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Type Ia Supernovae (SNe Ia) are widely used to measure the expansion of the Universe. To
perform such measurements the luminosity and cosmological redshift of the SNe Ia have to be
determined. The luminosity can be measured thanks to so-called standardization procedure that
allows to correlate a luminosity of a supernova with its light curve or spectrum parameters. Unfor-
tunately, even after the standardization procedures there is a remaining dispersion on the Hubble
diagram. This dispersion can be due to environmental effects (age, chemical composition, dust
around a SN) which are not yet taken into account. Besides the standardization of SN Ia, the
Hubble diagram contains another parameter, i.e. the supernova cosmological redshift. In fact the
redshift observed on the Earth is also affected by peculiar velocities. The exact contribution of
peculiar velocities in the observed redshift is unknown, however it was shown that the peculiar
velocities have an impact on the distance measurements and therefore can potentially affect the
cosmological analysis. Here, we discuss the impact of SN environment and peculiar velocities on
the distance measurements and cosmology. In the epoch of large transient surveys, development
of observational techniques and further processing of the data, a study of any possible sources of

systematical uncertainties in the cosmological analysis is of high priority.
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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 accelerating expansion of the Universe [3, 4, 5, 6]. The most recent
analysis of SNe Ia indicates that for a flat ACDM cosmology, our Universe is accelerating, with
Qp =0.6934+0.012 [7].

Cosmological parameters are estimated from the “luminosity distance-redshift” relation of
SNe, using the Hubble diagram. Generally, particular attention is paid to standardization of SNe
Ia, i.e. to increase of the accuracy of luminosity distance determinations.

In the early studies it was widely assumed that SNe Ia have universal light curves and a con-
stant absolute magnitude at maximum (“standard candles”). This was explained by the similarity
of the physical processes that lead to the outburst phenomenon. Generally, the outburst is a ther-
monuclear explosion of a C-O white dwarf whose mass has become close to or larger than the
Chandrasekhar mass. In fact, after the detailed observations of a large number of supernovae had
been accomplished, it became clear that the absolute magnitude at maximum can vary within 1 mag.
The reasons of luminosity dispersion could be different. First, the mechanism of mass increase by
white dwarf is not universal: it can be due to the matter accretion on the white dwarf from the
companion star (so—called “single—degenerate (SD) scenario”) or the merger of two white dwarfs
(““double—degenerate (DD) scenario” or “merging scenario”). Additionally there exist some alter-
native scenarios, like sub—Chandrasekhar, that is usually associated with weak explosions. These
scenarios have internal freedom that results in significant variations in observed light curves of
SNe Ia: like point of deflagration—to—detonation transition (for SD scenario), or difference in to-
tal mass (for DD scenario). Another important factor which could violate the “standard candle”
hypothesis is dust. Dust around the supernovae, as well as in the host galaxy, surely affects light
curve behavior. The distribution and properties of dust in host galaxies of supernovae could be dif-
ferent from that in the Milky Way. In addition, the initial chemical composition of the progenitor
stars also complicates the picture. A lower metallicity involves an increase of the Chandrasekhar
limit and could affect the explosion process. For example, in elliptical galaxies or in halo of spiral
galaxies only old, i.e. metal-poor, stars with an age comparable to that of the Universe are located;
on the contrary in the star formation regions of spiral galaxies there are young metal-rich stars. The
above-listed factors (age, chemical composition of the region around SN, presence of dust) could
be considered as environmental effects.

Fortunately, it was established that supernovae are “standardized candles”. SNe Ia whose lu-
minosity falls down slowly after the maximum light are brighter than supernovae with a fast decline
rate (stretch correction; [8, 9, 10]). Later it was shown that their absolute brightness depends on
the color as well (color correction; [11, 12]). However, the origin of this relation remains a big
mystery of SN science and is not yet reproduced by radiation-hydrodynamical modelling.

Besides the standardization of SN Ia, the Hubble diagram contains another parameter, i.e.
the supernova cosmological redshift. The uncertainty 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), another words
a cosmological redshift. In fact, the redshift observed on the Earth also includes the contribution
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from the Doppler effect induced by radial peculiar velocities due to the Earth’s rotational and orbital
motions, Galactic rotation, peculiar motion of the Galaxy within the Local Group, “infall” of the
Local Group toward the center of the Local Super-cluster, host galaxy peculiar motion etc. The
exact contribution of peculiar velocities in the observed redshift is unknown.

To minimize the influence of poorly constrained peculiar velocities in cosmological analyses,
usually a 150300 km s~! peculiar velocity dispersion is added in quadrature to the redshift uncer-
tainty [13, 14]. It has nonetheless been observed that velocity dispersion can exceed 1000 kms~! in
galaxy clusters [15]. If we transform this dispersion into a magnitude error, we will see that for low-
redshift region (z < 0.05) this error is several times more than the one corresponding to 150 km s~
and 300 km s~!, moreover, it is two times larger than the intrinsic dispersion of SNe Ia around the
Hubble diagram (0.11 mag, see fig. 2 in [2]). It means that standard methods for peculiar velocity
correction do not work for the galaxies inside the clusters and another, more accurate method has
to be developed.

The final goal of our work is to study how the environment and peculiar velocities affect the
Hubble diagram and to reduce as much as possible the residual dispersion on the Hubble diagram
to improve the precision of cosmological parameters.

2. Environmental effect

The current cosmological analysis with SNe Ia is based on SALT2 (Spectral Adaptive Light
curve Template for Type Ia supernova; [16]) standardization model. This model contains two
parameters, X 1 describing the time stretching of the light-curve and the colour offset with respect
to the average at the date of maximum luminosity in the B-band, C1. SALT2 model is not able to
perfectly standardize the luminosity of SNe Ia. However, other standardization methods have been
developing, for example, SUGAR (Supernova Useful Generator and Reconstructor; [17]). The
main advancement proposed in SUGAR is the addition of two other parameters to characterize the
SNe Ia variability. The first depends on the properties of SNe Ia ejecta velocity, the second depends
on their calcium lines. The addition of these parameters makes SUGAR the best available model
to describe the spectral energy distribution of SNe Ia and improves distance measurements of the
order of 15% relative to the SALT2 method.

To understand the reason of the remaining luminosity variability in standardization models,
we investigate how the model parameters correlate with supernovae environment: the galocentric
distance and the galaxy morphology (see [1, 18]).

In [1] the host galaxy morphology for 192 SNe Ia from the nearby and SDSS JLA (Joint Light-
curve Analysis, [14]) sample was derived. The supernovae were divided into three subsamples
depending on host morphology: elliptical/lenticular (E/L), early-type spiral (ES), and late-type
spiral galaxies (LS).

It was found that:

1) As was previously shown by other studies, the SN Ia stretch parameter is closely correlated
with host morphology. The low stretch (fast decline) SNe usually exploded in E/L galaxies, i.e. in
old stellar population environment (see Fig. 1).

2) No statistically significant trend for the colour parameter is found.
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3) There is a trend in the stretch nuisance parameter ¢. Its value decreases from E/L to LS
galaxies.

4) In an old stellar population and with low dust environment, supernovae are intrinsically
fainter after stretch and colour corrections. This conclusion contradicts the results obtained by [19]
(see also [20] and references in it). However, our results are consistent within 1-¢ for all subsam-
ples. This can be improved by adding SNLS JLA supernovae in the analysis.

5) The host galaxy morphology affects the residual dispersion in the Hubble diagram. It was
noticed that SNe la in LS are more homogeneous with RMS = 0.115£0.010.
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Figure 1: The distribution of the SALT?2 parameters, stretch X1 (left) and colour C (right) for different host
galaxy morphologies. The figure is taken from [1].

3. Peculiar velocity correction

To better estimate the cosmological redshift of the SNe Ia that were exploded in cluster of
galaxies, the peculiar velocity correction can be introduced [2]. For a SN in a cluster it is possible
to estimate z. more accurately 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 peculiar velocities which can sometimes manifest themselves as cluster merging, for
example, the Bullet clusters [21]. However, clusters have much smaller peculiar velocities than the
galaxies within them (i.e. ~300 km s~1:[22, 23, 241).

3.1 Data

As a parent sample 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; [25]), were
used. SNe Ia that appear to reside in known clusters of galaxies, were identified. Then, the impact
of their peculiar velocities was estimated by replacing the host redshift by the cluster redshift.
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Using the SIMBAD database ([26]) we chose all the clusters projected within ~2.5 Mpc
around the SNe Ia positions and with redshift differing from that of the supernova by less than
0.015. SN Ia host redshifts were used to initially determine the distance. We did not consider
objects classified as groups of galaxies, although there is no strong boundary between these and
clusters, since groups of galaxies are characterized by smaller mass and therefore smaller velocity
dispersion ~300 km s~! (see fig. 5 in [27]). The uncertainty introduced by such velocity is properly
accounted for using the conventional method of assigning a fixed uncertainty to all SNe Ia to
account for peculiar velocities.

To perform the final matching between SN and host cluster, the redshift and the size of all host
cluster candidates have to be known. First, we took all the galaxies attributed to each cluster in
literature sources and added the SNFACTORY host galaxy if it was not among them. Then, these
data were combined with the DR 13 release database of SDSS [28, 29, 30, 31]. To characterize the
cluster radius we used the virial radius R, corresponding to an average enclosed density equal to
200 times the critical density of the Universe at redshift z. To estimate the redshift of a cluster we
applied the so-called bi-weight technique [32] on the remaining redshift distributions.

Finally, supernova is considered a cluster member if two conditions are satisfied:

e 1 < Rygp, where r is the projected distance between the SN and cluster center.

host __

o Iz z°!| < 3%, where oy is the velocity dispersion inside the cluster.

The SNe Ia that did not satisfy these criteria were removed from further consideration. For the
remaining clusters we checked for the presence of X-ray emission(Fig. 3), a red sequence (Fig. 2)
or the SZ effect.

The final list of SNFACTORY SNe Ia in confirmed clusters contains 11 objects. The resulting
association of SNe Ia with host clusters is given in Table 1.

SNE20080731-000 SN2007nq

ZwC(Cl 174243306 , ADLT e

Figure 2: X-ray images for two galaxy clusters from our final sample of associations. 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
(http://www.xray.mpe.mpg.de/cgi-bin/rosat/rosat—-survey).
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Figure 3: Color-magnitude diagram (g — r vs. r) plotted for the host clusters candidates for which SDSS
galaxy redshifts and colors are available [28, 29, 30, 31]. Red points show the positions of supernova hosts,
most of which are located near the red sequence.

3.2 Hubble diagram

Since we have a list of 11 SNe Ia that belong to clusters, we can apply peculiar velocity cor-
rection and study how it affects the Hubble residuals. The following methodology is implemented.

The theoretical distance modulus is " = 51log,,di. — 5, where dy. is the true luminosity dis-
tance in parsecs:

/

/ \/QA+Q (1+2.)3

di, = 1+zh 3.1

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

We assign the cosmological redshift z. to be:
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SN Name Host Cluster MCXC Name  Cluster Coordinates

SNF20051003-004/SN2005eu  RXJ0228.2+2811 J0228.1+2811 0228 09.6 +28 11 40
SNF20060609-002 A2l151a J1604.5+1743 16 04 35.7 +17 43 28
SNF20061020-000 A76 J0040.0+0649 00 40 00.5 +06 49 05

SNF20061111-002
SNF20080612-003

RXC J2306.8-1324
RXCJ1615.5+1927

J2306.8—1324
J1615.5+1927

230651.7 —1324 59
16 1534.7 +19 27 36

SNF20080623-001 ZwCl8338 J1811.0+4954 18 11 00.1 +49 54 40
SNF20080731-000 ZwCl 1742+3306 11744243259 1744 15.0 43259 23
PTF(09foz A87/A85 J0041.8—0918 0041 50.1 —09 18 07
SN2006X Virgo J1230.7+1220 123047.3 41220 13
SN2007nq Al19 J0056.3—0112 0056 18.3 —01 13 00
SN2009hi A2589 J2323.841648 2323 53.5+1648 32

Table 1: The association of the SNFACTORY SNe Ia with host clusters [2].

z¢'  if inside a galaxy cluster,
Ze = 3.2)

zhost otherwise.

The uncertainty on redshift measurement and peculiar velocity correction is assigned as:

5V e
27 In(10) if inside a galaxy cluster,
%= (3.3)
5 4/zh9st 240.0012 .
T eTin(10) otherwise.

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.

In order to study the impact of peculiar velocity correction, we performed the Hubble diagram
fit and computed the Hubble residuals for the SNe Ia in clusters before and after correction. We
used the weighted root mean square (WRMS) as defined in [33] to measure the impact of this
correction. We used the same intrinsic dispersion established during the fitting (o, = 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.

The dispersion of these 11 SNe Ia around the Hubble diagram 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 Iais wRMS=0.137+0.036 mag (see Fig. 4). The significance of this improvement
is~3.60.

Moreover, the properties of the galaxies inside the clusters could be different from those in
the field. While in the field we observe all morphological types of the galaxies, in the central part
of the clusters usually the elliptical galaxies are located. It means that SNe Ia could be physically
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Figure 4: Hubble diagram residuals. For cluster members red circles (blue squares) and histograms corre-
spond 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. The figure is taken from [2].

different inside and outside the clusters that can be crucial for future cosmological analysis where
all supernovae are described by one standardization model. Indeed, the wRMS we found for SNe Ia
inside the clusters 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). However, our further analysis has shown that this
difference is consistent with statistical fluctuations.

4. Conclusions

In this work we claim that a complex study of the impact of SN environment and peculiar
velocities on the distance measurements and cosmology is needed.

Many studies shows that an environment plays an important role in the SN Ia standardization.
The correlation between SN luminosity and host morphology was studied by [34, 1]; star forma-
tion rate [35, 36, 37, 38]; local environment [39, 40]; distance to galaxy center [41]; host stellar
mass [35, 37]. However, all these studies were performed on nearby SN samples and have never
been included in cosmological analyses. The first serious attempt to include the environmental
factor in the Hubble diagram fitting was made in JLA analysis [14]. They introduced a simple cor-
rection for the host stellar mass as a step function in the standardization equation. Despite of such
a rough procedure, it helped to decrease the spread on the Hubble diagram. However, the physical
connection between environment and SN Ia luminosity is still unclear.

Another parameter that affects the Hubble diagram is unknown peculiar velocities. To better
estimate the cosmological redshift of the SNe Ia that were exploded in cluster of galaxies, where

1

the peculiar velocities of galaxies can be >1000 km s™°, we introduced the peculiar velocity cor-
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rection and proposed to use the host galaxy cluster redshift instead of the host redshift. Using 145
SNe Ia from the Nearby Supernova Factory 11 candidates for membership in clusters were found.
It was shown that for SNe Ia inside galaxy clusters the dispersion around the Hubble diagram when
peculiar velocities are taken into account 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 [2].
However, this study was done with nearby sample of supernovae. The larger sample with higher
redshifts is needed to measure the effect of peculiar velocity correction on redshift measurements
with better accuracy and to estimate its possible impact on cosmology.

We are going to examine the peculiar velocity correction and "environmental” parameter using
larger cosmological samples of SNe Ia (e.g., Pantheon sample [7]). Our final goal is to reduce
as much as possible the residual dispersion on the Hubble diagram to improve the precision of
cosmological parameters.
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