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A B S T R A C T 

The new generation of wide-field time-domain surv e ys has made it feasible to study the clustering of supernova (SN) host 
galaxies in the large-scale structure (LSS) for the first time. We investigate the LSS environment of SN populations, using 106 

dark matter density realisations with a resolution of ∼3.8 Mpc, constrained by the 2M + + galaxy surv e y. We limit our analysis 
to redshift z < 0.036, using samples of 498 thermonuclear and 782 core-collapse SNe from the Zwicky Transient Facility’s 
Bright Transient Survey and Census of the Local Universe catalogues. We detect clustering of SNe with high significance; the 
observed clustering of the two SNe populations is consistent with each other. Further, the clustering of SN hosts is consistent 
with that of the Sloan Digital Sky Survey (SDSS) Baryon Oscillation Spectroscopic Survey DR12 spectroscopic galaxy sample 
in the same redshift range. Using a tidal shear classifier, we classify the LSS into voids, sheets, filaments, and knots. We find 

that both SNe and SDSS galaxies are predominantly found in sheets and filaments. SNe are significantly under-represented in 

voids and o v er-represented in knots compared to the volume fraction in these structures. This work opens the potential for using 

forthcoming wide-field deep SN surv e ys as a complementary LSS probe. 

K ey words: (stars:) supernov ae: general – (cosmology:) large-scale structure of Universe. 
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 I N T RO D U C T I O N  

he large-scale structure (LSS) of the Universe forms a web-like
attern which consists of galaxies and intergalactic gas thought
o trace a scaffolding of dark matter (White & Rees 1978 ; Bond,
ofman & Pogosyan 1996 ). Structures within this cosmic web
an be classified into voids, filaments, sheets, and knots. Voids
re regions with density lower than the cosmic mean, from which
atter flows on to denser structures; sheets can be described as the

oundaries of voids. Filaments are thread-like structures that intersect
t knots. Classifications of the cosmic web can be based on different
uantities, such as density , peculiar velocity , tidal shear, resulting in
if fering sensiti vity to the physical properties of cosmic structures
epending on the classification scheme (e.g. Forero-Romero et al.
009 ; Hoffman et al. 2012 ; Fisher, Faltenbacher & Johnson 2016 ;
eclercq et al. 2016 ; Libeskind et al. 2018 ). 
Galaxies form in a complex interplay with their surroundings,

nd hence their properties are correlated with their cosmic web
nvironments. P assiv e, old galaxies have been found to reside
n dense LSSs, whereas young, star-forming galaxies have been
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bserved in less dense structures (Dressler 1980 ; Darvish et al.
014 ). 
Galaxies host superno va (SN) e xplosions which can be classified

nto two populations: thermonuclear explosions of white dwarfs in
inary systems, also referred to as SNe Type Ia (SNeIa), and core-
ollapse SNe (CCSNe), which signal the demise of massive stars
Hillebrandt & Niemeyer 2000 ; Burrows & Vartanyan 2021 ). The
ates of SNe have been reported to be dependent on the morphology
f their host galaxy (e.g. Mannucci et al. 2005 ), its star-formation
ate (e.g. Carlberg et al. 2008 ; Smith et al. 2012 ) and stellar mass
e.g. Sulli v an et al. 2006 ; Li et al. 2011 ; Smith et al. 2012 ; Graur &

aoz 2013 ; Wiseman et al. 2021 ). The use of CCSNe as tracers
f the star formation history has been established with e xtensiv e
bservations carried out with the Hubble Space Telescope (Strolger
t al. 2015 ) and subsequent studies (see Schulze et al. 2021 , and
eferences therein). 

In light of these correlations, an SN clustering signal in the LSS
s expected, and the new generation of wide-field transient surveys
pens up the possibility of measuring it for the first time. Previous
tudies have focused on the correlation of SN types with properties
f SN host galaxies (e.g. Mannucci et al. 2005 , 2008 ; van den Bergh,
i & Filippenko 2005 ; Smith et al. 2012 ; Wiseman et al. 2021 ), SN
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osts with surrounding galaxies (Carlberg et al. 2008 ), the cross-
orrelation of SNeIa with galaxy surv e ys (Mukherjee & Wandelt 
018 ) and in relation to galaxy density (Cooper, Newman & Yan
009 ). 
Upcoming SN samples can complement the study of galaxy 

lustering, as SNe can be found in host galaxies that are too faint
o be resolved in galaxy surv e ys. In this work, we investigate the
onnection of SNeIa and CCSNe with the LSS, as defined by the
osmic web structures which they trace. We use observations from 

he Zwicky Transient Facility (ZTF; Bellm et al. 2019 ; Graham 

t al. 2019 ; Masci et al. 2019 ; Dekany et al. 2020 ), Bright Transient
urv e y (BTS; Fremling et al. 2020 ; Perley et al. 2020 ), and Census
f the Local Universe (CLU) catalogue (Cook et al. 2019 ; De et al.
020 ) samples, in combination with large-scale density and peculiar 
elocity inferences using the Bayesian Origin Reconstruction from 

alaxies ( BORG ) algorithm (Jasche & Lavaux 2019 ), constrained by
he 2M ++ galaxy surv e y data (Lavaux & Hudson 2011 ). We use the
nferred velocity fields in combination with the measured redshifts of 
Ne to place them within the inferred density fields. We also classify

he cosmic web structures within the inferred large-scale density 
elds using a tidal shear classifier (Hahn et al. 2007 ). Combining

hese processed data-products, we study the web-type distribution 
f SN host galaxies, and compare this with a representative set of
alaxies in the same redshift range from the SDSS Baryon Oscillation 
pectroscopic Surv e y (BOSS) spectroscopic catalogue. 
The paper is structured as follows: In Section 2, we describe the

arge-scale density and velocity fields used in this work. Section 3 
resents the cosmic web classification method. In Section 4, we 
iscuss the characteristics of the ZTF SN population studied in the 
resent work and the SDSS BOSS DR12 galaxy sample that was used
or comparison purposes. The statistical framework used to obtain 
he distribution of web-types for these different samples of sources 
s described in Section 5. Finally, in Sections 6 and 7 we present our
esults and conclusions, respectively. 

 T H E  LARGE-SCALE  DENSITY  

he BORG algorithm (Jasche & Wandelt 2013 ; Jasche, Leclercq & 

andelt 2015 ; Lavaux & Jasche 2016 ; Jasche & Lavaux 2019 )
rovides inferences of the large-scale density and peculiar velocity 
eld constrained by galaxy surv e ys. In the present study, we use the

nference performed by Jasche & Lavaux ( 2019 ). This inference was
reviously used by Porqueres et al. ( 2018 ) to study the large-scale
nvironment of active galactic nuclei in a qualitatively similar manner 
o this work. The inferences are constrained using the 2M ++ galaxy
ata (Lavaux & Hudson 2011 ) within a cubic grid of side length
61.3 Mpc, a grid size of 256 3 grid cells, and resolution 3.8 Mpc.
he observer is located at the centre of the inference domain. This
eld approach provides access to the structures along the line of
ight (LOS) to the sources, which allows us to account for redshift
ncertainties. Further, it contains all high-order statistics of the LSS 

nd as a result, provides more information than cross-correlations 
etween galaxies and SNe. 
BORG fits a non-linear model of structure formation to galaxy 

urv e y data, e xploiting high-order statistics of the LSS. F or the
M + + inference, the gravitational dynamics was implemented via 
 particle-mesh model (Jasche & Lavaux 2019 , Section 3.2). This
orward-modelling approach allows BORG to infer the set of initial 
onditions consistent with the observed galaxy distribution, as well as 
he (non-linear) density and velocity fields corresponding to present- 
ay structures. 
The large-scale density and peculiar velocity fields are conditioned 
n the coordinates and magnitudes of the sources in the surv e y,
he surv e y selection function, magnitude cuts, and sk y co v erage.
he resulting density and peculiar velocity posterior distributions 
re approximated by an ensemble of Markov Chain Monte Carlo 
amples. In the present study, we use 106 realisations of dark matter
ensity and peculiar velocity fields. Our results are insensitive to 
he use of more realisations. The realisations are drawn from the
ORG posterior on initial conditions given by fitting a LCDM 

osmology to the 2M + + data. Slices of the inferred dark matter
ensity and radial peculiar velocity fields are shown in Figs 1 (a)
nd (c), respectively. In particular, we use the peculiar velocity 
elds by Leclercq et al. ( 2017 ), Mukherjee et al. ( 2021 ), which
ere obtained on a grid of resolution 512 3 . These were constructed
y re-binning the dark matter particle velocities in the original 
nference at 512 3 . In Fig. 1 (b), the associated web types are
ndicated. 

 W E B  TYPE  CLASSI FI CATI ON  

he identification of web types given the inferred large-scale dark 
atter density field is performed using the tidal shear classifier (Hahn

t al. 2007 ). Here, the three eigenvalues λ of the 3D tidal shear
ensor of the gravitational potential � of the large-scale density field
etermine the web types on the 256 3 grid. The shear-stress tensor T ij 

s a symmetric tensor defined as 

 ij = 

∂ 2 � 

∂ x i ∂ x j 
, (1) 

here x i , ( { i , j } = { 1, 2, 3 } ) are comoving Cartesian coordinates.
he resulting web types are then determined according to which 
igenvalues λ are greater than a threshold λth , where their ordering 
s determined by the length of the corresponding eigenvectors. All 
hree eigenvalues <λth result in a void, the two eigenvalues λ1 , λ2 

 λth result in a sheet, the eigenvalue λ1 < λth results in a filament,
hereas no eigenvalue <λth results in a knot. The threshold is 

ndicative of when gravitational dynamics leads to the collapse of 
atter in the direction of the eigenvectors. A lower threshold leads

o the classification of more gravitationally collapsed structures. In 
he present study, the choice of threshold, λth = 0, is determined
y Lagrangian perturbation theory (Coles & Sahni 1996 ; Hidding, 
handarin & van de Weygaert 2014 ). The resulting classification 
riteria are shown in Table 1 . 

The correspondence between the density field and the structures 
eco v ered by a tidal shear classifier depends on the value of the
hreshold λth (Forero-Romero et al. 2009 ). In contrast to density- 
ased classifications, a tidal shear classifier provides a kinematic 
escription of matter at any point. The resulting cosmic web 
ypes correlate with the density field. This can be better seen
pon comparison of Figs 1 (a) and (b). As is further shown in
able 2 , voids and sheets are on an average underdense, whereas
laments and knots are on an av erage o v erdense. This classification

s based on the density contrast, δ = ρ/ ̄ρ − 1, where ρ indicates
ensity and ρ̄ the average density in the observed volume. The 
ean density contrast which corresponds to a web type is the

ensity contrast averaged over the grid cells of that web type
nd the realisations. Given the higher resolution of the peculiar 
elocity fields, we increase the resolution of the tidal tensor grid
y upsampling by a factor of eight, to match that of the velocity
elds. 
MNRAS 510, 366–372 (2022) 
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Figure 1. (a) A density slice passing through the centre of the 3D density 
grid. The colour scale indicates the density contrast δ, as ln(2 + δ), on a grid 
with a resolution of 3.8 Mpc. The axes represent the comoving distance from 

the observer (centre of the box). (b) The same slice for cosmic web structures. 
The colour scale indicates the four web types in the classification. (c) The 
same slice for the radial peculiar velocity passing through the observer in one 
realisation. The colour scale indicates the radial peculiar velocity in km s −1 

at 3.8 Mpc. The redshifts used for the o v erlay are the expectation values of 
the cosmological redshift posteriors of the sources. It can be seen that the 
web types in the middle panel are correlated with the density field and all 
populations trace the LSS. 

Table 1. The classification criteria for the tidal shear classifier. The value 
of the threshold λth = 0 determines the web types traced. The choice of the 
classification threshold and the physical meaning of the structures is discussed 
in Section 3. 

Web structure Eigenvalues 

Voids λ1 , λ2 , λ3 < 0 
Sheets λ1 , λ2 < 0, λ3 > 0 
Filaments λ1 < 0, λ2 , λ3 > 0 
Knots λ1 , λ2 , λ3 > 0 

Table 2. The mean density contrast of the four cosmic web types: Voids, 
sheets, filaments, and knots. Voids and sheets are underdense, whereas 
filaments and knots are o v erdense. 

Web structure Mean density contrast 

Voids − 0 .85 
Sheets − 0 .56 
Filaments 1 .03 
Knots 8 .30 

Figure 2. Normalised distribution of the observed redshifts of (a) the SNIa 
and CCSN samples and (b) the entire ZTF sample and the SDSS BOSS DR12 
sample. The similarity between the redshift distributions of the combined 
SNeIa and CCSNe sample, dubbed ZTF SNe, and the SDSS BOSS DR12 
galaxies – within Poisson uncertainty – allows us to compare them directly 
without needing to account for redshift selection effects. The normalization 
factor is the same for all distributions. 
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 SUPERNOVA  A N D  G A L A X Y  P O P U L AT I O N S  

.1 The ZTF SN sample 

he sample consists of spectroscopically confirmed SNe, in partic-
lar 498 SNeIa and 782 CCSNe from Data Release 5 (Bellm et al.
019 ; Fremling et al. 2020 ; Perley et al. 2020 ) of the ZTF BTS sample
nd events detected subsequently. The collection of the sample was
erformed using a BTS explorer query ( ht tps://sites.astro.calt ech.ed
/ ztf/ bts/ explor er .php ) on 2021 May 25, without applying any cut
part from redshift. Our sample also contains 33 SNeIa and 153
CSNe from the CLU experiment. There is no overlap between

he BTS and CLU sample used in the present study. The observed
edshift distributions of the two populations are shown in Fig. 2 (a),
fter applying a redshift cut z < 0.036, at the completeness limit of
he SNIa population. The ZTF BTS does not provide an estimate of

art/stab3525_f1.eps
art/stab3525_f2.eps
https://sites.astro.caltech.edu/ztf/bts/explorer.php
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Figure 3. Cumulativ e observ ed redshift distributions of the SNIa (orange) 
and CCSN (blue) samples up to redshift 0.05. The bin widths are the same 
for both samples. The curves represent a least-squares volume fit to the first 
6 bins (CCSNe) and 20 bins (SNeIa) of the redshift histograms and indicate 
that the SNIa sample is complete up to the redshift cut of 0.036 used in the 
present study (grey shaded region). 
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he uncertainty on the reported redshifts, but Fremling et al. ( 2020 )
av e reported v ery accurate host galaxy redshifts. In particular, as can
e seen from Fremling et al. ( 2020 , fig. 5), the typical uncertainty
n the difference between the redshift of the host galaxy and the
N is on the order of ∼0.005. Therefore, we assume that three
eported decimals on the SN redshifts indicate an uncertainty less 
han σ z = 0.005, which corresponds to a radial uncertainty of � 

1 Mpc. Under this assumption, the mean host redshift uncertainty 
or both SN populations is ∼10 −4 . Sources with three or more
ecimals are included in our sample, whereas sources with fewer 
ecimals are discarded. Ho we ver, we do not discard SNe with no
pectroscopic redshifts for their host galaxies. The SNe in our sample 
re spectroscopically identified and their redshifts are measured from 

he SN features. Ho we ver, due to Doppler broadening, SN redshifts
re not as accurate as host galaxy spectroscopic redshifts. Therefore, 
e use the latter when available. The redshift uncertainty is the same
rder of magnitude with the uncertainty due to the virial motion of
he SN hosts within their haloes. 

The completeness of the two samples is presented in Fig. 3 and
ndicates that the SNIa sample is complete in our selected redshift
ange. We estimate the redshift completeness using the least-squares 
t function, V fit , which includes the effects of the Hubble expansion
nd the time dilation of the SN rate: 

 fit ( z ) ∝ 

1 

1 + z 

∫ z 

0 

d 2 c ( z 
′ ) 

(1 + z ′ ) 3 
d z ′ , (2) 

here d c is the comoving distance and z the redshift. We consider the
rst 6 and 20 redshift bins for the CCSN and SNIa samples, respec-

ively. The ratio of rates between the CCSN and SNIa populations, 
.e. the ratio of the volume-fit slopes in Fig. 3 , is � 3.5. It is close
o the rate 4.3 reported by Perley et al. ( 2020 , fig. 9) for the faint
agnitude extrapolation, as the rate between the SNIa and CCSN 

vents. Using equation (2), the completeness ratio can be used as an
ndicator of the redshift at which the SN samples become incomplete. 

.2 The SDSS BOSS DR12 galaxy sample 

e use 62 915 spectroscopic galaxies from the SDSS BOSS DR12 
atalogue (Gunn et al. 2006 ; Eisenstein et al. 2011 ; Dawson et al.
013 ; Smee et al. 2013 ; Alam et al. 2015 ) as a reference sample
or comparison with SN host galaxies. Galaxies trace the large-scale 
ensity up to a bias (Kaiser 1984 ); this correlation can be seen by
isual inspection of Fig. 1 (a). The cosmic web environments of this
eference sample are compared to those of the SN sample, in order
o investigate potential differences in the environments of galaxies 
hat host SNe and those whose status as SN hosts is unknown. We
hoose the SDSS BOSS DR12 galaxy sample, as it has a similar
edshift distribution to the ZTF sample, yielding results that can be
ompared to those of the SN populations directly, without introducing 
edshift selection effects. We select a subsample with z < 0.036 from
he SDSS BOSS DR12 catalogue to match the definition of the SN
ample. The redshift distribution of the galaxies is compared with 
hat of the SNe in Fig. 2 (b). 

 M E T H O D  

.1 Redshift-space distortions 

n order to associate the SNe with the cosmic web structures, it
s necessary to transform the observed equatorial coordinates to 
omoving Cartesian coordinates in the inference grid. Redshift-space 
istortions contribute to a displacement between the observed and 
osmological redshift (Kaiser 1987 ), to first order, as follows (e.g.
avis et al. 2011 ): 

ˆ  n = z + 

v h ̂  n 

c 
, (3) 

here ˆ z n is the observed redshift of a source n , z the cosmological
edshift, v h the 3D peculiar velocity of the halo at the location
f the source, ˆ n the unit LOS vector to the source, and c the
peed of light. The observed redshifts are transformed from the 
eliocentric to the cosmic microwave background (CMB) frame 
sing the corresponding transformation by Tully et al. ( 2008 ), as
he density and peculiar velocity fields are also in the CMB frame
Jasche & Lavaux 2019 ). The inferred peculiar velocity fields we
se do not have the resolution to determine the virial velocity of
he galaxies within their own haloes, v vir . Hence, we assume that
 vir contributes to the velocity dispersion per source n , as follows
Sheth & Diaferio 2001 ): 

vir n = 476 g v 
[
	 nl ( z ) E 

2 ( z ) 
]1 / 6 

(
M h n 

10 15 M �/h 

)1 / 3 

km s −1 , (4) 

here M h n is the halo mass of the source n , g v = 0.9 is the growth
ate, 	 nl ( z) = 18 π2 + 60 x − 32 x 2 , with x = �m (1 + z) 3 / E 

2 ( z) −
, and E( z) = 

√ 

�m 

(1 + z) 3 + (1 − �m 

) (Mukherjee et al. 2021 ). 
hroughout this study, we assume H 0 = 70.5 kms −1 Mpc −1 , �m =
.307, �b = 0.04825, �� 

= 0 . 693, and w = −1, consistent with
asche & Lavaux ( 2019 ). The halo masses of the SDSS galaxies are
erived from the corresponding stellar masses in the SDSS catalogue 
ia Girelli et al. ( 2020 , equation 6) for redshift z = 0. The stellar
asses of the ZTF SNe are derived via Johansson et al. ( 2021 ,

quation 3) and then transformed to halo masses. In the cases where
ost photometry is not available or the stellar masses fall outside the
ange reported in Girelli et al. ( 2020 ), which constitute 14 per cent
f the SNeIa and 28 per cent of the CCSNe, we draw random stellar
asses from the distribution of stellar masses of ZTF hosts in Dhawan

t al. ( 2021 ). Discarding these sources do not change our results
ignificantly. 

.2 The cosmic web type posterior 

e infer the cosmic web structures traced by SNeIa, CCSNe, and
alaxies whose status as SN hosts is unknown. In formulating the
eb type posterior, we assume a uniform cosmological redshift prior 
MNRAS 510, 366–372 (2022) 
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Table 3. The web type fraction for the SNeIa, CCSNe, and SDSS galaxies 
and the fractional volume and mass per web type. ZTF SNe represent the 
combined SNIa and CCSN samples. We find at high significance that SNe 
are clustered. 
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SDSS galaxies 0.031 ± 0.001 0.401 ± 0.003 0.493 ± 0.003 0.075 ± 0.001 

Volume 0.161 ± 0.004 0.584 ± 0.004 0.237 ± 0.002 0.018 ± 0.001 
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nd ignore correlations between neighbouring peculiar velocity grid
ells. Furthermore, we assume that all realisations contribute equally
o the web type posterior, and further, that the uncertainty on the
ngular position of the sources in the sky is negligible. We also
ssume that the cosmic web types are independent of the peculiar
elocities, since the former were derived from the density field. 

We assume a Gaussian likelihood whose mean is given by
quation (3). The total variance consists of the redshift uncertainty,
2 
z , and the velocity dispersion due to the virial motions of galaxies
ithin their haloes. Under these assumptions, the posterior for the
eb types t , t ∈ { 1,..., 4 } given a source population { N } can be
ritten as a marginal o v er the LOS grid cells, the realisations and

he sources: 

( t |{ N} ) ∝ 

N ∑ 

n = 1 

L n,k 

K ∑ 

k= 1 

J ∑ 

j= 1 

N 

(
ˆ z n 

∣∣∣ z k + 

v k,j 

c 
, σ 2 

n 

)

× δD ( t − t k,j ) , (5) 

here δD is the Dirac delta function and N ( x| μ, σ ) is a Gaussian
istribution with mean μ and standard deviation σ . The index j ∈
 1,..., J } denotes the realisations and the index n ∈ { 1,..., N } denotes
he sources in the population. The indices k ∈ { 1,..., K } denote the
rid cells in the observed volume. The L n , k operator is 1 if a grid cell
ies along the LOS to a source and 0 otherwise. 

We take the total uncertainty, σ , to consist of two independent
omponents: The uncertainty of the observed redshift estimate and
he virial motion of the galaxy within its halo. The two are combined
s 

2 
n = σ 2 

z,n + 

(σvir n 

c 

)2 
. (6) 

inally, we assume a 
√ 

N Poisson uncertainty on the web-type counts
iven a source population. This uncertainty model was verified using
ackknifing. 

To validate our algorithm, we infer the radial peculiar velocity
osterior for NGC 4993, which has been studied by Mukherjee et al.
 2021 ) and references therein. When we consider only the peculiar
otion of the halo, we find a posterior mean of v̄ p = 354 ± 75

m s −1 . When we add the peculiar velocity uncertainty due to the
irial motion of the galaxy within its halo, we reco v er ̄v p = 357 ± 84
m s −1 . In doing so, we use equation (4) for a halo mass of
0 12 M � (P an et al. 2017 ; Ebro v ́a et al. 2020 ). Our results agree
ith Mukherjee et al. ( 2021 ) both with and without the virial
elocity component. The velocity dispersion in our approach is
lightly smaller, as we have not considered correlations between
eighbouring peculiar velocity grid cells. 

 RESULTS  

e now present the cosmic web type posterior distributions for
NeIa and CCSNe compared with the SDSS galaxy sample. We
lso consider two reference fractions: The web type fraction, and
he mass fraction per web type, both in the entire observed volume.

e will refer to these distributions as the volume and mass fractions,
espectively. The SDSS galaxy sample is used to investigate potential
ifferences in the cosmic environments traced by galaxy and SN
urv e ys. The volume fraction is used to show that SNeIa are clustered.
he mass fraction is used to probe how SNeIa trace the total mass in

he observed volume. 
A summary of our results is given in Table 3 and illustrated

n Fig. 4 (a). We find similar web type distributions for SNeIa
nd CCSNe, which trace mostly underdense sheets and o v erdense
NRAS 510, 366–372 (2022) 
laments. We further find that the combined sample of SNeIa and
CSNe traces the LSS similarly to the SDSS galaxy sample in

he same redshift range. These results demonstrate that SNe, like
alaxies, are clustered, as their distribution across the web types is
onsistent with that of the SDSS galaxies, which are biased tracers
f the dark matter density. 
Finally, we compare the volume-limited SNIa 1 sample to the

olume and mass fractions. The results are shown in Table 3 and
llustrated in Fig. 4 (b). The SNIa web-type distribution is signifi-
antly different from the fractional volume occupied by the different
eb types. This confirms that SNeIa are strongly clustered. The

omparison with the fractional mass suggests that SNeIa are biased
ith respect to the background mass distribution. The fraction of
NeIa does not match the mass distribution in knots and sheets. This
ay be due to a combination of different stellar age distributions and
ass-to-light ratios, with knots being richer in dark matter compared

o the luminous matter tracing stellar density (Wiseman et al. 2021 ).

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e have performed a study of the large-scale environments of SNIa
nd CCSN populations in the low redshift Universe, and compared
he results with a reference galaxy sample at 0 < z < 0.036. We found
ith high significance that SNeIa and CCSNe are clustered, with the

evel of clustering being similar for both SN types. We found an
11 σ detection of clustering of SNeIa in voids, ∼7 σ in sheets, ∼9 σ

n filaments, and ∼5 σ in knots, by comparing the SNIa web-type
ractions with the corresponding volume fractions. We showed that
he ZTF SN surv e y traces the same LSS structures as galaxy surv e ys.

e further found that SNe and galaxies, when used as tracers of the
SS, primarily trace sheets and filaments. We also showed that SNeIa
re biased tracers of the mass distribution in the observed volume.
n particular, we find that the fraction of SNIa is lower (higher) than
he mass fraction in knots (sheets), an effect which we attribute to a
ensity-dependence of the baryonic to dark matter ratio. 
Our finding that SNe are highly clustered potentially has major

mplications for the clustering assumptions in previous SN surv e y
imulations, where the SN distribution is typically assumed to be
niform (Goobar et al. 2002 ; Feindt et al. 2019 ). More broadly, our
esults indicate the potential for using SNe as complementary LSS
robes of cosmology. Structure growth analyses, so far exploiting
Ne as standard candles (e.g. Graziani et al. 2020 ; Kim & Linder
020 ), can further consider SNe as tracers of the large-scale density
t redshifts where galaxies are too faint to be resolved (e.g. Boruah,
udson & Lavaux 2020 , equation 1). Our framework includes the
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Figure 4. (a) Web type posterior distributions for the SNIa, CCSN, ZTF, and SDSS samples with 1 σ error bars. ZTF SNe represent the combined SNIa and 
CCSN samples. We find that SNeIa and CCSNe trace the LSS similarly, and that SNe trace the LSS like galaxies. Most sources trace sheets and filaments and a 
small fraction traces voids and knots. (b) Web type posterior distribution for the SNIa sample, compared to the web types in the observed volume and the mass 
distribution per web type. It can be seen that SNeIa are clustered and do not trace the mass and density in the observed volume. 
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tudy of SNeIa from ZTF and the LSS inferences from BORG ,
aturally incorporating non-linear effects. Hence, it has the potential 
o provide important tests of gravity once the ZTF Hubble diagram 

ecomes available. 
The next-generation galaxy surveys, while reaching much deeper 
agnitude limits, will still predominantly resolve the brighter galaxy 

opulations. SNe are bright point sources and each SN subtype spans
 narrower luminosity range than galaxies. Therefore, SNe can be 
sed to alleviate potential redshift-dependent biases in the probed 
alaxy demographics. Coming surv e ys will further pro vide signif-
cantly larger SN samples. The e xtended ZTF surv e y is e xpected
o detect ∼10 000 low-redshift SNeIa and a comparable number of
CSNe (Graham et al. 2019 ; Perley et al. 2020 ). The Vera C. Rubin
bservatory ’s Legacy Survey of Space and Time is expected to detect
50 000 SNeIa per year (LSST Science Collaboration 2009 ). The 
ancy Grace Roman Space Telescope will deliver ∼1 000 SNe at 
igh redshifts (Rose et al. 2021 ). Such sample sizes combined with
omplementary galaxy samples, as biased tracers of the LSS, could 
rovide constraints on the growth of structure over cosmic time and 
ravity (Howlett et al. 2017 ; Kim et al. 2019 ). 
In order to harness the full power of such large SN catalogues,

mpro v ements must be made in modelling the LSS within BORG ,
o construct deep, higher-resolution LSS inferences. The latter will 
nable a refined association of the sources with their environmental 
roperties. Such an extension of our analysis to smaller scales can be
xploited for astrophysical and cosmological studies (e.g. Anderson 
t al. 2012 ; Melinder et al. 2012 ; Rigault et al. 2013 ; Anderson
t al. 2015 ; Kim et al. 2018 ; Roman et al. 2018 ) with upcoming
ime-domain surv e ys. 
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