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ABSTRACT

Context. Type Ia Supernovae (SNe Ia) are widely used to measure the expansion of the Universe. To perform such measurements the
luminosity and cosmological redshift (z) of the SNe Ia have to be determined. The uncertainty on z includes an unknown peculiar
velocity, which can be very large for SNe Ia in the virialized cores of massive clusters.

Aims. We determine which SNe Ia exploded in galaxy clusters. We then study how the correction for peculiar velocities of host
galaxies inside the clusters improves the Hubble residuals.

Methods. Using 145 SNe Ia from the Nearby Supernova Factory we found 11 candidates for membership in clusters. To estimate the
redshift of a cluster we applied the bi-weight technique. Then, we use the galaxy cluster redshift instead of the host galaxy redshift to
construct the Hubble diagram.

Results. For SNe Ia inside galaxy clusters the dispersion around the Hubble diagram when peculiar velocities are taken into ac-
count is smaller in comparison with a case without peculiar velocity correction, with a wRMS =0.130 + 0.038 mag instead of
wRMS=0.137 + 0.036 mag. The significance of this improvement is 3.58 o-. If we remove the very nearby Virgo cluster mem-
ber SN2006X (z < 0.01) from the analysis, the significance decreases to 1.34 o. The peculiar velocity correction is found to be
highest for the SNe Ia hosted by blue spiral galaxies, with high local specific star formation rate and smaller stellar mass, seemingly
counter to what might be expected given the heavy concentration of old, massive elliptical galaxies in clusters.

Conclusions. As expected, the Hubble residuals of SNe Ia associated with massive galaxy clusters improve when the cluster redshift
is taken as the cosmological redshift of the SN. This fact has to be taken into account in future cosmological analyses in order to
achieve higher accuracy for cosmological redshift measurements. Here we provide an approach to do so.

Key words. Supernovae: general — Galaxies: clusters: general — Galaxies: distances and redshifts — Dark energy
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1. Introduction

Type Ia Supernovae (SNe Ia) are excellent distance indicators.
Observations of distant SNe Ia led to the discovery of the accel-
erating expansion of the Universe (Perlmutter et al. 1998, 1999,
Riess et al. 1998, Schmidt et al. 1998). The most recent analysis
of SNe Ia indicates that for a flat ACDM cosmology, our Uni-
verse is accelerating, with Q5 = 0.705 + 0.034 (Betoule et al.
2014; Scolnic et al. 2017).

Cosmological parameters are estimated from the “luminos-
ity distance-redshift” relation of SNe Ia, using the Hubble dia-
gram. Generally, particular attention is paid to standardization
of SNe Ia, i.e. to increase of the accuracy of luminosity distance
determinations (Rust 1974; Pskovskii 1977, 1984; Phillips 1993;
Hamuy et al. 1996a; Phillips et al. 1999; Riess et al. 1996; Perl-
mutter et al. 1997, 1999; Wang et al. 2003; Guy et al. 2005, 2007,
Jha et al. 2007; Bailey et al. 2009; Wang et al. 2009; Kelly et al.
2010; Sullivan et al. 2010; Chotard et al. 2011; Blondin et al.
2012; Rigault et al. 2013; Kim et al. 2013; Fakhouri et al. 2015;
Sasdelli et al. 2016; Léget 2016; Saunders 2017). The uncer-
tainty on the redshift is quite often considered negligible. The
redshift used in “luminosity distance-redshift” relation is due
to the expansion of the Universe assuming Friedman-Lemaitre-
Robertson-Walker metric, i.e. the motion within the reference
frame defined by the cosmic microwave background radiation
(CMB). We will refer to this as a cosmological redshift (z.). In
fact, the redshift observed on the Earth (z,,,) also includes the
contribution from the Doppler effect induced by radial peculiar
velocities (z,):

(1 + zops) = (1 + z)(1 + 2p) (D

At low redshift, and for low velocities compared to the speed
of light in vacuum, the following approximation can be used:

Zobs = Zc¢ + Zp (2)

The component of the redshift due to peculiar velocities in-
cludes the Earth’s rotational and orbital motions, the Solar orbit
within the Galaxy, peculiar motion of the Galaxy within the Lo-
cal Group, “infall” of the Local Group toward the center of the
Local Supercluster, etc. It is well known that peculiar veloci-
ties of SNe Ia introduce additional errors to the Hubble diagram
and therefore have an impact on the estimation of cosmologi-
cal parameters (Cooray & Caldwell 2006; Hui & Greene 2006;
Davis et al. 2011; Habibi et al. 2018). To minimize the influ-
ence of poorly constrained peculiar velocities, in some cosmo-
logical analyses all SNe Ia with z < 0.015 are removed from
the Hubble diagram fitting and a 300-400 km s~! peculiar ve-
locity dispersion is added in quadrature to the redshift uncer-
tainty (Astier et al. 2006; Wood-Vasey et al. 2007; Amanullah
et al. 2010). In particular, this is the approach taken for the cos-
mology analysis using Union 2.1 (Suzuki et al. 2012). Another
way to apply the peculiar velocity correction is to measure the
local velocity field assuming linear perturbation theory and then
correct each supernova redshift (Hudson et al. 2004). Willick &
Strauss (1998) estimated the accuracy of this method to be ~100
km s~!, Riess et al. (1997) adopted the value of 200 km s~!, Con-
ley et al. (2011) used 150 km s~!. This approach was used in the
Joint Light-Curve Analysis (JLA; Betoule et al. 2014). However,
it has been shown that the systematic uncertainty on w, the dark
energy equation of state parameter, of different flow models is at
the level of £0.04 (Neill & Conley 2007).
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Fig. 1: This Hubble diagram demonstrates how large peculiar
velocity can affect the measurements of the expansion history of
the Universe. The inset plot is a typical velocity distribution of
galaxies inside a cluster.

It has nonetheless been observed that velocity dispersions
can exceed 1000 km s~! in galaxy clusters (Ruel et al. 2014).
For example, in the Coma cluster, a large cluster of galaxies
that contains more than 1000 members, the velocity dispersion
is oy = 1038 km s~! (Colless & Dunn 1996). The dispersion
inside the cluster can be much greater than that usually assumed
in cosmological analyses and therefore can seriously affect the
redshift measurements (see Fig. 1). Moreover, within a cluster,
the perturbations are no longer linear, and therefore can not be
corrected using the smoothed velocity field. Assuming a linear
Hubble flow, we can transform the dispersion due to peculiar ve-
locities into a magnitude error:

S50 %4
7m = 2 In(10) ©)

Calculations using Eq. 3 show that for the low redshift region
(z < 0.05) this error is higher than the 150 km s~ and 300 km s~!
that is usually assumed and is two times larger than the intrinsic
dispersion of SNe Ia around the Hubble diagram (Fig. 2). This
means that standard methods to take into account peculiar veloc-
ities do not work for galaxies inside clusters, and another more
accurate method needs to be developed for these special cases.

For a SN in a cluster it is possible to estimate z. more accu-
rately using the host galaxy cluster redshift (z/) instead of the
host redshift! (z"°%"). The mean cluster redshift is not affected
by virialization within a cluster. Of course clusters also have pe-
culiar velocities which can sometimes manifest themselves as
cluster merging, for example, the Bullet clusters (Clowe et al.
2006). However, clusters have much smaller peculiar velocities
than the galaxies within them (i.e. ~300 km s~!; Bahcall & Oh
1996; Dale et al. 1999; Masters et al. 2006).

The fact that there is additional velocity dispersion of galax-
ies inside the clusters that should be taken into account has been
known for a long time. Indeed, the distance measurements are
degenerate in terms of redshift due to the presence of galaxy
clusters and this is accounted for when Tully-Fisher method

! Hereafter, we refer to this procedure as peculiar velocity correction.
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Fig. 2: Redshift uncertainties (in magnitude units) due to differ-
ent levels of peculiar velocities, as a function of the cosmological
redshift. The solid black line corresponds to the Coma cluster ve-
locity dispersion; the dashed and dash-dotted lines correspond to
300 km s~! and 150 km s~!, respectively. The red line shows the
intrinsic dispersion of SNe Ia on the Hubble diagram found for
the JLA sample (Betoule et al. 2014).

(Tully & Fisher 1977) is applied to measure distances. This prob-
lem is known as the triple value problem, which is the fact that
for a given distance one can get three different values of redshift
due to the presence of a cluster (see for example Tonry & Davis
1981; Tully & Shaya 1984; Blakeslee et al. 1999; Radburn-Smith
et al. 2004; Karachentsev et al. 2014). To account for the peculiar
velocities of galaxies in clusters Blakeslee et al. (1999) proposed
several alternative approaches. The first is to keep using the indi-
vidual galaxies’ velocities but to add extra variance in quadrature
for the clusters according to o(r) = oo/[1 + (r/ ro)?]'/2, where
oo = 700 (400) km s~! and ry = 2 (1) Mpc for Virgo (For-
nax). The second approach is to use a fixed velocity error and to
remove the virial dispersion by assigning galaxies their group-
averaged velocities. Nevertheless, peculiar velocity correction
within galaxy clusters has received little attention in SN Ia stud-
ies, with the exceptions of Feindt et al. 2013 and Dhawan et al.
2017. The redshift correction induced by galaxy clusters is men-
tioned only briefly in those analyses, as their objectives were to
measure the bulk flow with SNe Ia (Feindt et al. 2013) and the
Hubble constant (Dhawan et al. 2017). However, at low redshifts
this correction is necessary, which is why we focus on it here.

In this paper we identify SNe Ia that appear to reside in
known clusters of galaxies. We then estimate the impact of their
peculiar velocities by replacing the host redshift by the cluster
redshift. As our parent sample we use 145 SNe Ia observed by
the Nearby Supernova Factory (SNFacToRY), a project devoted
to the study of SNe Ia in the nearby Hubble flow (0.02 < z <
0.08; Aldering et al. 2002). We then compare the Hubble residu-
als (HRs) for SNe Ia in galaxy clusters before and after peculiar
velocity correction.

The paper is organized as follows: in Sect. 2 the SNFacTORY
dataset is described. In Sect. 3 the host clusters data as well as the
matching with SNe Ia are presented. In Sect. 4 we introduce the
peculiar velocity correction and study how it affects the HRs. We
discuss the robustness of our results and the properties of SNe Ia

in galaxy clusters in Sect. 5. Finally, the conclusions of this study
are given in Sect. 6.

Throughout this paper, we assume a flat ACDM cosmology
with Qs = 0.7, Q,, = 0.3, and Hy = 70 km s~'Mpc~!. Varying
these assumptions has negligible impact on our results due to
the low redshifts of our SNe Ia and the fact that Hy is simply
absorbed into the Hubble diagram zero point.

2. Nearby Supernova factory data

This analysis is based on 145 SNe Ia obtained by the SNrac-
TORY collaboration between 2004 and 2009 with the SuperNova
Integral Field Spectrograph (SNIFS; Aldering et al. 2002, Lantz
et al. 2004) installed on the University of Hawaii 2.2-m telescope
(Mauna Kea). SNIFS is a fully integrated instrument optimized
for semi-automated observations of point sources on a structured
background over an extended optical window at moderate spec-
tral resolution. SNIFS has a fully-filled 6.4” xX6.4” spectroscopic
field-of-view subdivided into a grid of 15 X 15 contiguous square
spatial elements (spaxels). The dual-channel spectrograph simul-
taneously covers 3200-5200 A (B-channel) and 5100-10000 A
(R-channel) with 2.8 and 3.2 A resolution, respectively. The data
reduction of the X, y, A data cubes was summarized by Aldering
et al. (2006) and updated in Sect. 2.1 of Scalzo et al. (2010). A
preview of the flux calibration is developed in Sect. 2.2 of Pereira
et al. (2013), based on the atmospheric extinction derived in Bu-
ton et al. (2013), and the host subtraction is described in Bongard
et al. (2011). For every supernova followed, the SNFACTORY cre-
ates a spectro-photometric time series composed of ~13 epochs
on average, with the first spectrum taken before maximum light
in B-band (Bailey et al. 2009; Chotard et al. 2011). In addition,
observations are obtained at the supernova location at least one
year after the explosion to serve as a final reference to enable
the subtraction of the underlying host. The host galaxy redshifts
of the SNFractory SNe Ia are given in Childress et al. 2013. The
sample of 145 SNe Ia contains those objects through 2009 hav-
ing good final references and properly measured light-curve pa-
rameters, including quality cuts suggested by Guy et al. (2010).

The nearby supernova search is more complicated than the
search for distant SNe Ia because, to probe the same volume, it
is necessary to sweep a much larger sky field. Rather than tar-
geting high-density galaxy fields that could potentially bias the
survey, at the beginning of the SNracTory experiment (2004—
2008), SNe Ia were discovered with the 1.2-m telescope at the
Mount Palomar Observatory (Rabinowitz et al. 2003) in a non-
targeted mode, by surveying about 500 square degrees of sky
every night. In all ~20000 square degrees were monitored over
the course of a year. SNracTorY performed the follow-up obser-
vations of a few SNe Ia discovered by the Palomar Transient Fac-
tory (Law et al. 2009) which also were found in a non-targeted
search. We chose to examine this sample, despite it being only
20% of all nearby cosmologically useful SNe Ia, in order to use
a homogeneous dataset primarily from a blind SN Ia search to
avoid any bias due to the survey strategy. However, 22 SNe Ia
in the sample were not discovered by these research programs
but by amateur astronomers or specific surveys in clusters of
galaxies. In particular, SN2007nq which will be identified as be-
ing in a cluster, comes from a specific search within clusters of
galaxies (Quimby et al. 2007); SN2006X as well as SN2009hi
which were also identified as being in clusters, come from tar-
geted searches (Suzuki, & Migliardi 2006; Nakano et al. 2009).

As mentioned above, SN2006X is located in the Virgo clus-
ter and is a highly reddened SN Ia, with a SALT2 color of
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C = 1.2. This SN Ia would not be kept for a classical cosmolog-
ical analysis, but since here we are only interested in the effects
of peculiar velocities, we have kept it in the analysis.

3. Host clusters data

In this section we will describe how we selected the cluster can-
didates for associations with SNracTory SNe (Sect. 3.1). We will
then present our technique for calculating the cluster redshift
and its error (Sect. 3.2). Our final list of associations appears
in Sect. 3.3.

3.1. Preliminary cluster selection

Several methods for identifying clusters of galaxies have been
developed (e.g., Abell 1958; Abell et al. 1989; Zwicky et al.
1961; Gunn et al. 1986; Vikhlinin et al. 1998; Kepner et al. 1999;
Gladders & Yee 2000; Piffaretti et al. 2011; Planck Collabora-
tion et al. 2016b). However, each of them contains assumptions
about cluster properties and is subject to selection effects. The
earliest method used to identify clusters was the analysis of the
optical images for the presence of over-density regions. Finding
clusters with this method suffers from contamination by fore-
ground and background galaxies that produce the false effect
of over-density, which becomes more significant for high red-
shift. To help reduce this projection effect, another method one
can use is the Red Sequence Method (RSM). This method is
based on the fact that galaxy clusters contain a population of el-
liptical and lenticular galaxies that follow an empirical relation-
ship between their color and magnitude and form the so-called
red sequence (Gladders & Yee 2000). The projection of random
galaxies at different redshifts is not expected to form a clear red
sequence. The RSM also requires multicolor observations. Spec-
troscopic redshift measurements help tremendously in establish-
ing which galaxies are cluster members; though even, then the
triple value problem can lead to erroneous associations.

A third popular and effective method to detect galaxy clus-
ters is to observe the diffuse X-ray emission radiated by the hot
gas (10°~108 K) in the centers of the clusters (Boldt et al. 1966;
Sarazin 1988). In virialized systems the thermal velocity of gas
and the velocity of the galaxies in the cluster are determined by
the same gravitational potential. As a result, clusters of galaxies
where peculiar velocities are important appear as luminous X-
ray emitters, with typical luminosities of Lx ~ 10¥-10% erg
s~!. Such luminosities correspond to oy = 700 km s~! (see
Fig. 3). The gas distribution can be rather compact and thus unre-
solved by X-ray surveys at intermediate and high redshifts. How-
ever, nearby clusters (z < 0.1) will be well resolved, eliminating
contamination from X-ray AGN or stars.

Finally, clusters of galaxies also cause distortions in the cos-
mic microwave background from the inverse Compton scattering
of the CMB photons by the hot intra-cluster gas. In the fourth
and final cluster identification method, this signature, known
as the Sunyaev-Zel’dovich (SZ) effect, is used to identify clus-
ters (Planck Collaboration et al. 2016b).

Using the SIMBAD database (Wenger et al. 2000) we chose
all the clusters projected within ~2.5 Mpc around the SNe Ia po-
sitions and with redshift differing from that of the supernova by
less than 0.015. SN Ia host redshifts were used to initially de-
termine the distance. We did not consider objects classified as
groups of galaxies (GrG), although there is no strong boundary
between these and clusters, since groups of galaxies are char-
acterized by smaller mass and therefore smaller velocity disper-
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Fig. 3: The [0.1-2.4 keV] luminosities within Rsgy of MCXC
clusters (Piffaretti et al. 2011) as a function of redshift, up to
z = 0.1. The colorbar shows the corresponding cluster velocity
dispersion oy calculated from Eq. 7. Black pluses are clusters
from the current analysis. The black curve corresponds to the
intrinsic dispersion of SNe Ia on the Hubble diagram found for
the JLA sample (Betoule et al. 2014) projected onto cluster lu-
minosities by combining the luminosity-mass and mass-velocity
dispersion relations.

sion ~300 km s~! (see Fig. 5 in Mulchaey 2000). The uncer-
tainty introduced by such velocity is properly accounted for us-
ing the conventional method of assigning a fixed uncertainty to
all SNe Ia to account for peculiar velocities.

3.2. Cluster redshift measurement

Some published cluster redshifts have been determined from a
single or few galaxies. As we want to have a precise redshift
correction, we can not simply replace the redshift of the host
galaxy by the redshift of another galaxy. We therefore adopt the
following methodology to improve cluster redshift estimates.

To measure the redshift of the cluster it is necessary to know
which galaxies in the cluster field are its members. Galaxy clus-
ters considered in this paper are old enough (z < 0.1) to exhibit
virialized regions (Wu et al. 2013). Therefore, to characterize the
cluster radius we used the virial radius Ry, corresponding to an
average enclosed density equal to 200 times the critical density
of the Universe at redshift z:

R200 = Rlz=200p, » 4
3H(2)

c = , 5

P 3G Q)

where H(z) is the Hubble parameter at redshift z and G is the
Newtonian gravitational constant.

According to the virial theorem, the velocity dispersion
oy inside a cluster is given as:

GM
R et (6)
Rooo
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Using Eq. 5 and My = %JTRS 2000, we find:

200

oy =~ 10R200 H(Z) (7)

<I') can be found from the

The cluster redshift uncertainty (z
cluster velocity dispersion:

2 = —~=, ®)

where Ny is a number of cluster members used for the calcula-
tion.

First, we took all the galaxies attributed to each cluster in
literature sources and added the SNracTory host galaxy if it
was not among them. Then, these data were combined with the
DR13 release database of SDSS (Eisenstein et al. 2011; Dawson
et al. 2013; Smee et al. 2013; SDSS Collaboration et al. 2016).
We selected all galaxies with spectroscopic redshifts located in
a circle with the center corresponding to the cluster coordinates
and projected inside the cluster’s Ry radius. A 5oy redshift cut
was adopted in the redshift direction (see Eq. 7).

The Rygo value was extracted from the literature when pos-
sible. For the clusters without published size measurements we
estimated Ryoo ourselves from the velocity distribution of galax-
ies around the cluster position following the procedure described
in Beers et al. (1990) with an initial guess of Rypp = 1.1 Mpc.
If the number of cluster members with spectroscopically deter-
mined redshifts was less than ten, the value of 1.1 Mpc was
adopted as a virial radius. This value corresponds to the aver-
age Ry of clusters in the MCXC, a meta-catalogue of X-ray
detected clusters of galaxies (Piffaretti et al. 2011); see Fig. 3.

To estimate the redshift of a cluster we applied the so-called
bi-weight technique (Beers et al. 1990) on the remaining redshift
distributions. Bi-weight determines the kinematic properties of
galaxy clusters while being resistant to the presence of outliers
and is robust for a broad range of underlying velocity distribu-
tions, even if they are non-Gaussian, using the median and an
outlier rejection based on the median absolute deviation. More-
over, Beers et al. 1990 provide a formula for the cluster redshift
uncertainty, but it can not be used for clusters with few members.
Therefore, instead we use Eq. 8, which can be applied for all of
our clusters.

For some of the clusters the literature provides only the fi-
nal redshift and the number of galaxies, Np4p.r, that were used
in the calculation, without publishing a list of cluster members.
In those cases, if the number of members collected by us satis-
fies Noar < Npaper We adopted the redshift from literature. The
detailed scheme of the cluster redshift calculation is presented in
Fig. 4.

All the calculations described above are based on spectro-
scopical redshifts. Before performing the calculations of the
cluster CMB redshift, all of the heliocentric redshifts of its mem-
bers were first transformed to the CMB frame. The transforma-
tion to the CMB frame made use of the NASA/IPAC Extragalac-
tic Database (NED).

3.3. Final matching and confirmation

Once the redshifts and R,y values were obtained for each clus-
ter, we performed the final matching. A supernova is considered
a cluster member if two conditions are satisfied:

e 1 < Rjy, where r is the projected distance between the SN

and cluster center.
‘ - o
° |Zhost ch| <3 CV

The SNe Ia that did not satisfy these criteria were removed from
further consideration.

Our final criteria are slightly different than those applied by
Xavier et al. 2013 (1.5 Mpc and oy = 500 km s™') and Dil-
day et al. 2010 (1 Mpc h~' and Az = 0.015). They studied the
properties and rate of supernovae in clusters and their choices
were made to be consistent with previous cluster SN Ia rate
measurements. These values roughly characterize an “average”
cluster and we were guided by the same thoughts when making
the preliminary cluster selection (2.5 Mpc and Az = 0.015, see
Sec. 3.1). However, since clusters have different size and veloc-
ity dispersion, we determined or extracted from the literature the
physical parameters of each cluster (Ryy and o). This method
provides an individual approach to each SN-cluster pair and al-
lows association with a cluster to be defined with greater accu-
racy.

Following Carlberg et al. (1997) and Rines & Diaferio
(2006) we constructed an ensemble cluster from all the clusters
associated with SNe Ia to smooth over the asymmetries in the
individual clusters. We scaled the velocities by oy and positions
with the values of Ry for each cluster to produce the Fig. 5. This
shows our selection boundaries and exhibits good separation of
cluster galaxies from surrounding galaxies.

As it was mentioned in Sect. 3.1 there are several methods
to identify a cluster. Initially we considered everything that is
classified as a cluster by previous studies. However, some of
these classifications can be false. For the remaining clusters we
checked for the presence of X-ray emission, a red sequence or
the SZ effect, as described below.

We used the public ROSAT All Sky Survey images
within the energy band 0.1-2.4 keV, to look for extended
X-ray counterparts’>. The expected [0.1-2.4 keV] luminosity

within Rsgp can be extracted from the luminosity-mass relation

)P (=) = C(5aez)" with log(C) = 0.274 and

a = 1.64 (see Table 1 in Arnaud et al. 2010). The Lsgy values
for MCXC clusters (Piffaretti et al. 2011) as a function of red-
shift are presented in Fig. 3. Moreover, in Fig. 3 we have rep-
resented by a continuous black line the minimum value of Lsg
which is required for the velocity dispersion of the cluster to
cause a deviation from the Hubble diagram greater than the in-
trinsic dispersion in luminosity of SNe Ia. It can be seen that all
the clusters hosting SNe Ia except one are above this threshold
and it is therefore very likely that the Doppler effect induced by
these clusters causes a dispersion in the Hubble diagram which
is greater than the intrinsic dispersion in luminosity of SNe Ia.
Moreover, more than a half of the low redshift clusters are above
this limit, indicating that the peculiar velocity correction has to
be taken into account if a SN Ia belongs to a cluster of galaxies
and is observed at low redshift.

To check for a linear red sequence feature, SDSS data were
employed. From the SDSS Galaxy table we chose all the galax-
ies in the R,y region around the cluster position. We extracted
model magnitudes, as recommended by SDSS for measuring
colors of extended objects.

We checked for detections of the SZ effect using the Planck
catalog of Sunyaev-Zel’dovich sources (Planck Collaboration
et al. 2016a). All the clusters in our sample with SZ sources also
have X-ray emission, as expected for real clusters.

2 http://www.xray.mpe.mpg.de/cgi-bin/rosat/
rosat-survey
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Fig. 5: Speed normalized by velocity dispersion within the en-
semble cluster vs. the distance between galaxies and the ensem-
ble cluster normalized by R;y9. The small points are galaxies
with spectroscopy from SDSS. The big points represent the po-
sitions of host galaxies of our SNe Ia. The color bar shows the
corresponding g — r color, the points filled with grey do not have
color measurements. The solid lines show the cuts we applied to
associate SNe Ia with clusters, and the dashed lines represent the
prolongation of those cuts.

Some of our supposed clusters do not show X-ray or SZ sig-
natures of a cluster. As described in Sect. 3.1, low-redshift clus-
ters are expected to have X-ray emission. Therefore, only such
candidates were kept for further analysis (see Fig. 3).

Cases when the red sequence is clearly seen but for which
there is no diffuse X-ray emission can be explained either by the
superposition of nearby clusters or being a group embedded in
a filament. For example, our study of the redshift distribution
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and sky projection around the proposed host cluster [WHL2012]
J132045.4+211627 of SNF20070417-002 revealed that many of
the redshifts used to determine z¢ come from galaxies that are
more spread out — like a filament would be. We conclude that,
consistent with the lack of X-rays, this is not a cluster.

Two other clusters, ZwCl 2259+0746 and A87, also require
discussion. Within 2.3” of the center of ZwCl 2259+0746 there
is a source of X-ray emission, IRXS J230215.3+080159. How-
ever, the size of the emission region (3’) is very small in compar-
ison with Rsyy value for the cluster (40’). In addition, according
to Mickaelian et al. (2006) this emission belongs to a star. There-
fore, we did not assign this X-ray source to ZwCl 2259+0746.
Another case is A87, which belongs to the A85/87/89 complex
of clusters of galaxies. According to Durret et al. (1998) the
galaxy velocities in the A87 region show the existence of sub-
groups, which all have an X-ray counterpart, and seem to be
falling onto A85 along a filament. Therefore, A87 is not really
a cluster but a substructure of A85 that has a very prominent
diffuse X-ray emission (Piffaretti et al. 2011). We applied our
redshift measurement technique to determine the CMB redshift
of the virialized region of A85. Thus, we included A85/A87 in
our final table for the peculiar velocity analysis.

The final list of SNractory SNe Ia in confirmed clusters con-
tains 11 objects. The resulting association of SNe Ia with host
clusters is given in Table 1. Column 1 is the SN name, Col. 2
contains a name of the identified host cluster of galaxies, and
Col. 3 is the MCXC name. The MCXC coordinates of the host
cluster center are given in Col. 4. Column 5 contains the pro-
jected separation, D, in Mpc between the SN position and the
host cluster center. The R,go value is in Col. 6 and the CMB su-
pernova redshift is in Col. 7. The CMB redshift of the cluster and
its uncertainty can be found in Cols. 8 and 9. The velocity dis-
persion of the cluster estimated from the R, value is shown in
Col. 10. The number of galaxies that were used for cluster red-
shift calculation is in Col. 11. In Col. 12 we indicate the source
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of galaxy redshift information (lit. is an abbreviation for litera-
ture). In the last Col. we summarize all references for the cluster
coordinates, Ry, and non-SN galaxy redshifts.

4. Impact on the Hubble diagram

Since we have a list of 11 SNe Ia that belong to clusters, we can
apply peculiar velocity corrections and study how they affect the
Hubble residuals. The following methodology is implemented.

The theoretical distance modulus is ,u’h = Slog,odL - 5,
where dy, is the true luminosity distance in parsecs:

c dz,
d= (14 2) f , ©)
Hy 0 Qp + Qu(1 +2.)3

where z;, is the heliocentric redshift, which takes into account the
fact that the observed flux is affected not only by the cosmologi-
cal redshift but by the Doppler effect as well.

We assign the cosmological redshift z. to be:

zf! if inside a galaxy cluster,

Ze = (10)

host
¢

zZ otherwise.

The uncertainty on z. (both SN Ia and host cluster) is propagated
into the magnitude error o> as:

i

tot2 _ 2 2 2
O =0, T 0+ Oy

an
where o, is the propagation of uncertainty from light curve pa-
rameters to an apparent magnitude of SN Ia in the B-band m,
O ins 18 the unknown intrinsic dispersion of SN Ia. o, is the uncer-
tainty on redshift measurement and peculiar velocity correction
(see Eq. 3), which is assigned as:

5 Vz?

z<In(10)

5 ke 2400012

thr ln(l())

The 0.001 value corresponds to the 300 km s~! that is added
to the redshift error of SNe Ia outside the clusters in order to
take into account the unknown galaxy peculiar velocities, as in a
classical cosmological analysis. For cases where a SN Ia belongs
to a galaxy cluster, we assume that the redshift error contains
only the error due to the redshift measurement of a cluster.

By fitting the Hubble diagram using only SNe Ia outside
the galaxy clusters®, we obtained SN Ia SALT2 nuisance pa-
rameters: « and S, the classical standardization parameters for
light curve width and color respectively; the absolute magnitude
M3, and the intrinsic dispersion. These nuisance parameters re-
mained fixed during our analysis. Once the nuisance parameters
were estimated, we computed the difference between observed
and theoretical distance modulus (Hubble residuals). In order
to study the impact of peculiar velocity correction, we compute
the Hubble residuals for the SNe Ia in clusters before and after
correction. We used the weighted root mean square (WRMS) as
defined in Blondin et al. 2011 to measure the impact of this cor-
rection. We used the same intrinsic dispersion established during

if inside a galaxy cluster,
12)

otherwise.

3 Taking into account all the SNe Ia does not affect the Hubble diagram
fitting because the number of SNe Ia inside galaxy clusters is small.

the fitting (0, = 0.10 mag) to calculate all wRMS . SN2006X is
not taken into account during the computation of the wRMS due
to the fact that it does not belong to the set of “normal” SNe Ia.
However, SN2006X is included in the statistical tests described
below (for details see Sect. 5.1).

The dispersion of these 11 SNe Ia around the Hubble dia-
gram decreases significantly when the peculiar velocities of their
hosts inside the clusters are taken into account (WRMS =0.130 +
0.038 mag). When using the redshift of the host instead of the
redshift of the cluster, the dispersion of these 11 SNe Ia is
wRMS =0.137 = 0.036 mag (see Fig. 6). In order to compute
the significance of this improvement, the Pearson correlation co-
efficient and its significance between HR before the correction
and 5log, (Z el jzhost ) are computed. The Pearson correlation co-
efficient is p = 0.9 + 0.1, and its significance is 3.58 o, which
is significant. In order to crosscheck this significance, we did a
Monte-Carlo simulations. For each simulation, we took the dif-
ference z¢/—z"%* for the 11 SNe Ia in clusters and then randomly
applied these corrections to the same 11 SNe Ia. For each simula-
tion, we examine how often we get a wRM S less than or equal to
the observed wRMS after the fake random peculiar velocity cor-
rection. On average the wRMSis higher and the probability to
have the same or lower dispersion in wRMS'is 5.9 x 107, which
is in agreement with Pearson correlation significance.

Even though the p-value is low, we still need to clarify why
the decrease in wRMS is not higher. In order to examine whether
the corrections are consistent with what it is expected, we com-
pute the distribution of the pull of peculiar velocities and the
expected distribution of HRs of our correction. These two distri-
butions are shown respectively in Fig. 7 and Fig. 8. For the pull
distribution shown in Fig. 7, which is defined as the distribu-
tion of difference between the host galaxy redshift and the host
galaxy clusters redshift, divided by the peculiar velocity disper-
sion within the cluster, we should expect to get a centered normal
distribution with a standard deviation of unity. The standard de-
viation of the pull is 0.82 + 0.18 which is consistent with the ex-
pected unity distribution of the pulls. In addition, we showed in
Fig. 8 the expected distribution of the correction, the expected
distribution of the correction convolved with uncertainties on
HR, and the observed distribution of the correction. It is seen
that the observed distribution of the corrections and the predicted
distribution of the corrections are consistent.

To resume, the Pearson correlation coefficient and its signif-
icance, the distribution of the pull, and the comparison between
the expected correction and the observed correction show that
our correction is consistent with expectations given the cluster
velocity dispersions and the uncertainty in SN Ia luminosity dis-
tance.

In addition, the wRM S we found for SNe Ia inside the clus-
ters before correction, 0.137 + 0.036 mag, is also smaller than
the wRMS for the SNe Ia in the field (WRMS= 0.151 + 0.010
mag). This is consistent with a statistical fluctuations, but could
be due to a lower intrinsic luminosity dispersion for SNe Ia
inside galaxy clusters. This possibility will be explored in the
Sect. 5.2.

5. Discussion
5.1. SN2006X

Throughout the analysis, we treated SN2006X in a special way
because this SN Ia is highly reddened SN, i.e. it is associated
with dusty local environment (Patat et al. 2007). This is a SN Ia
affecting the interstellar medium and which exhibits very high
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SN Name Host Cluster MCXC Name  Cluster Coordinates R oSt 2 e TVew  Nea Source Ref.
(Mpc) ~ (Mpe) (kmy/s)
SNF20051003-004/SN2005eu  RXJ0228.2+2811 J0228.1+2811 022809.6 +28 1140 0.24 0.92 0.0337 0.0340 0.0015 644 2 Lt. 1,23
SNF20060609-002 A2151a J1604.5+1743 1604 35.7 +174328 0.64 1.16 0.0399 0.0359 0.0002 812 146 SDSS+Iit. 1.4
SNF20061020-000 A76 J0040.0+0649 0040 00.5 +0649 05  0.72 1.06 0.0379  0.0380 0.0008 742 9  SDSS+lit. 1,5
SNF20061111-002 RXCJ2306.8-1324  J2306.8—1324 230651.7-132459 0.66 1.08 0.0677 0.0647 0.0018 756 2 lit. 1,6
SNF20080612-003 RXCJ1615.5+1927 J1615.5+1927 16 1534.7+192736 0.52 0.76 0.0328 0.0311 0.0004 532 19 SDSS 1
SNF20080623-001 ZwCl18338 J1811.0+4954 18 11 00.1 +49 5440 1.02 1.17 0.0448 0.0493  0.0005 819 36 lit. 1.4
SNF20080731-000 ZwCl 1742+3306 J1744.2+43259 1744 15.0+325923 0.34 1.55 0.0755 0.0755 0.0026 1085 2 lit. 1,7
PTF09foz A8T7/A85 J0041.8-0918 0041 50.1 —09 1807 2.23 1.84 0.0533  0.0546  0.0004 1288 148 SDSS 1,8
SN2006X Virgo J1230.7+1220 1230473 +122013 1.19 1.14 0.0063  0.0045 0.0001 798 607 SDSS+lit.  1,9,10
SN2007nq Al19 J0056.3-0112 0056 18.3 -01 1300 1.11 1.43 0.0439 0.0431 0.0003 1001 153  SDSS+lit.  1,4,11
SN2009hi A2589 J2323.841648 232353.5+164832 0.10 1.33 0.0399  0.0401 0.0004 931 54 SDSS+lit. 14,12

Table 1: The association of the SNractory SNe Ia with host clusters. ' The value was calculated from Rsoy with equation Rygp =
1.52Rs00 (Reiprich & Bohringer 2002; Piffaretti et al. 2011). References. (1) Piffaretti et al. 2011; (2) Wegner et al. 1993; (3) Li
2005; (4) Smith et al. 2004; (5) Hudson et al. 2001; (6) Cruddace et al. 2002; (7) Ulrich 1976; (8) Nugent et al. 2009; (9) Suzuki, &
Migliardi 2006; (10) Kim et al. 2014; (11) Quimby et al. 2007; (12) Nakano et al. 2009.
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Fig. 6: Hubble diagram residuals. For cluster members red circles (blue squares) and histograms correspond to residuals for SNe Ia in
galaxy clusters before (after) correction for peculiar velocities of the hosts inside their clusters. The black histogram corresponds to
all SNe Ia after correction. SN2006X is presented in the inset plot separately from the others due to its very large offset.

ejecta velocities and a light echo (Patat et al. 2009). These spe-
cial features put it very far off the Hubble diagram, and makes
this SN unsuitable for cosmological analysis. However, it was
included in the analysis here because we are interested in the im-
pact of peculiar velocities within galaxy clusters, not cosmology
alone, and it passes the light curve quality criteria defined in Guy
et al. (2010). While SN2006X can bias the dispersion, only the
difference between the residuals before correction for peculiar
velocity and after correction for peculiar velocity is taken into
account in the computation of the significance of the signal. This
correction for SN2006X is around ~550 km s~! in velocity, and
has a huge impact on magnitude at nearby redshift. In this case
the ~0.7 magnitude correction improves the dispersion on the
Hubble diagram. Indeed, the original Hubble residual was mea-
sured as ~ —1.7 mag when using the host galaxy redshift instead
of the galaxy cluster’s redshift whereas the Hubble residual is
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~ —1.0 mag. This correction is <50% of the original offset, and
smaller than the corrected residual from stretch and color only.

Considering the importance of the correction for SN2006X
and the fact that this object is peculiar, it makes sense to cal-
culate the significance of the peculiar velocity correction when
SN2006X is not taken into account. Without SN2006X, the Pear-
son correlation coefficient decreases substantially to p = 0.5+0.3
, with a signifcance of 1.34 o. Moreover, by re-doing the same
Monte-Carlo simulation as in Sect. 4 for the remaining cluster
SNe Ia, the p-value changes from 5.9 x 10~ to 6.6 x 1072, which
is in agreement with Pearson correlation significance. Thus, re-
moving an object where the correction is large decreases the
significance of the correction, especially given the small sample
size.
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the velocity pull. This is compatible with the expected standard
deviation of unity.
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Fig. 8: Distribution of the difference in absolute HR after (HR,)
and before (HR;) peculiar velocity correction (in blue). The
black line represents the expected distribution of the difference
in HR, and the red curve is the expected change convolved with
error distribution. The results are compatible with the observed
distribution given the Poisson uncertainties of each histogram
bin.

5.2. Physical properties of SNe la and their hosts in galaxy
clusters

In Sect. 4 it was shown that the wRMS around the Hubble dia-
gram for the SNe Ia in clusters is less than for SNe Ia in the field,
which suggests that SNe Ia in clusters might represent a more
“standard” subclass of SNe Ia (see Fig. 6). In order to compute
the significance of this lower dispersion we perform 10® Monte-
Carlo simulations. For each simulation, we randomly select 11
SNe Ia in our sample and compute the wRMS . For all the sim-
ulations we compute how often the dispersion is lower than the

dispersion of wRMS =0.130+0.038 mag observed inside clusters
after the peculiar velocity correction. In this case, the probability
to have such a low dispersion is 3.8 x 10~!, which is not signifi-
cant.

Despite the low significance of their smaller dispersion, we
could expect some difference between SNe Ia in clusters and
outside them because the properties of the galaxies inside the
clusters are known to be different from those in the field. While
in the field all morphological types of the galaxies are observed,
the central parts of the clusters usually contain a large percent-
age of elliptical galaxies. The oldest stars, with an ages com-
parable to that of the Universe, lie in elliptical/lenticular galax-
ies. Moreover, dust is often absent in these regions. As shown
by previous studies, narrow light curve SNe la are preferen-
tially hosted by galaxies with little or no ongoing star formation,
and usually occur in more massive galaxies (Hamuy et al. 1995,
1996b; Riess et al. 1999; Hamuy et al. 2000; Sullivan et al. 2003,
2006, 2010; Neill et al. 2009; Smith et al. 2012; Johansson et al.
2013; Hill et al. 2016; Henne et al. 2017). Indeed, if we exam-
ine Fig. 9, we see that 11 SNe Ia found in clusters are consistent
with those studies, SNe Ia with higher X; belong to the hosts
with higher local sSFR and smaller M,,. The properties of
48 SNe Ia in clusters vs. 1015 SNe Ia in the field were studied
in Xavier et al. (2013), who found the following mean values
for SN LC parameters: X, = 0.14 + 0.04 (field), —0.40 + 0.20
(clusters) and C = —0.011 + 0.004 (field), —0.03 + 0.02 (clus-
ters). For comparison our means are X; = —0.01 + 0.09 (field),
—0.65 +0.36/—0.56 + 0.34 (clusters without/with SN2006X) and
C = 0.01 + 0.01 (field), 0.02 + 0.03/0.13 + 0.11 (clusters with-
out/with SN2006X). The correlation between HRs for 11 SNe in
clusters and their host galaxy’s mass is the same as shown in Fig.
15 of Xavier et al. (2013).

We also performed morphological classification of the hosts
(see Table 2) based on the information provided by SIMBAD
and HyperLEpA databases (Wenger et al. 2000; Makarov et al.
2014) and images from Childress et al. (2013). The host of
SNF20080612-003 is classified as elliptical by HyPERLEDA and
as spiral by Sternberg et al. (2011). However, the classification
by Sternberg et al. (2011) is based on images from Digital Sky
Survey. This host looks elliptical without any sign of spiral arms
on the SDSS image. Therefore, we assigned this galaxy to ellip-
tical as in HyperLEpa. We found that four SNe belong to ellip-
tical/lenticular galaxies while the other seven are located in spi-
rals. All of the early-type (elliptical and lenticular) galaxies fall
on the red sequence for their clusters (see the color-magnitude
diagrams (g — r vs. r) for the clusters within the SDSS footprint
in Fig. 10). For the most part the spiral hosts are very close to
the red sequence as well, i.e. these galaxies are characterized by
redder colors.

In Figs. 9 and 11 we also show how the peculiar velocity
correction c|Az| and the absolute change in Hubble residuals due
to peculiar velocity correction depend on the supernova param-
eters X; and C, host properties such as local sSFR, stellar mass,
morphological type, the difference between (g—r) of the host and
corresponding (g — r) of the red sequence (RS residuals), rela-
tive SN position inside the cluster and cluster mass Mgy (Chil-
dress et al. 2013; Brown et al. 2014; Rigault et al. 2018). The
c|Az| plot shows that most of the SNe whose redshifts are sig-
nificantly changed have X; =~ 0 and are hosted by blue spiral
galaxies, having high local sSFR, smaller M., /R200 =~ 0.7
(see Fig. 9). This is consistent with the distribution of galaxies
in clusters such that the massive/elliptical/passive galaxies are
located in the center but outer region contains spiral galaxies as
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SN Name Host Name Host Type  log(LsSFR)  log(M eiiar)
SNF20051003-004 NSFJ022743.32+281037.6 Sab -10.53 9.01
SNF20060609-002 MCG+03-41-072 Sbc -10.79 10.19
SNF20061020-000 2MASXJ00410521+0647439  Sab -13.07 10.26
SNF20061111-002 ... Sb -9.85 9.02
SNF20080612-003 2MASXJ16152860+1913344 E -11.15 10.17
SNF20080623-001 WINGSJ181139.70+501057.1 Sc -10.39 8.86
SNF20080731-000 ... Sb —11.87 10.14
PTF09foz 2MASXJ00421192-0952551 SO —13.31 10.49
SN2006X NGC 4321 Sbc — —
SN2007nq UGC 595 E -11.26 12.12
SN2009hi NGC 7647 E -12.54 11.51

Table 2: The properties of host galaxies of SNe Ia belonging to galaxy clusters. LsSFR (yr~'kpc=2) — local specific star formation
rate (star formation rate per unit galaxy stellar mass; Rigault et al. 2018), M., (M) is the host galaxy stellar mass (Childress

et al. 2013).
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Fig. 9: Peculiar velocity correction, c|Az|, for SNe Ia that be-
long to clusters, as a function of supernova parameters (X;, C;
triangles), host properties (local specific SFR (yr~'kpc=2), stel-
lar mass (M), morphological type, RS residuals [(g —7) — (g —
r)gs J; circles, Childress et al. 2013; Brown et al. 2014; Rigault
et al. 2018), relative SN position inside the cluster and cluster
mass My (My); squares. The colorbar shows the correspond-
ing local specific SFR.

well and with velocity profiles inside the clusters (see Fig. 5,
Carlberg et al. 1997, their Fig. 1, and Rines & Diaferio 2006,
their Fig. 15).

The small size of our sample does not allow us to perform
cosmological fits separately for the SNe Ia inside and outside
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galaxy clusters or to perform more detailed study of the behav-
ior of the supernova light curve parameters in both subsamples.
Once samples of SNe Ia in clusters become much larger, it will
be interesting to perform such analysis again, especially to find
out whether variation of the light curves parameters, and lumi-
nosity, could be important for cosmology.

6. Conclusions

Unknown peculiar velocities are an additional source of uncer-
tainty on the Hubble diagram. Usually, they are taken into ac-
count by assuming 150 — 300 km s~! as an additional statis-
tical uncertainty in the calculations or by applying corrections
based on linear flow maps. However, the velocity dispersion for
galaxies inside galaxy clusters can be much higher than these
methods account for. In this paper we developed a method for
assigning SNe Ia to clusters, we studied how the peculiar veloci-
ties of SNe Ia in galaxy clusters affect the redshift measurement
and propagate through to the distance estimation. We tested the
match of 145 SNe Ia observed by SNractory with known clus-
ters of galaxies and used the cluster redshift to measure the red-
shifts of the SNe Ia instead of the host galaxy redshift. Among
the full sample of SNe Ia, 11 were found to be in clusters of
galaxies.

The technique we developed improved the redshift measure-
ments for low and intermediate redshifts (z < 0.1) and decreased
the spread on the Hubble diagram. When peculiar velocities are
taken into account, for the SNe in clusters the wRMS =0.130 +
0.038 mag is smaller than the wRMS =0.137 + 0.036 mag found
when no correction is applied. The correction is statistically
significant with a value of 3.58 o; however, when we exclude
SN2006X the significance of the correction decreases to 1.34 o-.

We also found that the Hubble diagram dispersion of the 11
SNe Ia that belong to clusters is smaller than for SNe in the
field, but with a p-value of 3.8 X 107!, which is not statistically
significant. Among 11 SNe found in clusters the SNe Ia hosted
by blue spiral galaxies, with high local sSFR, smaller M.,
r/R200 =~ 0.7 show higher peculiar velocity corrections (see
Fig. 9).

Since the majority of galaxies in the Universe are not found
in galaxy clusters, but in filamentary structures such as the Great
Wall (Geller & Huchra 1989), SNe Ia in galaxy clusters are rare
in untargeted searches such as SNracTory. Next decade surveys
such as ZTF or LSST (Bellm 2014; LSST Science Collabora-
tion et al. 2009) will observe thousands of SNe Ia and therefore
have much larger samples of SNe Ia in clusters. These can be
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Fig. 10: Color-magnitude diagram (g — r vs. r) plotted for the clusters from Table 1 for the six clusters for which SDSS galaxy
redshifts and colors are available (Eisenstein et al. 2011; Dawson et al. 2013; Smee et al. 2013; SDSS Collaboration et al. 2016).
Red points show the positions of supernova hosts, most of which are located near the red sequence.

used to study dependencies between SNe Ia and host clusters
with greater certainty. LSST will be much deeper than SNFac-
TorY or ZTF, so the method of cluster selection based only on the
presence of X-rays will not be viable until much deeper all-sky
X-ray surveys are performed. Even though the impact of pecu-
liar velocities decreases with distance and becomes negligible at
high redshifts, SN Ia rates in clusters (Sharon et al. 2010; Bar-
bary et al. 2012) and the difference in SN light curve parameters
inside and outside the clusters could be fruitful avenues of inves-
tigation for future cosmological analyses.

Acknowledgements. We thank the technical staff of the University of Hawaii 2.2-
m telescope, and Dan Birchall for observing assistance. We recognize the signif-
icant cultural role of Mauna Kea within the indigenous Hawaiian community,
and we appreciate the opportunity to conduct observations from this revered
site. This work was supported in part by the Director, Office of Science, Of-
fice of High Energy Physics of the U.S. Department of Energy under Contract
No. DE-AC025CH11231. Support in France was provided by CNRS/IN2P3,
CNRS/INSU, and PNC; LPNHE acknowledges support from LABEX ILP, sup-
ported by French state funds managed by the ANR within the Investissements
d’ Avenir programme under reference ANR-11-IDEX-0004-02. NC is grateful to
the LABEX Lyon Institute of Origins (ANR-10-LABX-0066) of the University
de Lyon for its financial support within the program "Investissements d’ Avenir"”
(ANR-11-IDEX-0007) of the French government operated by the National Re-
search Agency (ANR). Support in Germany was provided by DFG through
TRR33 "The Dark Universe" and by DLR through grants FKZ 500R1503 and
FKZ 500R1602. In China support was provided by Tsinghua University 985
grant and NSFC grant No 11173017. Some results were obtained using re-
sources and support from the National Energy Research Scientific Computing
Center, supported by the Director, Office of Science, Office of Advanced Scien-
tific Computing Research of the U.S. Department of Energy under Contract No.
DE-ACO02- 05CH11231. We thank the Gordon & Betty Moore Foundation for
their continuing support. Additional support was provided by NASA under the
Astrophysics Data Analysis Program grant 15-ADAP15-0256 (PI: Aldering). We
also thank the High Performance Research and Education Network (HPWREN),
supported by National Science Foundation Grant Nos. 0087344 & 0426879. This
project has received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme (grant
agreement No 759194 - USNAC). PFL acknowledges support from the National
Science Foundation grant PHY-1404070. MVP acknowledges support from Rus-
sian Science Foundation grant 14-12-00146 for the selection of SNe exploded in
galaxy clusters. This research has made use of the NASA/IPAC Extragalactic
Database (NED), which is operated by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space

Administration. Funding for the Sloan Digital Sky Survey IV has been provided
by the Alfred P. Sloan Foundation, the U.S. Department of Energy Office of
Science, and the Participating Institutions. SDSS-IV acknowledges support and
resources from the Center for High-Performance Computing at the University
of Utah. The SDSS web site is www.sdss.org. SDSS-IV is managed by the As-
trophysical Research Consortium for the Participating Institutions of the SDSS
Collaboration including the Brazilian Participation Group, the Carnegie Institu-
tion for Science, Carnegie Mellon University, the Chilean Participation Group,
the French Participation Group, Harvard-Smithsonian Center for Astrophysics,
Instituto de Astrofisica de Canarias, The Johns Hopkins University, Kavli In-
stitute for the Physics and Mathematics of the Universe (IPMU) / University of
Tokyo, Lawrence Berkeley National Laboratory, Leibniz Institut fiir Astrophysik
Potsdam (AIP), Max-Planck-Institut fiir Astronomie (MPIA Heidelberg), Max-
Planck-Institut fiir Astrophysik (MPA Garching), Max-Planck-Institut fiir Ex-
traterrestrische Physik (MPE), National Astronomical Observatories of China,
New Mexico State University, New York University, University of Notre Dame,
Observatdrio Nacional / MCTI, The Ohio State University, Pennsylvania State
University, Shanghai Astronomical Observatory, United Kingdom Participation
Group, Universidad Nacional Auténoma de México, University of Arizona, Uni-
versity of Colorado Boulder, University of Oxford, University of Portsmouth,
University of Utah, University of Virginia, University of Washington, Univer-
sity of Wisconsin, Vanderbilt University, and Yale University. This research has
made use of the SIMBAD database, operated at CDS, Strasbourg, France. We
acknowledge the usage of the HyperRLEDA database (http://leda.univ-lyonl.fr).
We have made use of the ROSAT Data Archive of the Max-Planck-Institut fiir
extraterrestrische Physik (MPE) at Garching, Germany.

References

Abell, G. O. 1958, ApJS, 3, 211

Abell, G. O., Corwin, Jr., H. G., & Olowin, R. P. 1989, ApJS, 70, 1

Aldering, G., Adam, G., Antilogus, P., et al. 2002, in SPIE Conference Series,
Vol. 4836, 61-72

Aldering, G., Antilogus, P., Bailey, S., et al. 2006, ApJ, 650, 510

Amanullah, R., Lidman, C., Rubin, D., et al. 2010, ApJ, 716, 712

Arnaud, M., Pratt, G. W., Piffaretti, R., et al. 2010, A&A, 517, A92

Astier, P, Guy, J., Regnault, N., et al. 2006, A&A, 447, 31

Bahcall, N. A. & Oh, S. P. 1996, The Astrophysical Journal Letters, 462, L49

Bailey, S., Aldering, G., Antilogus, P., et al. 2009, A&A, 500, L17

Barbary, K., Aldering, G., Amanullah, R., et al. 2012, ApJ, 745, 32

Beers, T. C., Flynn, K., & Gebhardt, K. 1990, AJ, 100, 32

Bellm, E. 2014, in The Third Hot-wiring the Transient Universe Workshop, ed.
P. R. Wozniak, M. J. Graham, A. A. Mahabal, & R. Seaman, 27-33

Betoule, M., Kessler, R., Guy, J., et al. 2014, A&A, 568, 32

Article number, page 11 of 13



A&A proofs: manuscript no. SNIa_in_Clusters

0.2} [ 14 02F il 1 10
L + -l |
00F £7%: &4 oo} 4t ———L
oof 1T i1t .
3 2 1 0 1 01 00 01 02
X C
0.2} 1 o0 I
|1} ] I
0.0 %‘;»r {1 0.0f ﬁ ) |-
—02} H + 1-02} # L
© —5-14-13-12-11-10 -9 9 10 11 12 &
= log(LsSFR) 10g(Mtertar) |
N e
£ o2

ETIRENEAT

E SO Sab Sb Sbc S¢ —-0.4 —-0.3 —-0.2 —0.1 0.0
Morphology RS residuals [

: ||'+ ] ool + .|
iﬁ*@ e SRE

0.2
0.0

T T

—0.2

14.0 14.5
log(Ma00)

15.0

Fig. 11: Absolute change in Hubble residuals due to peculiar ve-
locity correction for SNe Ia that belong to clusters, as a function
of supernova parameters (X;, C; triangles), host properties (lo-
cal specific SFR (yr~'kpc™2), stellar mass (M), morphological
type, RS residuals [(g — r) — (g — r)gs]; circles, Childress et al.
2013; Brown et al. 2014; Rigault et al. 2018), relative SN posi-
tion inside the cluster and cluster mass M5y (My); squares. The
colorbar shows the corresponding local specific SFR.

Blakeslee, J. P.,, Davis, M., Tonry, J. L., Dressler, A., & Ajhar, E. A. 1999, ApJ,
527,L73

Blondin, S., Mandel, K. S., & Kirshner, R. P. 2011, A&A, 526, A81

Blondin, S., Matheson, T., Kirshner, R. P, et al. 2012, AJ, 143, 126

Boldt, E., McDonald, F. B., Riegler, G., & Serlemitsos, P. 1966, Physical Review
Letters, 17, 447

Bongard, S., Soulez, F., Thiébaut, E., & Pecontal, E. 2011, MNRAS, 418, 258

Brown, M. J. I, Moustakas, J., Smith, J.-D. T., et al. 2014, ApJS, 212, 18

Buton, C., Copin, Y., Aldering, G., et al. 2013, A&A, 549, A8

Carlberg, R. G., Yee, H. K. C., & Ellingson, E. 1997, ApJ, 478, 462

Childress, M., Aldering, G., Antilogus, P., et al. 2013, ApJ, 770, 107

Chotard, N., Gangler, E., Aldering, G., et al. 2011, A&A, 529, L4

Clowe, D., Brada¢, M., Gonzalez, A. H., et al. 2006, ApJ, 648, L109

Colless, M. & Dunn, A. M. 1996, The Astrophysycal Journal, 458, 435

Conley, A., Guy, J., Sullivan, M., et al. 2011, ApJS, 192, 1

Cooray, A. & Caldwell, R. R. 2006, Phys. Rev. D, 73, 103002

Cruddace, R., Voges, W., Bohringer, H., et al. 2002, AplJS, 140, 239

Dale, D. A., Giovanelli, R., Haynes, M. P, Campusano, L. E., & Hardy, E. 1999,
The Astronomical Journal, 118, 1489

Davis, T. M., Hui, L., Frieman, J. A, et al. 2011, ApJ, 741, 67

Dawson, K. S., Schlegel, D. J., Ahn, C. P, et al. 2013, AJ, 145, 10

Dhawan, S., Jha, S. W., & Leibundgut, B. 2017, ArXiv e-prints

Dilday, B., Bassett, B., Becker, A., et al. 2010, ApJ, 715, 1021

Durret, F., Forman, W., Gerbal, D., Jones, C., & Vikhlinin, A. 1998, A&A, 335,
41

Eisenstein, D. J., Weinberg, D. H., Agol, E., et al. 2011, AJ, 142, 72

Fakhouri, H. K., Boone, K., Aldering, G., et al. 2015, ApJ, 815, 58

Feindt, U., Kerschhaggl, M., Kowalski, M., et al. 2013, A&A, 560, A90

Article number, page 12 of 13

Geller, M. J. & Huchra, J. P. 1989, Science, 246, 897

Gladders, M. D. & Yee, H. K. C. 2000, AJ, 120, 2148

Gunn, J. E., Hoessel, J. G., & Oke, J. B. 1986, ApJ, 306, 30

Guy, J., Astier, P, Baumont, S., et al. 2007, A&A, 466, 11

Guy, J., Astier, P, Nobili, S., Regnault, N., & Pain, R. 2005, A&A, 443, 781

Guy, J., Sullivan, M., Conley, A, et al. 2010, A&A, 523, A7

Habibi, F., Baghram, S., & Tavasoli, S. 2018, International Journal of Modern
Physics D, 27, 1850019

Hamuy, M., Phillips, M. M., Maza, J., et al. 1995, AJ, 109, 1

Hamuy, M., Phillips, M. M., Suntzeff, N. B., et al. 1996a, AJ, 112, 2391

Hamuy, M., Phillips, M. M., Suntzeff, N. B., et al. 1996b, AJ, 112, 2398

Hamuy, M., Trager, S. C., Pinto, P. A,, et al. 2000, AJ, 120, 1479

Henne, V., Pruzhinskaya, M. V., Rosnet, P, et al. 2017, New A, 51, 43

Hill, R., Shariff, H., Trotta, R., et al. 2016, ArXiv e-prints

Hudson, M. J., Lucey, J. R., Smith, R. J., Schlegel, D. J., & Davies, R. L. 2001,
MNRAS, 327, 265

Hudson, M. J., Smith, R. J., Lucey, J. R., & Branchini, E. 2004, MNRAS, 352,
61

Hui, L. & Greene, P. B. 2006, Phys. Rev. D, 73, 12

Jha, S., Riess, A. G., & Kirshner, R. P. 2007, ApJ, 659, 122

Johansson, J., Thomas, D., Pforr, J., et al. 2013, MNRAS, 435, 1680

Karachentsev, 1. D., Tully, R. B., Wu, P-F, Shaya, E. J., & Dolphin, A. E. 2014,
ApJ, 782, 4

Kelly, P. L., Hicken, M., Burke, D. L., Mandel, K. S., & Kirshner, R. P. 2010,
Apl, 743

Kepner, J., Fan, X., Bahcall, N, et al. 1999, ApJ, 517, 78

Kim, A. G., Thomas, R. C., Aldering, G., et al. 2013, ApJ, 766, 84

Kim, S., Rey, S.-C., Jerjen, H., et al. 2014, ApJS, 215, 22

Lantz, B., Aldering, G., Antilogus, P., et al. 2004, in SPIE Conference Series,
Vol. 5249, 146-155

Law, N. M., Kulkarni, S. R., Dekany, R. G., et al. 2009, PASP, 121, 1395

Léget, P.-F. 2016, Phd theses, Université Blaise Pascal

Li, W. 2005, TAU Circ., 8611

LSST Science Collaboration, Abell, P. A., Allison, J., et al. 2009, ArXiv e-prints

Makarov, D., Prugniel, P., Terekhova, N., Courtois, H., & Vauglin, I. 2014, A&A,
570, A13

Masters, K. L., Springob, C. M., Haynes, M. P., & Giovanelli, R. 2006, ApJ, 653,
861

Mickaelian, A. M., Hovhannisyan, L. R., Engels, D., Hagen, H.-J., & Voges, W.
2006, A&A, 449, 425

Mulchaey, J. S. 2000, ARA&A, 38, 289

Nakano, S., Itagaki, K., Li, W., Cenko, S. B., & Filippenko, A. V. 2009, Central
Bureau Electronic Telegrams, 1872

Neill, J. D., Sullivan, M., Howell, D. A., et al. 2009, ApJ, 707, 1449

Neill, J. D. Hudson, M. J. & Conley, A. 2007, ApJ, 661, L123

Nugent, P., Sullivan, M., & Howell, D. A. 2009, The Astronomer’s Telegram,
2255

Patat, F., Baade, D., Hoflich, P, et al. 2009, A&A, 508, 229

Patat, F., Chandra, P., Chevalier, R., et al. 2007, Science, 317, 924

Pereira, R., Thomas, R. C., Aldering, G., et al. 2013, A&A, 554, A27

Perlmutter, S., Aldering, G., della Valle, M., et al. 1998, Nature, 391, 51

Perlmutter, S., Aldering, G., Goldhaber, G., et al. 1999, AplJ, 517, 565

Perlmutter, S., Gabi, S., Goldhaber, G., et al. 1997, ApJ, 483, 565

Phillips, M. M. 1993, ApJ, 413, L105

Phillips, M. M., Lira, P., Suntzeff, N. B., et al. 1999, AJ, 118, 1766

Piffaretti, R., Arnaud, M., Pratt, G. W., Pointecouteau, E., & Melin, J.-B. 2011,
A&A, 534, A109

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016a, A&A, 594, A27

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016b, A&A, 594, A24

Pskovskii, I. P. 1977, Soviet Ast., 21, 675

Pskovskii, Y. P. 1984, Soviet Ast., 28, 658

Quimby, R., Yuan, E., Akerloff, C., et al. 2007, Central Bureau Electronic Tele-
grams, 1106

Rabinowitz, D., Baltay, C., Emmet, W., et al. 2003, in Bulletin of the Ameri-
can Astronomical Society, Vol. 35, American Astronomical Society Meeting
Abstracts, 1262

Radburn-Smith, D. J., Lucey, J. R., & Hudson, M. J. 2004, MNRAS, 355, 1378

Reiprich, T. H. & Bohringer, H. 2002, ApJ, 567, 716

Riess, A., Press, W., & Kirshner, R. 1996, AJ, 473, 88

Riess, A. G., Davis, M., Baker, J., & Kirshner, R. P. 1997, ApJ, 488, L1

Riess, A. G., Filippenko, A. V., Challis, P, et al. 1998, AJ, 116, 1009

Riess, A. G., Kirshner, R. P., Schmidt, B. P,, et al. 1999, AJ, 117, 707

Rigault, M., Brinnel, V., Aldering, G., et al. 2018, A&A submitted

Rigault, M., Copin, Y., Aldering, G., et al. 2013, A&A, 560, A66

Rines, K. & Diaferio, A. 2006, AJ, 132, 1275

Ruel, J., Bazin, G., Bayliss, M., et al. 2014, ApJ, 792, 45

Rust, B. W. 1974, PhD thesis, Oak Ridge National Lab., TN.

Sarazin, C. L. 1988, X-ray Emission from Clusters of Galaxies (London: Cam-
bridge University Press)

Sasdelli, M., Ishida, E. E. O., Hillebrandt, W., et al. 2016, MNRAS



P.-F. Léget & SNfactory: Type la Supernovae & Galaxy clusters

Saunders, C. 2017, in prep

Scalzo, R. A., Aldering, G., Antilogus, P, et al. 2010, ApJ, 713, 1073

Schmidt, B. P., Suntzeff, N. B., Phillips, M. M., et al. 1998, ApJ, 507, 46

Scolnic, D. M., Jones, D. O., Rest, A., et al. 2017, ArXiv e-prints

SDSS Collaboration, Albareti, F. D., Allende Prieto, C., et al. 2016, ArXiv e-
prints

Sharon, K., Gal-Yam, A., Maoz, D., et al. 2010, ApJ, 718, 876

Smee, S. A., Gunn, J. E., Uomoto, A., et al. 2013, AJ, 146, 32

Smith, M., Nichol, R. C., Dilday, B., et al. 2012, ApJ, 755, 61

Smith, R. J., Hudson, M. J., Nelan, J. E., et al. 2004, AJ, 128, 1558

Sternberg, A., Gal-Yam, A., Simon, J. D., et al. 2011, Science, 333, 856

Sullivan, M., Conley, A., Howell, D. A., et al. 2010

Sullivan, M., Conley, A., Howell, D. A,, et al. 2010, MNRAS, 406, 782

Sullivan, M., Ellis, R. S., Aldering, G., et al. 2003, MNRAS, 340, 1057

Sullivan, M., Le Borgne, D., Pritchet, C. J., et al. 2006, ApJ, 648, 868

Suzuki, N., Rubin, D., Lidman, C., et al. 2012, ApJ, 746, 85

Suzuki,, S. & Migliardi, M. 2006, IAU Circ., 8667

Tonry, J. L. & Davis, M. 1981, ApJ, 246, 680

Tully, R. B. & Fisher, J. R. 1977, A&A, 54, 661

Tully, R. B. & Shaya, E. J. 1984, ApJ, 281, 31

Ulrich, M.-H. 1976, ApJ, 206, 364

Vikhlinin, A., McNamara, B. R., Forman, W., et al. 1998, ApJ, 502, 558

Wang, L., Goldhaber, G., Aldering, G., & Perlmutter, S. 2003, ApJ, 590, 944

Wang, X., Filippenko, A. V., Ganeshalingam, M., et al. 2009, ApJ, 699, L139

Wegner, G., Haynes, M. P., & Giovanelli, R. 1993, AJ, 105, 1251

Wenger, M., Ochsenbein, F., Egret, D., et al. 2000, A&AS, 143, 9

Willick, J. A. & Strauss, M. A. 1998, ApJ, 507, 64

Wood-Vasey, W. M., Miknaitis, G., Stubbs, C. W., et al. 2007, ApJ, 666, 694

Wu, H.-Y., Hahn, O., Wechsler, R. H., Mao, Y.-Y., & Behroozi, P. S. 2013, ApJ,
763,70

Xavier, H. S., Gupta, R. R., Sako, M., et al. 2013, MNRAS, 434, 1443

Zwicky, F., Herzog, E., Wild, P., Karpowicz, M., & Kowal, C. T. 1961, Catalogue
of galaxies and of clusters of galaxies, Vol. I

Article number, page 13 of 13



	1 Introduction
	2 Nearby Supernova factory data
	3 Host clusters data
	3.1 Preliminary cluster selection
	3.2 Cluster redshift measurement
	3.3 Final matching and confirmation

	4 Impact on the Hubble diagram
	5 Discussion
	5.1 SN2006X
	5.2 Physical properties of SNe Ia and their hosts in galaxy clusters

	6 Conclusions



