spread). In contrast, the deviations in the spectra between
the four SN Ia progenitor models that we have considered are
typically at the ~100% level. This provides excellent prospects
for acquiring intrinsic early-phase SN Ia spectra, effectively free
of microlensing distortions, to shed light on the progenitors of
SNe Ia.

— We forecast the cosmological parameters constraints from
a sample of 20 lensed SNe Ia in the LSST era. We assume that
Dy and Dy to these systems could be constrained with uncertain-
ties of 6.6% and 5%, respectively. From this sample, we expect
to measure Hj in flat ACDM with a precision of 1.3% includ-
ing (known) systematics, completely independent of any other
cosmological probes. In an open ACDM cosmology, we find a
similar constraint on Hy, while in the flat wCDM cosmology, the
constraint loosens to 3%.

— Given the additional lensed core-collapse SNe, we expect
a measurement of Hy with 1% uncertainty in flat ACDM from
lensed SNe to be achievable in the LSST era.

With ongoing wide-field cadence surveys such as ZTF and
the upcoming LSST, we are entering an exciting time of catch-
ing and watching SNe being strongly lensed. While the next sys-
tems from ZTF are likely to have short time delays (<10 days),
which could limit their use for cosmological and SN studies,
as the surveys such as LSST image deeper, lensed SNe with
longer time delays are expected to appear (Wojtak et al. 2019).
Each one of these systems will provide an excellent opportunity
to study SN physics and cosmology. The cosmological analy-
ses of lensed SNe will be complementary to the growing sam-
ple of lensed quasars, and the combination of the two types of
lensed transients will be an even more powerful probe of cosmol-
ogy. The challenges associated with lensed SNe will be to find
these systems amongst the millions of daily transient alerts from
LSST and to analyse them quickly. Methods based on machine
learning are being developed to overcome such challenges (e.g.,
Jacobs et al. 2019; Avestruz et al. 2019; Hezaveh et al. 2017;
Perreault Levasseur et al. 2017; Pearson et al. 2019; Cafiameras
et al. 2020), and we are exploring these avenues in our forthcom-
ing publications.
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Appendix A: Specific intensity profiles
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Fig. A.1. Normalised specific intensity profiles of the W7 model for 6
LSST filters and four different rest-frame times after explosion.

In Fig. A.1 we show the normalised specific intensity profiles of
the W7 model for four different rest-frame times after explosion
for the six LSST filters u, g, r, i, z, and y. The specific intensity
profiles at early times are more similar to each other than at later
stages, which leads to the so-called achromatic phase described
in Goldstein et al. (2018). The specific intensity profiles for the
other SN explosion models show similar qualitative trend.

Appendix B: Microlensing maps

In Fig. B.1, we show examples of the microlensing magnifica-
tion maps that we have used in Sect. 2. The panels on the left
correspond to type I macrolensing images (i.e. time-delay min-
imum images), where as the panels on the right correspond to
type II macrolensing images (i.e. time-delay saddle images)®.
These maps show the magnification factor u(x, y) as a function
of Cartesian coordinates x and y on the source plane in units of
the Einstein radius

_ 4G{(M) DsDgs
Rein = 2 Dy

We assume a Salpeter initial mass function with a mean
mass of the point mass microlenses (stars in the foreground lens
galaxy) of (M) = 0.35 M. As defined in Sect. 3, the angu-
lar diameter distances Ds, Dy, and Dy are distances from us
to the source, from us to the lens (deflector), and between the

(B.1)

8 Lensing images appear at stationary points of the time-delay sur-
face (Fermat’s principle). For a typical lens system with either four or
two macrolens images, each of the images is either a minimum (type I
image) or a saddle (type II image) in the time-delay surface.

k=0.29, y=0.27, s=0.5 k=0.57, y=0.58, s=0.5
-

5 7.5
X [Rein]

k=0.36, y=0.35, s=0.5
1+ —~ -

5 75 10
x [Rein]

X [Rein]

Fig. B.1. Magnification maps for six different («,y) pairs for s = 0.5.
The colour scale indicates for each panel the magnification factor
u(x,y). The panels on the left-hand side correspond to type I lens-
ing images (time-delay minimum images) and the panels on the right-
hand side to type II lensing images (time-delay saddle images).® In
all panels, many micro caustics are present, separating low- and high-
magnification areas.

lens and the source, respectively. To calculate these distances, we
assume a flat ACDM cosmology with Hy = 72kms~! Mpc~! and
Qn = 0.26, following Oguri & Marshall (2010) whose lensed
SN Ia catalogue is used in this work, and further zg = 0.32
and z; = 0.77, which correspond to the median values of the
OMI10 sample. For these redshifts, the Einstein radius is equal
t0 2.9 x 10'® cm. Our maps have a resolution of 20 000 x 20 000
pixels with a total size of 10Rg;, X 10Rg;,. Therefore the size of
a pixel is 0.0005Rgi, = 1.5 X 103 cm. Defining the radius of the
SN as the radius of the projected disc that encloses 99.9% of the
specific intensity, the W7 SN radius covers at day 4.0 about 50
pixels, at day 8.4 about 100 pixels, and at day 39.8 about 400
pixels.
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Appendix C: Covariance matrix of the spectral
deviation

covariance matrix, t = 8.4 days
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Fig. C.1. Covariance matrix of A, (¢ = 8.4 days) between different wave-
length bins for the subCh model. Wavelengths that have high devia-
tions (as shown in Fig. 4) tend to be positively correlated with each
other.
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As an example, we show in Fig. C.1 the covariance matrix of
the deviations A, across wavelengths for the subCh model at 8.4
days after explosion. The covariance between wavelength bin i
and j is defined as

Nipec
D (Aik = A)(A i - A)),
spec 31

cov(A;, Aj) = (C.1H

where Ngee = 3 X 10° is the number of microlensed spectra (for
the 30 microlensing maps and 10 000 positions per map), and A;

(A;) is the mean deviation of wavelength bin i (), averaged over
Ngpec. Comparing Fig. 4 with Fig. C.1, the covariance matrix
shows positive correlations for wavelengths that have higher A,.
Since the A, are typically higher at wavelengths that have rel-
atively lower fluxes in the spectrum due to absorption features
or lower continuum, the features in the covariance matrix reflect
the spectral evolution of the SN Ia. As time progresses after SN
explosion and the SN fluxes are suppressed at specific wave-
lengths (e.g., due to absorption features), deviations at these
wavelengths generally become stronger and are thus positively
correlated. The covariance matrices at other epochs and of other
SN Ia models show similar behaviour.
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Appendix D: Deviations in spectra between and 39.8 days after explosion, respectively. Deviations typically
different SN la progenitor models have amplitudes >100%, much larger than the deviations owing
L o . to microlensing.
We show in Fig. D.1 the deviations between spectra from differ-

ent pairs of SN Ia models for rest-frame ¢ = 6.6, 8.4, 10.7, 20.7,
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Fig. D.1. Deviations A,(¢) between pairs of SN Ia spectra from the four SN models (W7, N100, subCh, and merger) at five different rest-frame
times ¢ after explosion, as indicated on top of each panel. The panels and labels are in the same format as in Fig. 6.

A162, page 15 of 15


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037757&pdf_id=14

	Introduction
	Microlensing of SNe Ia in their early phases
	SN Ia models from ARTIS simulations
	Microlensing formalism and maps
	Spectral distortions due to microlensing

	Forecasted cosmological constraints from strongly lensed SNe
	Mock distance measurements from lensed SNe Ia
	Cosmological constraints from the mock lensed SN Ia sample

	Summary
	References
	Specific intensity profiles
	Microlensing maps
	Covariance matrix of the spectral deviation
	Deviations in spectra between different SN Ia progenitor models

