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ABSTRACT

Supernova (SN) HOpe was discovered as a new transient in James Webb Space Telescope (JWST) NIRCam images of the galaxy cluster
PLCK G165.7+67.0 taken as part of the Prime Extragalactic Areas for Reionization and Lensing Science (PEARLS) JWST GTO program (ID
1176) on 2023 March 30. The transient is a compact source associated with a background galaxy that is stretched and triply imaged by the strong
gravitational lensing of the cluster. This paper reports spectra in the 950-1370 nm observer frame of two of the galaxy images obtained with Large
Binocular Telescope (LBT) Utility Camera in the Infrared (LUCI) in long-slit mode two weeks after the JWST observations. The individual and
average spectra show the [O 11] 413727,3730 doublet and the Balmer and 4000 A breaks at redshift z = 1.783+0.002. The code investigating galaxy
emission (CIGALE) best-fit model of the spectral energy distribution indicates that the host galaxy of SN HOpe is massive (M, ~ 6x10'° M,
after correcting for a magnification factor u ~ 7) with a predominantly intermediate-age (~2 Gyr) stellar population, moderate extinction, and
a magnification-corrected star formation rate ~13 M yr~!, consistent with being below the main sequence of star formation. These properties
suggest that HOpe might be a type Ia SN. Additional observations of SN HOpe and its host recently carried out with JWST (JWST-DD-4446; PI:

B. Frye) will be able to both determine the SN classification and confirm its association with the galaxy analyzed in this work.

Key words. galaxies: high-redshift — galaxies: star formation — supernovae: individual: SN HOpe

1. Introduction

The James Webb Space Telescope (JWST; Gardner et al. 2006;
Rieke et al. 2005; Beichman et al. 2012; Windhorst et al. 2008),
with its unprecedented sensitivity and spatial resolution at
infrared wavelengths, can be used as a time machine to capture
the light even from single stars early in the history of the Uni-
verse from their birth in a dusty cradle to their spectacular death
in the form of supernovae (SNe; Welch et al. 2022; Diego et al.
2023; Vanzella et al. 2023; Meena et al. 2023; Kelly et al. 2023).

Recently, Frye etal. (2023) announced the discovery of
an SN in a galaxy at a photometric redshift of ~1.8 in
JWST/NIRCam multiband observations obtained as part of
the Prime Extragalactic Areas for Reionization and Lensing
Science (PEARLS) GTO Program (ID 1176, PI: Windhorst;
Windhorst et al. 2023) in the PLCK G165.7+67.0 field (G165
hereinafter). G165 is a massive (Meooxpe = 2.4 X 10" M,)
galaxy cluster at z = 0.35 (Cafiameras et al. 2018; Frye et al.
2019; Pascale et al. 2022). The cluster strongly lenses numerous
background galaxies, including bright submillimeter (submm)
galaxies at z > 2 (Harringtonetal. 2016), and indeed,
G165 was discovered by the Planck telescope because of
its bright submm emission (Planck Collaboration Int. XXVII
2015; Planck Collaboration Int. XXXIX 2016). Comparison of
the new JWST/NIRCam images with point spread function (psf)
matched archival images from Wide Field Camera 3 (WFC3) on
the Hubble Space Telescope (HST; Miley et al. 2004; Zirm et al.

2005) revealed a new, point-like source associated with a triply
imaged galaxy. The magnification factor of the lensed galaxy
is estimated to be u ~ 3-16 across the three images, desig-
nated 2a, 2b, and 2c (Fig. 1; Frye et al. 2019; Pascale et al. 2022;
Kamieneski, priv. comm.). The new source is visible next to all
three of the lensed galaxy images (see Fig. 2) and was named
“SN HOpe” because it offers the potential of a new, independent
measurement of the Hubble-Lemaitre constant Hy.

The apparent SN discovery prompted follow-up spectro-
scopic observations with the goal of measuring the spectroscopic
redshift of the host galaxy. The redshift was needed to plan
effective observations to determine the redshift and type of the
SN. Because the SN light fades with time, these observations
had to be carried out as soon as possible after the SN discov-
ery. Through a concerted effort of the Large Binocular Tele-
scope (LBT; Hill et al. 2012) consortium, long-slit spectroscopic
observations with the LBT Utility Camera in the Infrared (LUCI;
Seifert et al. 2003, 2010; Ageorges et al. 2010; Buschkamp et al.
2012) were quickly planned, carried out, reduced, and analyzed.

This Letter presents the results of the LUCI observations: the
first spectroscopic measurement and characterization of the SN
HOpe host galaxy. The study of even a single SN host galaxy
is important because we can learn about SN progenitors and
SN host demographics, and quantify the effects of the host age,
metallicity, and dust extinction on SN measurements. This is
especially relevant at high redshift as some evolutionary trends
could mimic cosmological effects.
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Fig. 1. Archival HST/WFC3 F110W negative image of the
PLCK G165.7+67.0 field (1’x0.7"). The triply imaged arcs 2a, 2b, and
2c of the SN HOpe host galaxy are highlighted with magenta circles
with a radius of 1” (credits: Frye et al. 2019). The highlighted regions
are part of an arc produced by strong lensing from the foreground galaxy
cluster.

Additional spectroscopic and multi-epoch imaging obser-
vations were carried out with the JWST after the LBT
observations (program JWST-DD-4446; PI: B. Frye). These
observations, which will be presented in a future work, will
help us to establish the SN type, verify its association with
the triply imaged galaxy, and measure Hy. Throughout this
study, we adopt a Chabrier (2003) initial mass function (IMF)
and a flat A cold dark matter (CDM) model with cosmologi-
cal parameters from the Planck 2018 release (i.e., Qp =0.685;
Q,, =0.315; Hy=67.4kms ! Mpc™'; Planck Collaboration VI
2020). All colors and magnitudes quoted in this paper are
expressed in the AB system (Oke & Gunn 1983).

2. Spectroscopic observations with the Large
Binocular Telescope

Long-slit spectroscopic observations of the SN host were
obtained with LUCI on the LBT (Program INAF-2023A-
777; PI. M. Nonino). Observations were carried out on UT
2023 April 16 by the LBTB team with the support of the
LBT staff of the University of Arizona. Observations used
the N1.8 camera (07249 pixel’l) and the second order of
the G200 grating with the zJspec filter, resulting in a wave-
length coverage from 950 to 1370nm in the observer frame.
The slit width was 1”, which results in a spectral resolution
R ~ 1200. This is sufficient to identify the 400 nm break,
strong emission lines, and absorption features at the expected
source redshift. The main goal of these observations was to
obtain a spectroscopic redshift and the optical rest-frame spec-
trum of two images of the galaxy associated with SN HOpe,
sources 2a (anppo = 11:27:15.33; 63000 =42:28:41.07) and 2b
(2000 = 11:27:15.60; 62000 = 42:28:34.13) (Frye et al. 2019). To
center the 1”x200” long-slit on source 2b, which is the brighter
of the two target images, the telescope was blindly offset by
~5" from a bright source. The slit had a position angle (PA)
of 157° in order to include image 2a of the SN host as well.
Figure 2 shows a multiband JWST image from the PEARLS pro-
gram of the two host images with the long-slit position super-
imposed. The respective SN images were also in the slit, but
probably contributed <8% of the observed light (m(F160W),;, ~
21.12 vs. m(F150W)gnp = 23.91; Pascale et al. 2022; Frye et al.
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Fig. 2. Multiband 7”x12” images of SN HOPE and its host galaxy.
Left panel: HST images taken in 2015-2016 (red: HST/F160W, green:
HST/F110W; Cy23, GO-14223, PI: Frye) and JWST image (blue:
FO90W) taken on 2023 March 30, about two weeks before the LBT
spectroscopic observation reported here. Right panel: JWST images
taken on 2023 March 30 (red: JWST/F150W, green: JWST/F115W,
and blue: JWST/FO90W). The JWST images are from the PEARLS
GTO program and are adapted from https://www.as.arizona.
edu/bright-and-shiny-result-pearls. The two SN HOpe host-
galaxy images 2a and 2b are labeled, and the SN positions are marked
with white arrows. The dashed yellow lines mark the slit edges at
PA =157°.

2023.) Eight additional objects, six of which are within the
JWST/NIRCam field of view, were serendipitously detected in
the slit. These other objects will be discussed in a future work.

The observations were carried out in binocular mode and
were divided into 36 300 s exposures per arm, resulting in a total
exposure time of 6 h. The telescope was nodded along the direc-
tion of the slit with 4" offsets to obtain good sky subtraction
during the data reduction. A star was observed at the end of the
observations for flux calibration and to correct for atmospheric
absorption. Flat-field exposures were taken on the same day as
the observations. The observing conditions were good, with a
clear sky, an average airmass of 1.03, and a seeing of 1”.

Data reduction was carried out by the Italian LBT support
team using the spectroscopic interactive pipeline and graphi-
cal interface (SIPGI) pipeline developed at INAF IASF-Milan
(Gargiulo et al. 2022). This included flat-fielding, dark subtrac-
tion, sky subtraction, correction for bad pixels, cosmic rays,
and distortions, and wavelength and flux calibration. From each
scientific exposure, the background level was first removed
by subtracting the subsequent dithered frame in the observing
sequence. Possible background residuals were then estimated
and removed by fitting all the pixels on the sky along the spatial
direction of each column with a polynomial. Wavelength calibra-
tion was carried out using OH sky lines and reaches an accuracy
of 0.25 A. For each source detected in the final flux-calibrated
2D spectrum, the flux calibrated 1D spectrum was extracted, and
the associated sky and noise spectra were produced.

3. Spectroscopic redshift measurement

The LBT spectra of 2a and 2b are shown in Fig. 3 along with
their average and the sky spectrum. We measured the redshift


https://www.as.arizona.edu/bright-and-shiny-result-pearls
https://www.as.arizona.edu/bright-and-shiny-result-pearls

Polletta, M., et al.: A&A 675, L4 (2023)

Rest—frame wavelength (A)

4000

3600 3800
1.5 | |
1.0
0.5]
0.0

[o11]

||||||I|II
N
Q

Call H,K G

4200

1.5E
1.0 -
0.5
0.0 |-

1.5 [O1I]

1.0
0.5
0.0

Average

F. (107" erg cm™ s A™)

1.00x10* 1.05x10*

1.10x10*

1.15x10* 1.20x10*

Observed wavelength (A)

Fig. 3. Smoothed (A1 = 17.2 A) and cropped LBT/LUCI spectra (solid black line) of the SN HOpe host from image 2a (fop panel), 2b (second
panel), the averaged spectrum (third panel), and the sky (bottom panel). The shaded gray area shows the 10~ noise. The main spectral features are
labeled with vertical dotted green (for emission) and magenta (for absorption) lines. The purple line represents the BAGPIPES best-fit model. The
average flux densities in the rest-frame wavelength intervals 385-394 nm and 400-410 nm that were used to compute the D4000,, index are shown

with horizontal blue and red lines, respectively.

of each spectrum and of the averaged one using the EZ code
(Garilli et al. 2010). EZ derives the redshift through a weighted
cross-correlation between the observed spectrum over a specific
wavelength range (980-1350 nm in this case) and a library of
galaxy spectral templates. EZ takes strong emission features
as well as the continuum shape in the redshift determination
into account. EZ selected a red elliptical at (zgpec) = 1.783
(z = 1.782, 1.784, and 1.783 for 2a, 2b, and the averaged
spectrum, respectively) as best-fit template. Because EZ uses
a library of templates rather than actual fits, we derived the
best spectral model using the BAGPIPES code (Carnall et al.
2021). The redshifts were fixed at the measured values, and other
parameters included a double-exponential star formation his-
tory (SFH), the stellar population models of Bruzual & Charlot
(2003), and the Calzetti et al. (2000) attenuation law. The BAG-
PIPES best-fit models at the EZ spectroscopic redshifts, shown
in Fig. 3, are consistent with the spectra having Camt HK K and
H absorption lines (at rest 3934.8 A and 3969.6 A), the [O11]
AA3727,3730 doublet, and the Balmer (3646 A) and 4000 A

breaks. The signal-to-noise ratios of the [O11], K, and H lines,
computed as the difference between the line peak and the inter-
polated continuum at the line wavelength, divided by the rms
of the spectrum in a 200 A region centered on each line, are
3.5, 0.6, and 0.7, respectively. The measured Balmer and 4000 A
breaks' are 1.48+0.25 and 1.57+0.25, respectively. While the
only spectral features that are significantly detected individu-
ally are the [O11] doublet and the breaks in the continuum, all
features contribute to the correlation signal. The width of the
[O11] doublet constrains the spectroscopic redshift to between
1.781 and 1.785, which is consistent with the EZ measure-
ment. We therefore report z = 1.783+0.002 as a best estimate
and conservative uncertainty. This spectroscopic redshift is an

' The 4000A break is quantified through the D4000, index
(Balogh et al. 1999). This was computed as the ratio of the average flux
density in the wavelength intervals 400410 nm and 385-395 nm. The
Balmer break was computed as the ratio of the average flux density in
the wavelength intervals 380-395 nm and 350-365 nm.
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Fig. 4. Spectral energy distributions of the SN HOpe host image 2b.
The filled magenta circles show the observed photometry, not corrected
for magnification, and the arrows represent the 5o~ upper limits. The
CIGALE best-fit model is shown with a solid black line, the dotted light
red line shows the stellar light before dust attenuation, and the solid red
line (coincident with the black line) shows the attenuated stellar light.
The inset shows the smoothed LBT 1D spectra (solid blue line), the
best-fit SED (black line), and the F110W photometric data point (filled
magenta circle) in the ranges shown by the dotted rectangles in the main
panel.

important factor for obtaining a robust lens model of the triply
imaged system and enabling precision cosmology with SN HOpe
(Johnson & Sharon 2016).

4. Properties of the SN host galaxy

To characterize the SN host, we analyzed its spectral energy dis-
tribution (SED). For this study, we considered only source 2b,
for which multiband photometric measurements are available
(see ID 3 in Table 2 of Pascale et al. 2022). The data include
LBT/LBC (g and i), HST/WFC3 (F110W, F160W), LBT/LUCI
(K), and Spitzer/IRAC (3.6, 4.5 um). Based on a preliminary
analysis of the JWST/NIRCam imaging, these measurements
are affected by a magnification factor u ~ 7.4*%9 (Kamieneski,
priv. comm.). We modeled the SED of source 2b with the code
investigating galaxy emission (CIGALE; Boquien et al. 2019).
The code provides constraints on the age of the stellar compo-
nents and estimates of dust extinction, stellar mass, and SFR. We
fixed the redshift at the EZ value obtained from the spectrum
and adopted a model with a delayed SFH, a Chabrier (2003)
initial mass function (IMF), the stellar population models of
Bruzual & Charlot (2003), solar metallicity (Z=0.02), and the
Calzetti et al. (2000) attenuation law. The best fit was determined
as the template with the lowest y2, and the best-fit parameters
and associated uncertainties are the likelihood-weighted means
and standard deviations, respectively. The results are consistent
with the spectral fit from BAGPIPES. The derived stellar age is
2.5+0.5 Gyr, and the magnified stellar mass and SFR (i.e., as cal-
culated without correcting for magnification) are, respectively,
log(uMr /M) = 11.6+0.1 and uSFR < 130 Mg yr~!, the latter
only an upper limit. The fit requires a significant amount of dust
extinction, Ay = 1.2+0.4. Figure 4 shows the model, the pho-
tometry, and the LBT flux-calibrated 1D spectra. The 1D spec-
trum and the SED agree well, which demonstrates the goodness
of the spectral flux calibration. In summary, the CIGALE model
indicates that the SN host is a dust-obscured massive galaxy with
an intermediate age.
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An independent measurement of the galaxy SFR can be
obtained from the luminosity of the [O 11] doublet, which is pro-
duced by ionized gas in star-forming regions. Neither the spec-
trum nor the photometry show evidence of an active galactic
nucleus, and no point-like nucleus is seen in the HST images.
The [O11] flux obtained by fitting the doublet with a Gaussian
profile in the average spectrum is (1.4+0.2)x10~!7 ergscm™2 s
The SFR-L([O11]) relation depends on the oxygen abundance
(Eq. (5) of Zhuang & Ho 2019). For the SN host galaxy, we
adopted log(O/H)+12 =9.02, the typical value of massive galax-
ies, as the CIGALE fit shows the SN host to be”. This gives a
magnified uSFR = (2.5 + 0.4) M, yr~! for the average spec-
trum. If the [OT] lines are extincted by 3.95mag® and the
magnification factor is 4 ~ 7 (Kamieneski, priv. comm.), the
magnification- and dust-corrected SFR ~(13+2) My yr~!. The
true SFR might be lower if diffuse stellar sources such as hot
post-asymptotic giant branch stars contribute to [O1I] (e.g.,
Belfiore et al. 2016).

The main-sequence SFR for a galaxy of the same mass (cor-
rected for p = 7) and redshift is 825‘? Mo yr~!, where the uncer-
tainty is derived from the 0.2 dex scatter (Speagle et al. 2014).
The [O1] SFR is therefore below the main-sequence value,
implying that this system might be transitioning to or already in
a passive phase. The galaxy spectrum (Fig. 3) exhibits a 4000 A
break, which is developed by a passively evolving stellar pop-
ulation at 500 Myr (Bicaetal. 1994) and increases with age
(Kauffmann et al. 2003). The D4000,, value in the average spec-
trum is 1.6+0.3, consistent with the value D4000,, =~ 1.55 that
is usually adopted to separate star-forming and passive galax-
ies (e.g., Gargiulo et al. 2017; Haines et al. 2017). Thus, D4000,,
agrees with the CIGALE age and with this system being on its
way to becoming a passive galaxy.

5. Discussion and perspectives

The discovery of distant SNe and the study of their hosts are
important for precision cosmology because the SN properties
(i.e., the luminosity at maximum and the rate of decline) depend
on the host properties (Hamuy et al. 1995; Sullivan et al. 2006;
Williams et al. 2020), and any systematic trends of the latter
with redshift could mimic a cosmological effect (Williams et al.
2003; Sullivan et al. 2003; Combes 2004). Examples include
redshift-dependent reddening laws (Totani & Kobayashi 1999)
or element abundance ratios of the progenitor stars (Hoflich et al.
2000; Drell et al. 2000). If the association of SN HOpe with
the triply imaged galaxies 2a, 2b, and 2c is confirmed, this SN
would be one of the most distant known SNe. To our knowledge
and without considering the super luminous SNe (Khetan et al.
2023), only four SNe are currently known at z > 1.8 (i.e., 1.80 <
7 < 2.26; Jones et al. 2013; Rodney et al. 2015; Rubin et al.
2018), and SN HOpe is the only one with JWST data. This sys-
tem thus offers an excellent opportunity to study a high-z SN
host and the SN itself in detail.

The SN HOpe host-galaxy SED indicates that this system,
after correcting for a magnification factor u = 7, is a mas-
sive (Mg ~ (6.0+0.8) x 10'° M) galaxy with an interme-
diate age (2.5+0.5 Gyr), significant extinction, and a low star

2 For this abundance,
(Zhuang & Ho 2019).

3 The Calzetti et al. (2000) reddening curve gives Aypg4 = 1.45XAy,
but in addition, star-forming gas clouds have a higher extinction
than the stellar population (Calzetti 1997), Eg(B — V) = Equ(B —
V)/(0.44+0.03).

SFR/(Mg yr~) =7.74x10" Lo y/(erg s~')
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formation rate (SFR = (13 + 2) M yr~'), implying that it might
be on its way to becoming quiescent or has attained that state
already (Speagle et al. 2014). This finding suggests that HOpe
might be a type Ia SN, as these occur in all types of galax-
ies, whereas core-collapse SNe are only found in star-forming
galaxies (Kelly & Kirshner 2012). Because only one-third of
SNe Ia is found in early-type systems locally and up to inter-
mediate redshifts (Farrah et al. 2002), it is quite exceptional to
have caught this SN in such a galaxy. Furthermore, SNe are
more difficult to observe in galaxies that are dust obscured.
Again, SN Hope beats the odds because the extinction derived
for its host is significant. The red color and extinction of the
host are unusual for both main-sequence star-forming galax-
ies (Pacifici et al. 2023) and quiescent galaxies (D’Eugenio et al.
2021). A possible explanation is that the obscuring dust might
be in the foreground, perhaps associated with the G165 clus-
ter, as previously suggested by Pascale et al. (2022), but this
hypothesis seems unlikely as there is no sign of an intervening
galaxy. Intergalactic dust is also implausible because it would
not cause reddening (Aguirre & Haiman 2000). The amount of
dust extinction, the level of star formation activity, and the lens-
ing magnification factor in this galaxy are quite uncertain. More
study is needed to determine the values better. However, the
overall characterization of the galaxy as massive and nearing
or at quiescence is thought to be secure. The galaxy is intrinsi-
cally interesting, and characterizing the dust properties of the SN
HOpe host is additionally necessary to correctly analyze the SN
measurements.

The analysis of the JWST data from the PEARLS program
and the more recent DD observations will yield an improved
SED measurement of the triply imaged host and a refined lens
model. These will provide better constraints on the star forma-
tion activity level and stellar age of the system. In addition, it will
be possible to investigate whether the SN is dust extincted and
how this might affect the SN measurements. The JWST data will
also determine the SN classification, test its association with the
triply imaged galaxy, measure time delays of the three lensed
images, and provide a precise measurement of H, (see, e.g.,
Kelly et al. 2023).
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