THE ASTROPHYSICAL JOURNAL, 938:112 (16pp), 2022 October 20
© 2022. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /ac4698

CrossMark

The Pantheon+ Analysis: Evaluating Peculiar Velocity Corrections in Cosmological
Analyses with Nearby Type Ia Supernovae

Erik R. Peterson' @, W. D’ Arcy Kenworthy2

Hélene Courtois®

, Daniel Scolnic'

, Adam G. Riess>? , Dillon Brout*® , Anthony Carr” ,

7,8

, Arianna Dwomoh], David O. Jones" " @, Brodie Popovic1

Khaled Said®
Department of Physics, Duke University, Durham, NC 27708, USA
Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA
3 Space Telescope Science Institute, Baltimore, MD 21218, USA
Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA
5 School of Mathematics and Physics, University of Queensland, Brisbane, QLD 4072, Australia
6 University Lyon 1, IUF, IP2I Lyon, F-69622 Villeurbanne cedex, France
Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 92064, USA
Received 2021 May 27; revised 2021 December 21; accepted 2021 December 25; published 2022 October 19

.5
, Tamara Davis

Abstract

Separating the components of redshift due to expansion and peculiar motion in the nearby universe (z <0.1) is
critical for using Type Ia Supernovae (SNe Ia) to measure the Hubble constant (Hj) and the equation-of-state
parameter of dark energy (w). Here, we study the two dominant “motions” contributing to nearby peculiar
velocities: large-scale, coherent-flow (CF) motions and small-scale motions due to gravitationally associated
galaxies deemed to be in a galaxy group. We use a set of 584 low-z SNe from the Pantheon+ sample, and evaluate
the efficacy of corrections to these motions by measuring the improvement of SN distance residuals. We study
multiple methods for modeling the large and small-scale motions and show that, while group assignments and CF
corrections individually contribute to small improvements in Hubble residual scatter, the greatest improvement
comes from the combination of the two (relative standard deviation of the Hubble residuals, Rel. SD, improves
from 0.167to 0.157 mag). We find the optimal flow corrections derived from various local density maps
significantly reduce Hubble residuals while raising Hy by ~0.4kms ' Mpc™' as compared to using CMB
redshifts, disfavoring the hypothesis that unrecognized local structure could resolve the Hubble tension. We
estimate that the systematic uncertainties in cosmological parameters after optimally correcting redshifts are
0.06-0.11kms™ ' Mpc™" in Hy and 0.02-0.03 in w which are smaller than the statistical uncertainties for these
measurements: 1.5kms ' Mpc ™' for Hy and 0.04 for w.

Unified Astronomy Thesaurus concepts: Cosmology (343); Cosmological parameters (339); Hubble constant
(758); Galaxy groups (597); Type la supernovae (1728)

, Benjamin M. Rose'

, and

1. Introduction

Type la supernovae (SNe Ia) are critical tools for measuring
cosmological parameters including the Hubble constant H,
which parameterizes the local expansion rate of the universe
(Riess et al. 2016; Freedman et al. 2019), and the equation-of-
state of dark energy parameter w (JLA, Betoule et al. 2014;
Pantheon, Scolnic et al. 2018; DES. Brout et al. 2019).
Measurements of Hy and/or w that make use of SNe at low
redshift (0.01 <z<0.1) are sensitive to the “peculiar velo-
cities” of host galaxies. Peculiar velocities (PVs) are the
physical motion of a galaxy relative to the cosmological rest
frame.

Recession velocities,
redshifts z.osmo DY

Veosmo, are related to cosmological

Zcosmo dz
—_—, 1
) G M
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8 NASA Einstein Fellow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

where we have used the dimensionless Hubble parameter
E(z) = H(z)/Hy (Harrison 1993; Peebles 1993). The parameter
Zeosmo 18 N0t directly measured, but can be determined from the
observed redshift corrected to the cosmic microwave back-
ground (CMB) rest-frame zcvp and the peculiar redshift
approximated as Zpec & Vpec/¢ (an approximation to the special
relativistic Doppler shift) such that:

1 + zcmB

: 2
1 + Zpec

1+ Zcosmo —

The approximation zpe. & Vpec/c is justified because PVs only
reach ~600km s

PVs can arise from large-scale effects due to the coherent-
flow (from here on designated as CF) motion of halos such
as inflow into clusters or superclusters, and smaller-scale
effects due to virial motion within galaxy clusters. These
effects overlap somewhat in scale, but larger scale refers
approxunately to tens of 2~ ' Mpc, and small scale to < 10
h™ Mpc (where h is defined as HO/(IOO kms™! Mpc™ ))
We provide a descriptive graphic in Figure 1 that explains
the different components of observed galactic motion. For
convenience, many analyses distinguish between motions
that occur due to the masses within the volume/field of the
survey being analyzed, and those due to masses beyond the
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Figure 1. Explanation of the difference between the apparent cosmological motion of galaxies due to the expansion of the universe and its relation to distance (1) vs.
the observed motion of galaxies and peculiar motions (2). The corrections for motions are broken into four components in panels A-D and include: (A) relative CMB
motion due to the motion of our galaxy, (B) small-scale virial motions of galaxies in a group, (C) large-scale coherent motions of halos of galaxies moving toward each
other, and (D) large-scale external-field motions of all galaxies moving toward a place outside the local volume of redshift surveys. All of these motions (the final three
being peculiar motions) contribute a radial component to the observed motion.

extent of the survey. In total, we therefore consider four motion relative to the CMB rest frame, small-scale virial
corrections applied in order to obtain better cosmological motion, larger-scale coherent motions, and large-scale
redshifts (the final three being contributions to PVs): our external-field motions. These corrections are applied using
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_ (1 + Zobserved)
Zcosmo = -1 )
(1 + Zecliptic)(l + ZCMBdipole)(1 + Zpec)

Zpec = ((1 + zyiria) (1 + Zeoh) (1 + Zext. con)) — 1, “)

which can be approximated as:

Zcosmo = Zobserved — Zecliptic — <CMBdipole — Zpec (5)
Zpec = Zvirial + Zcoh. + Zext. coh.- (6)

We do not use the approximated equations in this paper, but
they are presented here to aid the reader. The observed redshift
Zobserved 18 first corrected to the Sun’s rest frame by accounting
for Zzeuipic to retrieve a heliocentric redshift zi.. Next, a
correction to our motion relative to the CMB dipole zcmpdipole
is accounted for to convert zZy, to zcme. As shown in
Equation (2), we can obtain the cosmological redshift z.osmo
by correcting for peculiar motions. In this paper, those peculiar
motions include virial velocities (Vyisa1), Which are motions
within a group relative to the group’s center of mass (we define
Zgroup @S Zemp With Vi, accounted for); CF velocities (veon ),
which are motions of groups toward large-scale attractors (i.e.,
Virgo); and external CF velocities (Vex;. con.), Which are relative
motions of groups toward ultra-large-scale attractors. We
approximate peculiar redshifts with vpec = Zpee X ¢. A pictorial
representation of these equations is given in Figure 1 (with
Zecliptic NOt shown).

PVs (~300km s~ ") can contribute a significant fraction, up
to 10%, of the overall apparent recession velocities at z ~ 0.01.
Furthermore, PVs can be correlated across the sky and
therefore may contribute systematic biases in Hy or w (Neill
et al. 2007; Conley et al. 2011). At z> 0.1, the statistical
uncertainty in PVs is <1%, which is small compared to the
relative distance-measurement uncertainty of > 6%. It has been
widely discussed in the literature that biased redshifts at low z
can propagate to significant uncertainties in the measurements
of these cosmological parameters. Wojtak et al. (2015) report
that a redshift bias of 10™* can bias w by as much as 0.05, and
similarly Calcino & Davis (2017) and Davis et al. (2019) posit
that a redshift bias of 5 x 10™* at low redshift can result in a
bias of 1kms™' Mpc™' in H,.

Most recent cosmological analyses with SNe Ia attempt to
correct for PVs using external catalogs because significant non-
zero measurements of the scale parameter for PV reconstruc-
tions, [ (the ratio of the growth rate of structure to galaxy bias
f(,)/b), imply these catalogs carry PV information that
should improve scatter on the Hubble diagram (Kaiser et al.
1991; Hudson 1994; Nusser & Davis 1994). However, the
accuracy and precision of PV catalogs are uncertain. SNe have
also been used as PV tracers and have also constrained the
value of (3, thus encouraging the implementation of PVs (Riess
et al. 1997; Pike & Hudson 2005; Carrick et al. 2015; Boruah
et al. 2020). Systematic uncertainties in the PV measurements
have typically been included in analyses measuring w with
SNe. Scolnic et al. (2018), by varying 3 by 10%, account for
one possible systematic uncertainty in CF corrections and find
that this causes an uncertainty in w of 0.003. Scolnic et al.
(2018) showed the impact of omitting PV corrections shifts w
by + 0.009. Following Scolnic et al. (2018), Brout et al. (2019)
find that the uncertainties in CF-corrected redshifts propagate to
a systematic uncertainty in w of 0.007. They add an additional
systematic uncertainty due to a possible bias in redshifts of
4 % 107>, which they find contributes an uncertainty in w of
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0.006. To assess the impact of PV corrections on measurements
of Hy, Riess et al. (2016) explore the change in Hy when the
minimal redshift cut used for the sample is z=0.01 versus
z=0.023. Riess et al. (2016) use z=10.023 as the nominal cut
to reduce sensitivity to PVs and find that this results in a
difference in H, of 0.3 kms ™' Mpc ™' compared to when using
a minimum redshift of z=0.01.

The uncertainties in cosmological redshifts at low-z come
primarily from two sources: measurement uncertainty and PV
uncertainty. For measurement uncertainties, these are typically
on the order of o.=10""* as the redshifts used are mostly
spectroscopic redshifts of the host galaxies. With the exception
of a minority of the sample (~ 10%), the measurement
uncertainties are subdominant to the PV uncertainties. Scolnic
et al. (2018) derived an uncertainty in the PVs at low-z of
250 kms ™' (0.~ 0.0008) by comparing the scatter of distance
modulus residuals at z ~ 0.01 to z ~ 0.05. A similar magnitude
for o, was found in Burns et al. (2018) who solved for the PV
uncertainty simultaneously in the global H, fit and measured
uncertainties in the PVs from 200300 km s . Other studies have
obtained either approximately equal or lower PV uncertainties
(Willick et al. 1997; Pesce et al. 2020; Blakeslee et al. 2021;
Hollinger & Hudson 2021). Interestingly, Scolnic et al. (2018) find
an individual redshift uncertainty of 260 kms ' without large-
scale CF corrections versus 250 km s~ with the corrections. This
shows that, while past corrections were reducing scatter, they were
not reducing much of it.

PVs to account for CFs can generally be derived in two
ways. The first method is from a density field, such as 2M++
(Lavaux & Hudson 2011; Carrick et al. 2015).9 The PV fields
depend on relations that describe how galaxies trace the total
matter present. One must assume mass continuity and standard
gravity in an expanding universe to relate PVs to the
gravitational accelerations derived from the density field.
Carrick et al. (2015) also present an uncertainty due to the
smoothing scale of their PV field of 150kms~'. This is
significantly smaller than the 250 km s~ found in Scolnic et al.
(2018).

The second method for obtaining CF corrections is from
distance and redshift surveys that make direct measurements on
the PVs themselves, like those done by Cosmicflows-3 (Cf3;
Tully et al. 2016) and the 6dF Galaxy Survey (6dF; Springob
et al. 2014). The 6dF is used to construct the PV field by
measuring each galaxy’s distance from a fundamental plane (FP)
relation and assuming that offsets from the FP are due to PVs
(Springob et al. 2014). Cf3 combines their previous data sets
(derived mostly from luminosity—line width correlations, also
known as the Tully-Fisher relation, and the FP relation; Tully
et al. 2013) with 6dF. Furthermore, as shown in Figure 1(D),
most models of the PV field based on a density field attempt to
determine a coherent motion of the galaxies inside the survey
volume toward a place outside this volume (albeit Cf3 makes no
distinction between an internal and external CF). Differences in
the measurement of this external CF are discussed in our
analysis.

While large CF corrections have received a significant
amount of attention in the literature, corrections due to galaxy-

® 2M++ relies on observations from the Two-Micron-All-Sky Extended

Source Catalog (2MASS-XSC; Skrutskie et al. 2006) and redshifts from the
2MASS Redshift Survey (2MRS; Huchra et al. 2012; Macri et al. 2019), the
6dF Galaxy Survey (6dF; Jones et al. 2009), and the Sloan Digital Sky Survey
(SDSS-DR7; Abazajian et al. 2009).
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group corrections have received less, specifically in the SN
community. Galaxy groups are typically defined as associated
galaxies from virial motion and relative distances, but the
galaxy-group assignments themselves are not agreed upon in
the literature. Corrections for these motions are important
because they remove the virial velocities of galaxies relative to
the group center. Group-averaged redshifts have been used for
a fraction (~10%) of the low redshifts in Pantheon based on a
collection in the NASA /IPAC Extragalactic Database (NED)
used by Carrick et al. (2015). Qin et al. (2018) also implement
groups to compare the 2MASS Tully—Fisher Survey to the 6dF
in order to average redshifts within groups and avoid using
misclassified galaxies. Tully et al. (2016) use groups assigned
by Tully (2015) to obtain group-averaged distances and
velocities, compare with other group catalogs, and improve
upon previous large-scale flow studies. In these catalogs, no
information is given on the probability of a galaxy being in a
group: a galaxy is either in a group or not.

While typically PVs are used in SN cosmological analyses to
constrain cosmological parameters, here we test multiple sets of
PVs as corrections to redshifts and observe their impact on SN
cosmology. Previous works have studied several PV catalogs
and methods (Boruah et al. 2021; Blakeslee et al. 2021;
Rahman et al. 2021), but we aim to cover a more diverse range
of catalogs here. Importantly, the analysis done here uses the
same sample that will be used for both Riess et al. (2022;
SHOES), Brout et al. (2022), and Scolnic et al. (2022; hereafter
Pantheon+). This paper is a companion paper to Carr et al.
(2022), which does a full review of all redshift samples and
also derives the 2M++ velocities used in this work. In this
paper, we study the efficacy of both group and CF corrections
using a current compilation of low-z SNe la. We explain our
data sample and light-curve fits in Section 2. In Section 3, we
review various methods of group assignment. We perform a
similar exercise for various CF methods in Section 4. In
Section 5, we explain which sets of redshift corrections reduce
scatter on the Hubble diagram and determine the potential
impact on Hy and w from these different corrections. Finally,
discussion and conclusions are presented in Sections 6 and 7.

2. Data

We use a large compilation of low-redshift SNe to analyze
various PV treatments. We follow Kenworthy et al. (2019) who
augment the low-redshift sample from Pantheon (Scolnic et al.
2018) with an updated sample of Carnegie Supernova Project
(CSP) SNe from Krisciunas et al. (2017) as well as the
Foundation sample (Foley et al. 2018; Jones et al. 2019). We
also add in the Lick Observatory Supernova Search (LOSS)
sample (Stahl et al. 2019) which contributes ~100 SNe Ia at
7 < 0.08. The Pantheon sample has low-z SNe from the Center
for Astrophysics data sets (CfA1-4; Riess et al. 1999; Jha et al.
2006; Hicken et al. 2009a, 2009b, 2012) as well as a small
amount of Pan-STARRS1 (PS1; Scolnic et al. 2018), Swift
Optical Archive (SWIFT; Brown et al. 2014), Complete
Nearby (z < 0.02) Sample of Type Ia Supernova Light Curves
(CNIa0.02; Chen et al. 2020), SDSS (Sako et al. 2011), and
SNLS (Betoule et al. 2014) low-z SNe. A full presentation of
the light curves used in this analysis (including high-z SNe)
will be given in Pantheon+. The positions of the SNe across
the sky are presented in Figure 2. SNe are more often found
toward the Northern Hemisphere due to the location of the
telescopes that discovered them.
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Figure 2. Distribution of the low-z SNe (z < 0.08) in our sample across the
sky. The points are color-coded by the CF corrections (in km s~ ") obtained
using the 2M++ density field. The x’s correspond to those SNe we find to be
in a group in any of the Tully (2015), the Lim et al. (2017), the Lambert et al.
(2020), or the Crook et al. (2007) group catalogs.

2.1. Redshift Sources

Our initial heliocentric redshifts for this compilation of SNe
come largely from Pantheon and references therein, as well as
from Kirisciunas et al. (2017), Foley et al. (2018), and Stahl
et al. (2019) for CSP, Foundation, and LOSS respectively. At
low z, redshifts in Pantheon have been primarily obtained from
host galaxy spectra, and < 6% from the SN spectral features
themselves (Steinhardt et al. 2020). Here we use the redshifts
that we present in a companion paper (Carr et al. 2022), which
examines and reassigns the host galaxies of all the low-z SNe
and query NED for the most recently acquired redshift of all the
galaxies.

For converting heliocentric redshifts into redshifts in the
CMB frame, we use the formula

zems = (1 + Zhe)) / [1 - w(m(msm@@

+ cos(b)cos(bg)cos(l — lp)] — 1, (7)

where [ is the longitude, b is the latitude of the observed galaxy
in galactic coordinates, the combination of Iy and b, is
the dipole location with Iy =264°021 and b, = 48253, and
VQCMBdipole:369.82kIn571 is the velocity due to the Sun’s
motion with respect to the CMB rest frame (Planck Collabora-
tion et al. 2020).

2.2. Measuring Distance Modulus Values

To measure distance modulus values for the SNe, we use
SNANA (Kessler et al. 2009) to fit the SN light curves with the
SALT?2 model (Guy et al. 2010; Betoule et al. 2014). The fits
return an overall normalization x, related to the apparent peak
brightness mg, a stretch factor x;, and a color parameter ¢ for
each SN.

We apply the same light-curve quality cuts as described
in Brout & Scolnic (2021). Criteria include |x;| <3 with an
uncertainty < 1, |¢| < 0.3 with an uncertainty < 0.05, uncertainty
in peak magnitude date <2 days, Milky Way extinction < 0.2,
and light-curve fit probability (from SNANA) > 0.01. After these
quality cuts, in total, this low-z (z < 0.08) sample consists of
584 unique SNe.

To convert the fitted parameters to a distance modulus p, we
follow a modified version of the Tripp estimator (Tripp 1998)
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Table 1
Group Corrections (N = 174)

Group Variant Explanation N (matched)
Gal Groups not implemented 174
T15 Velocity and distance association (Tully 2015) 149
Liml17 Halo-based group finder (Lim et al. 2017) 121
Lam20 Friends of Friends algorithm (Lambert et al. 2020) 124
co7 Maximizing groups with three or more galaxies (Crook et al. 2007) 120

Note. Group acronyms are written with a short description and number of SNe matched.

as given in Scolnic et al. (2018) where
w=mg+ axy — fc+v— Ap — M. ®)

Here, mp represents the apparent peak brightness, « and (3 are
correlation coefficients relating x; and ¢, respectively, to
luminosity, -y is the correction for the mass—luminosity relation
(typically called the mass-step; Kelly et al. 2010; Lampeitl
et al. 2010; Sullivan et al. 2010), Ag is the bias correction
based on the BBC method using simulations (BBC method;
Kessler & Scolnic 2017), and M is the absolute brightness
of an SN with ¢ = 0 and x; = 0. Following Kenworthy
et al. (2019), we fix a =0.14 and §=3.1, and v=0.06 mag
such that a luminosity step of +0.03 mag is applied for
mass > 10'°M,, and —0.03 mag for mass < 10'°M.. We take
the assigned stellar masses from Jones et al. (2018) for both
Pantheon and Foundation and use Kenworthy et al. (2019) for
stellar masses for the CSP sample. The derivations of other
masses are explained in Pantheon+. The simulations used for
the bias correction are described in Scolnic et al. (2018), Jones
et al. (2018), and Kessler et al. (2019), and the color and stretch
parameters are described in Popovic et al. (2020).
Following Scolnic et al. (2018) we use

ai = 012\1 + ai,z + O'izm, )
to calculate the total distance error (o,) for the SNe in our
sample by combining in quadrature: oy the measurement
uncertainty of the SN distances based on mp, x, and c; o, the
uncertainty from the PV uncertainty and redshift measurement
uncertainty; and oy, the intrinsic scatter which is further
discussed in Section 5.1.

3. Group Analysis
3.1. Group Assignments

We use groups identified by Tully (2015), Lim et al. (2017),
Lambert et al. (2020), and Crook et al. (2007) each individually
in an attempt to calculate Zgroup, Which will improve our
estimate of z.osmo bY removing the virial motion’s contribution
to the observed redshift (Figure 1(B)). A summary table is
given in Table 1. (Tully 2015, hereafter T15) defines galaxy
“nests” or galaxy groups by associating galaxies in velocity and
distance space and iteratively improving the group membership
by redefining the center of the group and ensuring no overlaps
occur between groups (see section4 of T15 for details). The
redshifts for this group catalog come from the 2MASS Redshift
Survey (2MRS; Huchra et al. 2012).

Lim et al. (2017, hereafter Lim17) define their groups using
a halo-based group-finder method, which identifies groups
based on dark matter halo properties, such as mass and velocity

dispersion. Additionally, Lim17 demonstrate their rigorousness
by testing their group finding method on simulations and
observing about a 94% success rate among mock samples.
Redshifts for this group catalog come primarily from 2MRS but
some also come from 6dF (Jones et al. 2009), SDSS (Albareti
et al. 2017), and the Two Degree Field Galaxy Redshift Survey
(2dFGRS; Colless et al. 2001).

Lambert et al. (2020, hereafter Lam20) also use 2MRS
to construct a group catalog. They implement a modified
friends of friends algorithm (FoF; Huchra & Geller 1982) based
on graph theory with which they attempt to improve upon
previous group catalogs by both keeping large clusters from
being mistakenly broken down into smaller groups and
avoiding the misclassification of large clusters from small
groups at the same time.

Crook et al. (2007, hereafter C07) assign groups to the
2MASS-XSC using an earlier release of 2MRS (Huchra et al.
2005a, 2005b) by comparing galaxy distances and velocities
through a FoF algorithm. They define two galaxies to be in a
group if the galaxies are within a linking distance (dependent
on density) of their average redshift and their difference in
redshift is within the defined linking velocity. We take the low-
density catalog from CO7 who define the fiducial linkin%
distance as 1.63 Mpc and fix the linking velocity at 399 km s~
thereby maximizing the number of groups with three or more
members.

3.2. Group Identification Methods

The process for identifying galaxy groups is depicted in
Figure 3. In order to use these grouping catalogs, we match the
SNe (N =584) to their host galaxies as determined by Carr
et al. (2022). Any galaxy labeled to be in a group in TI15
or Lim17 has an identification in the Principal Galaxies Catalog
(PGC), so we match our host galaxies to entries in the PGC
using the Lyon Extragalactic Database'®. We then use the
Extragalactic Distance Database”, which has taken a number
of different catalogs and matched according to PGC numbers,
to compare to T15 and Lim17. We successfully find 149 SNe
that are in groups in T15 and 121 in Lim17. The corresponding
number of matched galaxies for Lam20 is 124 (matching by
2MASS IDs), where groups are predefined as having three or
more galaxies. We match 120 SNe to galaxies in C07 by
minimizing coordinate distance (defining an appropriate host
galaxy if the coordinate separation is <0°01).

We plot any SN host galaxy deemed to be in a group
in T15, Lim17, Lam20, or CO7 in Figure 2 alongside galaxies
that do not have any identified group. We determine that up to
30% (N = 174) of our low-z galaxies can be assigned to groups

10 http://leda.univ-lyon1.fr/
1 http:/ /edd.ifa.hawaii.edu/dfirst.php
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Figure 3. Histogram of the number of galaxies vs. redshift, after successive
assignments toward group catalogs. The full sample is shown in blue. Those
that have host galaxy identifications are shown in orange. Hosts that appear in
the PGC or 2MASS catalogs are in green (with 2MASS dotted). These can then
be matched to the existing group catalogs in red (T15, Liml7, Lam20,
and C07).

and note a selection bias toward the lowest redshifts due to the
completeness of the catalogs used. We find that the group
assignments are not biased toward a specific region in the sky.
Separating the sky into four quadrants, we find that each
quadrant has 28.4% + 3.2% of SNe found in groups.

The differences in group richness (the number of galaxies
per group) between T15 and Lim17, Lam20, or CO7 for the
SNe in a group in any of the four catalogs is illustrated in the
left panel of Figure 4. The median group richness is 4 for T15,
4 for Lim17, 7 for Lam20, and 6 for C07. For this sample of
galaxies, 39% of groups are richer in T15 as compared
to Lim17’s (58% are defined as equally rich). That number
drops to 14% when comparing T15 group richness to Lam20
group richness (24% have equal richness). Finally, 51% of T15
groups are richer than C07’s (with 9% of galaxies defined to be
in groups of the same richness).

3.3. Determining Redshifts of Groups

Given these group assignments, there are a number of
different options for determining the group redshift: using a
simple average (Group Avg), taking the brightest galaxy’s
redshift (Brightest), and taking a weighted mean (Group Mass
Weight).

The first method for obtaining group redshifts is an
unweighted average of all galaxies in a given group. We
compare group-averaged redshifts and galaxy redshifts in the
right panel of Figure 4 for Tully (2015), Lim et al. (2017),
Lambert et al. (2020), and Crook et al. (2007). We show the
median residuals in velocity between the galaxy redshifts from
each catalog and the group-averaged redshifts are on the order of
1-5kms ™' (with the exception of C07) with standard deviations
ranging from 200-300kms~'. We also calculate the redshift
differences between the group-averaged redshifts of Liml7,
Lam20, and C07 as compared to T15. Median differences
between the various sets of group-averaged redshifts in velocities
are —9.1, —28.2, and 31.0km s ! respectively.

The second method we test for obtaining a group redshift is
taking the redshift of the brightest galaxy in a group. The third
and final method we test is averaging according to mass. We
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employ a pseudo-mass-weighted averaging method for the T15
group assignments. We weight according to the logarithmic
intrinsic K-band luminosity at the group distance (defined by
the unweighted group velocity in the CMB frame divided by
100 Mpc). However, for Lim17, we weight according to the
logarithmic stellar mass obtained by Lim et al. (2017, Lim17)
from the relation between the stellar mass and K-band
luminosity. For both T15 and Lim17, we obtain mass-weighted
redshifts that are almost identical to the unweighted averaging.

For our group analysis, we use all three group redshift
methods for both T15 and Lim17. For Lam20 and C07, we only
use the simple average since we had no luminosity information
for those catalogs. In total, we have eight group redshift variants.

4. Coherent-flow Analysis
4.1. Explanation of CF Variants

To understand the impact of large-scale PV corrections, we
obtain three sets of coherent-flow (CF) corrections for use in
our analysis (Figures 1(C), 1(D)). The first set of corrections
are based on 2M++, which we obtain using a velocity field
reconstruction derived from the data from Lavaux & Hudson
(2011). In order to extract the CF corrections from 2M-++, we
follow the general methodology in Carrick et al. (2015) '?
(hereafter C15) who create a predicted PV field as a function of
position in real space, and Carr et al. (2022) use that field and
convert it to redshift space in two steps. They convert each grid
point from a real space position to a redshift-space position
using the predicted CF correction at that point, and then they
interpolate the resulting redshift-space grid using inverse
distance weighting. By converting to a redshift-spaced PV
field, the CF correction can be predicted at a given redshift as
opposed to a presumed location, and biases are avoided. We
analyze a number of variations that use 2M++ data:

1. 2M++ C15: our nominal method, where the external CF
model is determined in Carrick et al. (2015) (CF
corrections included in Figure 2). The applied values of
B and Vey, con. are B=0.431 and Vey con. = 8% — 131]
+ 17k inkms~" and galactic coordinates.

2. 2M++: similar to 2M++ C15, except “no external”
CF field is applied (i.e., Vext. con. = 0; Lavaux & Hudson
2011).

3. 2M++j0s: Where CF corrections are calculated by
integrating over all possible distances along the line of
sight. We define a probabilistic model for the underlying
cosmological redshift given the 2M++ reconstruction.
The redshift-space density reconstruction gives a map-
ping for the predicted PV as a function of the
cosmological redshift vpec(Zeosmo). Assuming a nonlinear
velocity dispersion of o, =250kms™~', we assume that
the PV will be normally distributed about the predicted
PV. We can then construct a likelihood function for the
cosmological redshift, given the observed redshift, as

P (zemBlZeosmo) = 1 / \2mo?

1+ g
'exp(_((l + Vpec(zcosmo)/c) - ﬂ) /(20'12,))

1 ZCOS]’HO

(10)

12 http: / /cosmicflows.iap.fr


http://cosmicflows.iap.fr

THE ASTROPHYSICAL JOURNAL, 938:112 (16pp), 2022 October 20

Peterson et al.

@ L] L]

—_ T

5 : Lim17 vs. T15 . + =1 715 (00 -17,282) T - D

o L Lam20 vs. T15 . ° 3 40 1 Lim17 (4, 0:3.0,209) € £

A

& 107 i ® CO7Tvs.TI5 | ° =1 Lam20 (4, 0: — 0.5,288) o =
c n

o k5 o o =1 C07 (u,0: —15.0,282)  « ! o

© g 30 ' ] 1

- S e ®e ] 1 - 1

’\~ ® 2 1 1 1

2 i ] $ | i |

g ® $ I e [] 1 1 1

2 ® LER B 20 1 1 1 1
1 [ ) & 9 1 1 1

) 4 e o @& ] 1 | |

® 101 e ° g H ° ]

E ____;g__‘__g_A_ aon A | Lam20: median = 7 |

Y - - KR ——— - ——— C07: median = 6 "= 10

o [ ] A ® [ ]

oy @ @ [ B e

3 e + ®

o

© ; . : 0 , - } . } = = —

10! 102 -1250 -1000 -750 —500 —250 0 250 500 750

Group Richness (T15)

-1
VCMB group avg — VCMB galaxy (Km s™%)
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. dx(z)
We use a prior P (Zcosmo) o< (1 + 6(Zcosmo))%|z:z¢mw,

to account for the inhomogeneous Malmquist bias (Pike
& Hudson 2005), where § is the matter density contrast in
the redshift-space reconstruction and x(z) is the comov-
ing distance as a function of redshift. We integrate over
possible values of z.osmo by using the MCMC code Stan
(Betancourt 2017) to determine the posterior mean (given
the observed redshift) of the cosmological redshift for
each SN, which we use as a variant redshift vector. In the
Appendix, we discuss use of the additional information
available in the posterior distribution. This variant
includes the external CF from 2M++ CI5.

4. 2M++ [Gr]: we calculate the 2M+—+ CF correction at the
group location (where available) rather than the indivi-
dual galaxy location.

5. 2M++/SDSS: similar to 2M++ C15, but applies § and
Vext. coh. Values determined in Said et al. (2020) from
SDSS and 2M++ data. These are 3=0.314 and Vex;. con. =
98i — 148 + 12k. Said et al. (2020) explain that they
compare inferred PVs obtained from the FP relation using
SDSS, 6dF, or a combination of the two to PVs inferred from
the 2M++- density field. Using this comparison Said et al.
(2020) simultaneously fit for [, Vex con, and FP relation
coefficients.

6. 2M++/SDSSjjos: the same as 2M++/SDSS but inte-
grating over all possible distances along the line of sight
as in 2M++jqs.

7. 2M++/SDSS/6dF: similar to 2M++/SDSS, but using
the G and vey con. determined with SDSS, 2M++, and
6dF data, as done in Said et al. (2020). These are
B8=0.341, Vexe con, =941 —138j + 4k.

The second set of CF corrections is from Cf3 using the
methodology of forward modeling the data set as described in
Graziani et al. (2019). This set of PVs was computed with T15 group
information where available. For the third set, we compare to a
simpler model from Mould et al. (2000), who focus on CFs derived
almost exclusively from the Virgo cluster, the Great Attractor, and
the Shapley supercluster (hereafter VGAS). Last, we include a recent
set from Lilow & Nusser (2021) who obtain a constrained realization
of the PV field from 2MRS by utilizing both a variance-minimizing
Wiener filter and random residual field realizations'®. We call this

13 https://github.com/rlilow /CORAS

set of CF corrections 2MRS. We also analyze a 2MRS
integrated line-of-sight variant named 2MRS;,s. Unless other-
wise specified, we use host galaxy positions and redshifts to
determine the corresponding CF corrections from each set.

4.2. CF Catalog Comparison

We compare five variant sets of CF corrections and fit a line
to each to show differences in methodology and assumptions in
Figure 5. We compare two of the variant CF correction sets
from 2M++ (with and without an external CF) and find a
correlation, using an orthogonal distance regression, with a
slope of 0.95 £ 0.02, as shown in the upper panel of Figure 5.
In the upper-middle panel of Figure 5, we find a correlation
between the CF corrections reported by 2M++ C15 and the
extracted CF corrections from Cf3 observing a slope of
1.34 £0.05 and an offset of 91 + 10kms™'. Some potential
explanations for this offset between 2M++ and Cf3 CFs,
which is worse at higher redshifts, are improper Malmquist
Bias corrections at the large distances of the Cf3 data set,
differences between methodologies based on redshift surveys
and direct PV measurements, and asymmetry in the SN sample,
which is dominated by the Northern Hemisphere. This will be
under further investigation in the fourth generation of the
Cosmicflows catalog, which contains about 45,000 individual
galaxy distances. In the lower-middle panel of Figure 5, when
we compare the set from 2M++ C15 to Mould et al. (2000),
we see little correlation between the v.on s (0.59 4+ 0.06 and an
offset of 139 & 13 kms~ ). This is likely because Mould et al.
(2000) only consider the three largest superclusters and
therefore do not capture most of the CFs across the sky.
Finally, in the lower panel we compare 2MRS with 2M+
+ C15 and observe a slope of 0.94 +0.02 and an offset of
35 £ 5. We further discuss the implications of some of these
velocity offsets in Sections 5 and 6.

5. Results
5.1. Improvement in Hubble Residuals

To determine the efficacy of the various PV corrections, we
measure the improvement in the X* and in the dispersion of the
Hubble residuals about a fiducial cosmology. This is based on
the assumption that removing PVs should reduce the dispersion
in the Hubble diagram. We take the distance moduli (1) and the
uncertainties in the distance moduli (o) from Equation (9) to
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Figure 5. Comparison between vy, from the primary sets of CF corrections.
Results from an orthogonal distance regression fit are shown assuming no
uncertainties in the PVs. SNe with z < 0.02 are in orange. All others are in
blue. Upper: comparing 2M++,. to 2M++ C15. Upper middle: comparing
Cf3 to 2M++ C15. Lower middle: comparing VGAS to 2M++ C15. Lower:
comparing 2MRS to 2M++ C15.

compute Hubble residuals and a X relative to a fiducial
cosmology following,

A#’i = Hobs,i — ﬂcosmo(zi) (11)
X2 = Z %’ (12)
g
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where the index i runs over all SNe in the sample, pips is the
observed distance modulus, and ficosmo(2) 1s the predicted
distance given a redshift z and the best-fit ACDM parameters
from the Pantheon+ analysis to calculate the distance modulus
residual (A,,). Although this statistic is often referred to as a X2
in the literature, we call it X* as we make no claims about its
distribution under a null hypothesis. This statistic does not take
account of correlations present in the data from effects such as
calibration, bias correction models, or MW extinction (see
Brout et al. 2022 for a full analysis). However, as we are
principally interested in the diagonal scatter caused by PVs,
these effects have little impact on our final conclusions.

While we do not change the best-fit cosmology that we use
to measure X> when revising redshifts based on different PV
analyses, we note that allowing the best-fit cosmology to vary
does not alter any of the trends found. We incorporate a oy,
(introduced in Equation (9)) of 0.140 mag in both our group
and CF analyses so that the reduced X of our distance modulus
residuals is close to 1. This sets a consistent X> floor for our X*
comparisons. Following Scolnic et al. (2018) we assume a PV
uncertainty of 250 km s '. This assumption is further discussed
in Section 5.1.2 and the Appendix.

We apply an outlier cut to the distance modulus residuals at
5.00 relative to the best-fit cosmological model; this is more
relaxed than past analyses which use Chauvenet’s criterion at
3.50 (Scolnic et al. 2018) because we found the Hubble
residuals can change significantly when the redshift is changed.
For this analysis, we include only SNe that pass this 5o outlier
cut for our baseline set of redshifts where z;, is taken from the
galaxy and no CF correction is applied (zp = Gal and
CF =None). Applying the typical cut at 3.50 rather than
5.00 did not significantly change our results.

We also compute the relative standard deviation (Rel. SD),
calculated by taking the median of the absolute values of A,
and multiplying by 1.48 (an assumed factor for normally
distributed data) for all variant redshift sets thus comparing the
median absolute deviations to the standard deviation (Hoaglin
& Mosteller 2000). To be self-consistent, for both our group
analysis and CF analysis, we ensure that, respectively, the same
list of SNe (N = 584 for CFs and N = 174 for groups) are used
among variants in the calculation. The X* and Rel. SD values
for each of our redshift variants are shown in Figure 6 and
reported in Tables 2 and 3.

5.1.1. Group Scatter

For our multiple methods of determining a group redshift,
we compare the X> of the Hubble residuals of the 174 SNe
found in any of the group catalogs (Figure 6 top left panel;
Table 2) to the X* of the same sample when the galaxy redshifts
are used. While using 2M++ CI15 corrections, when we
replace the galaxy redshifts with the group-averaged redshifts
we find AX? improvements of 92.5, 63.5, and 71.9
for T15, Lim17, and Lam20, respectively. We find little to
no change in X*(AX? < 1) whether the group-averaged or
mass-weighted method is employed. For T15 and Lim17 group
corrections, averaging within the group reduces scatter
compared to taking the redshift of the brightest galaxy. We
find CO7 to be significantly less effective at reducing scatter
than corrections from all other group catalogs. Interestingly, we
find that applying additional CF corrections from 2M++ C15
improves the X° for the T15, Lam20, and CO7 cases but,
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Figure 6. Results from our fitting analysis. Descriptions of all variants are provided in Table 1 and Section 4.1. Lines are used for visualization only. Left: Group X2,
relative standard deviation of the Hubble residual (Rel. SD), difference in weighted mean distance modulus residuals (pgir), Aw, and AH,, for Tully (2015), Lim et al.
(2017), Lambert et al. (2020), and Crook et al. (2007) group-averaged redshift variants as compared with the galaxy redshift variant. We compare X values with (solid
points) and without (open points) an additional CF correction. In the first, second, and third panels we present values calculated by using only SNe updated as
described in our group analysis (N = 174). In all panels, only SNe found in groups (N = 174) vary between points on a line with some panels showing values
calculated with samples covering differing redshift ranges. The fourth and fifth panels are calculated with z < 2.2, and 0.023 < z < 0.15 respectively. Right:
Comparing AX?, Rel. SD, siair, Aw, and AH, for various CF corrections applied to the individual galaxy redshifts or group-averaged heliocentric redshifts from T15,
where available. Additionally plotted with open points are redshift sets with solely individual galaxy redshifts. In the first panel, the improvements in X for two upper

limits of redshift are shown. Each redshift range is specified in the legends.
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Table 2
Group Results (N = 174)
Zhel CF X? Rel. SD it Aw AH,
(mag) (mag) (kms™" Mpc™")

Gal None 220.7 0.182 0.000 0.00 0.00
T15 Group Avg None 181.4 0.199 +0.002 —0.01 —0.03
T15 Brightest None 237.0 0.208 + 0.007 + 0.00 —0.02
T15 Group Mass Weight None 181.2 0.199 + 0.002 —0.01 —0.03
Lim17 Group Avg None 189.0 0.183 + 0.003 + 0.00 —0.01
Lim17 Brightest None 203.0 0.177 —0.006 —0.00 -+ 0.00
Lim17 Group Mass Weight None 188.8 0.184 +0.003 —0.00 —0.01
Lam20 Group Avg None 193.6 0.178 —0.001 —0.01 +0.02
CO07 Group Avg None 214.3 0.175 + 0.007 + 0.00 —-0.02
Gal 2M++ C15 253.4 0.193 —0.028 —0.08 + 0.60
T15 Group Avg 2M++ CI5 160.9 0.178 —0.031 —0.09 + 0.56
T15 Brightest 2M++ C15 218.9 0.189 —0.025 —0.08 +0.57
T15 Group Mass Weight 2M++ C15 161.2 0.178 —0.031 —0.09 + 0.56
Lim17 Group Avg 2M++ C15 189.9 0.186 —0.028 —0.08 +0.58
Lim17 Brightest 2M++ CI5 217.2 0.202 —0.035 —0.08 -+ 0.60
Lim17 Group Mass Weight 2M++ CI15 190.0 0.185 —0.028 —0.08 +0.58
Lam20 Group Avg 2M++ C15 181.5 0.189 —0.033 —0.09 +0.62
CO7 Group Avg 2M++ C15 194.6 0.197 —0.025 —0.08 +0.57

Note. For each of the group variants detailed in Table 1 and using multiple methods of determining the group redshift in Section 3.3, we present the X> and Rel. SD
values of the group corrections. Furthermore we show the impact of these corrections on the change in mean distance modulus ;¢ as well as on the measured
cosmological parameters w and Hy. We present an additional set of results when we apply CF corrections using 2M+-+ C15. Here we assume o, = 0.140 mag.

for Lim17, the X* values get worse for all group-averaging
methods (AX” < 15) compared to not using CF corrections.

As an additional measure of efficacy of the sets of CF
corrections and their resulting X* values, we randomize the
corrections applied to each redshift for each variant and
calculate the X* value for the new redshift variant. We perform
this procedure 10 times to determine a distribution of the X*
using randomized values and use this distribution to give a
significance of the AX> of the actual PV correction. All group-
corrected redshift variants have better X* values than the
randomized group corrections. We find that the X* values for
the actual group corrections are all better than the mean X*
values from the randomized corrections by 4.00, 2.40, and 3.10
for T15, Lim17, and Lam20, respectively.

In the second panel on the left in Figure 6, we compare the
Rel. SD values obtained from our group analysis. When 2M+
+ C15 corrections are applied, the Rel. SD values follow the
same general trend as the X* values in the panel above, and
differences in the trends are likely due to less sensitivity to SNe
with larger magnitudes of Hubble residuals than the X?
calculation. Although the CO7 corrections without a CF
correction give a low Rel. SD value, we have found CO07 to
be significantly worse at reducing scatter elsewhere.

Taking the group-averaged redshifts from T15 (the best set
of group-averaged redshifts among all group catalogs) and
taking the galaxy redshifts, we present the Hubble residuals to a
best-fit cosmology in Figure 7. The top two panels contain no
CF information, while the bottom two panels use CF
corrections from 2M++ C15. We find that by including CF
corrections, the scatter improves when group information is
included (X* = 181.4 with Rel. SD = 0.199 mag as compared
to X*=160.9 and Rel. SD =0.178 mag). We observe that
group averaging improves scatter, but by including CF
corrections from 2M++ C15 and incorporating group aver-
aging, this improves the X> even more (AX’=—59.8

10

improvement from not including either and AX”>= —92.5
improvement compared to only using CF corrections).

5.1.2. Coherent-flow Scatter

Similarly, we measure the improvement in Hubble residuals
from using the many different models for CFs: 2M++, Cf3,
VGAS, and 2MRS from Section 4 along with their variants.
Results for all variants are given in Table 3. In the top right
panel of Figure 6, we show the X* of the sample of 584SNe
when a select number of these models are used.

Since the sign of CF corrections has often been confused in
the community, we flip the sign of each set of corrections by
—1 and test them to ensure we avoid this pitfall. We see that for
all the cases, reversing the sign of the corrections makes the X*
worse.

As an additional test, for the 2M-++ C15 model, we also
scaled the predicted velocity corrections by 50% (0.50 x 2M+
+C15) and found that doing so results in an improvement in
the scatter. This finding is reinforced by the reduction in scatter
observed from the 2M++/SDSS and 2M++/SDSS/6dF
variants, which have smaller values for 5 (0.314 and 0.341
respectively) than that from 2M++ C15 (0.431).

Using the group center to calculate the predicted CF
correction (the 2M+-+ [Gr] variant) results in a large
improvement in the scatter (AX> = — 46.5 compared to 2M+
+ C15 when group-corrected redshifts are not also included),
but integrating over all possible distances along the line of sight
(2M++0s ) results in an even larger improvement in scatter
(AX* = —66.0). The 2M+-+/SDSS, 2M-++/SDSS/6dF,
and 2MRS variants are similar in scatter improvement with
AX? ranging from ~ — 35-45.

Using the randomization method as described above, we find
that CF = 2M++ C15 improves the X> by 4.3¢ from the mean
of the set of randomized CFs. This suggests that, while the 2M
++ C15 corrections (without group-corrected redshifts) do not
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Table 3
Coherent-flow Results (N = 584)
Zhel CF b'e Rel. SD Iaif Aw AH,
(mag) (mag) (kms~" Mpc™")

Gal None 615.7 0.167 0.000 0.00 0.00
Gal 2M++ CI15 629.6 0.162 —0.028 —0.08 + 0.50
Gal —2M++ C15 868.4 0.206 +0.032 +0.08 —0.61
Gal 2M++ilos 563.6 0.152 —0.027 —0.08 + 044
Gal 2M++ [Gr] 583.1 0.156 —0.027 —0.08 +0.44
Gal 2M++/SDSS 586.8 0.149 —0.024 —0.07 +0.37
Gal 2M++/SDSS;105 564.4 0.156 —0.029 —0.08 +0.50
Gal 2M++/SDSS/6dF 595.8 0.151 —0.025 —0.07 +0.40
Gal 2M++pe 690.0 0.165 —0.019 —0.05 + 0.40
Gal cf3 688.7 0.177 —0.066 —-0.23 + 1.45
Gal —-Cf3 945.7 0.217 +0.073 + 0.18 —1.64
Gal VGAS 639.7 0.176 —0.044 —0.14 +0.38
Gal —VGAS 861.3 0.186 +0.048 +0.12 —0.50
Gal 2MRS 582.7 0.147 -0.017 —0.04 +0.32
Gal 2MRS;os 584.5 0.155 —0.028 —0.07 + 042
Gal + T15 Group Avg None 577.7 0.170 -+ 0.001 —0.01 —0.19
Gal + T15 Group Avg 2M++ CI15 536.2 0.157 —0.029 —0.09 +0.35
Gal + T15 Group Avg 2M++ilos 510.3 0.149 —0.027 —0.08 +0.27
Gal + T15 Group Avg 2M++ [Gr] 540.6 0.159 —0.026 —0.09 +0.27
Gal + T15 Group Avg 2M++/SDSS 509.3 0.151 —0.024 —0.07 +0.22
Gal + T15 Group Avg 2M++/SDSSiios 497.2 0.151 —0.029 —-0.09 +0.34
Gal + T15 Group Avg 2M++/SDSS/6dF 514.9 0.152 —0.025 —0.08 +0.24
Gal + T15 Group Avg 2M++pe 593.1 0.167 —0.019 —0.06 +0.25
Gal + T15 Group Avg cf3 611.6 0.173 —0.066 —0.24 + 1.30
Gal + T15 Group Avg VGAS 604.8 0.177 —0.043 —0.15 +0.19
Gal + T15 Group Avg 2MRS 507.9 0.149 —0.016 —0.05 +0.16
Gal + T15 Group Avg 2MRS;05 520.3 0.153 —0.027 —0.08 +0.25

Note. Similar to Table 2, we present the full results from our CF analysis. For the variants labeled with z,; = Gal + T15 Group Avg, redshifts are updated according
to the T15 group-averaged redshifts for only the 174 SNe in groups and redshifts are left with z,e = Gal otherwise. The different CF variants are explained in

Section 4.1. We use oj, = 0.140 mag.

improve the total X, they are better than applying random
corrections of a similar magnitude. Furthermore, considering
that we use roughly three times as many SNe in the CF analysis
as in the groug analysis, it is noteworthy that none of the CFs
improve the X~ as much as the group corrections. Similar to the
group Rel. SD panel on the left, the CF Rel. SD values as seen
in the right side of Figure 6 follow the same general trend as the
X? values.

Additionally, we measure the impact of the CF corrections
when we also include group averaging from T15 (z;e = Gal
+ TI15 Group Avg). As shown in the top right panel of
Figure 6, there is a large improvement in X* for all variants
when groups are incorporated as well. When including group-
corrected redshifts, the 2M-++/SDSS;;os variant results in the
largest improvement in scatter among CF corrections as
compared to 2M-++ C15 (AX? = —39.0), but the overall
improvement in scatter is comparable to the improvements seen
from the 2M++j0, 2M++/SDSS, 2M++/SDSS/6dF,
2MRS, and 2MRS;,, variants. Similar to Section 5.1.1, to
better understand the relative contributions from group
corrections and CF corrections, we present the contributions
to the total X* values from various sets of SNe within our 2M+
+ CF analysis in Table 4 and Table 5. We see that while group
assignment reduces the X, the largest reduction is when both
group corrections and CF corrections are applied.

We also study the relative contributions of the improvements
to the Hubble diagram scatter in redshift bins with equal

11

numbers of SNe per bin and present comparative Rel. SD
values to CF = None in Figure 8. The left panel of Figure 8 is
calculated using all SNe used in our CF analysis, while the
right panel has those SNe in groups updated according to the
group-averaged T15 redshifts where available. We find CF
corrections to have a more significant impact at lower redshifts,
as expected, but we find no trends of reduction in scatter
comparing the left panel to the right panel otherwise. Following
Scolnic et al. (2018), we also try to use the dispersion in
redshift bins to determine the PV uncertainty. We overplot the
impact of uncertainties of 250, 350, and 450 km s~'. While we
observe the expected trend of Rel.SD versus redshift, we
cannot constrain the PV uncertainty with this type of analysis
beyond ~100kms™".

5.2. Impact on Measurement of Cosmological Parameters

We define g for each sample as the difference in the
weighted mean of the low-redshift SN vector of A,
(Equation (11)) with uncertainties o, (Equation (9)) and plot
taif in the third panels of Figure 6. We propagate these
differences in p to a difference in both w and Hj in the fourth
and fifth panels of Figure 6. Following Kessler & Scolnic
(2017), we measure the change in w using the wfit program in
SNANA, with approximate priors from Planck CMB measure-
ments (Planck Collaboration et al. 2020) for z < 2.2 (high-z
SNe presented in Pantheon+). To measure the change in Hy,
we determine the change in the mean intercept, as shown in the
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Figure 7. Hubble residuals for z < 0.1 using the galaxy redshifts and T15 group-corrected redshifts of the SNe found in groups (N = 174). Corresponding X and
Rel. SD values are given in the legends. Binned (with Az = 0.01) ;s values are overplotted. Group corrections visibly reduce the diagonal scatter of these SNe.

Table 4
SNe in Groups (N = 174)

Zhel CF X2 AX*>  Reduced X* Rel. SD
(mag)

Gal None 220.7 0.0 1.27 0.182

Gal 2M++ C15 2534 4327 1.46 0.193

T15 Group Avg None 181.4 393 1.04 0.199

T15 Group Avg 2M++ C15 1609 —59.8 0.92 0.178

Note. These are values from our CF analysis for those SNe also found in our
group analysis. The mean redshift of this sample is z = 0.018. Summing the X*
values from this table with those from Table 5 results in values presented in
Table 3.

Table 5
SNe not in Groups (N = 410)
Zhel CF X2 AX? Reduced X? Rel. SD
(mag)
Gal None 395.0 0.0 0.96 0.160
Gal 2M++ C15 376.2 —18.8 0.92 0.145

Note. These are values from our CF analysis for those SNe that are specifically
not found in any of the group catalogs. The mean redshift of this sample is
z=0.033.

bottom panel of Figure 6, but limited to a redshift range of
0.023 <7< 0.15 and follow the formulas outlined in Riess
et al. (2016). These values are also given in Tables 2 and 3.

5.2.1. Impact from Group Corrections

In the third panel on the left of Figure 6, we show the change
in the mean value of the distance modulus residuals pig;; for all
the SNe impacted by the group corrections to redshifts. We find
that the impact of the group corrections is on the few
millimagnitudes scale when only looking at the 174 SNe
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affected, which would be on the 1 mmag scale when including
the full set of SNe at low-z.

For w, we compare the same galaxy redshift variant to the
unweighted-averaged variants using the whole redshift range
from z7<2.2 and find o,,=0.005, which is again a small
amount relative to the statistical uncertainty of 0.04 (fourth
panel on the left of Figure 6; Scolnic et al. 2018). As for H,, all
changes are within oy, = 0.05 km s~' Mpc!, which is a
negligible fraction of the uncertainty in Hy of ~1.5kms
Mpc ! (fifth panel on the left of Figure 6; Riess et al. 2019).

5.2.2. Impact from Coherent-flow Corrections

We make the same assessments for the CF corrections. The
third panel on the right of Figure 6 presents the mean distance
modulus residuals in comparison to the CF = None redshift
variant pug;r for SNe with z < 0.08. Overall, the impact on fug;f iS
much larger for the CF corrections than the group corrections.
Comparing CF=2M++ C15 to CF=None we observe a
Apgie of—0.028 mag. The relative difference between
CF=Cf3 and CF=2M++ CI15 is Apugs= — 0.038 mag,
which we find to be largely due to the velocity offset of
91kms~' shown in Figure 5. Comparing CF=2MRS to
CF =2M++ C15, Apgir=0.011 mag.

From the fourth and fifth panels on the right of Figure 6 and
as seen in Table 3, we measure a change of Aw = —0.08 and
AHy= +0.50kms~" Mpc™' between the CF =2M++ C15
and CF = None cases. The largest disparities are seen when
using the Cf3 and VGAS corrections, however as seen in the
X? and Rel. SD panels, both Cf3 and VGAS also make the
scatter worse by the largest amounts. Between the various CF
treatments of CF=2M++ C15, CF=2M++j,, CF=2M+
+ [Gr], CF=2M++/SDSS, and CF=2M++/SDSS/6dF, w
differs by no more than 0.02 and H, differs by no more than
0.13kms " Mpc ' because the mean velocities of the sets of
corrections are all within 12 kms~'. The CF treatments that result
in the greatest improvement in scatter, CF = 2M+-+/SDSS;;, and
CF=2MRS, vary w by 0.04 and H, by 0.18 kms~' Mpc™".
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Figure 8. Binned with equal SNe per bin Rel. SD values from our CF analysis as compared to CF = None. Overplotted on the panels are the expected Rel. SD values
for three different values of PV uncertainties. Left: all SNe used for CF analysis (N = 584). Right: heliocentric redshifts for SNe found in groups are updated according

to T15 (N = 584 but 174 SN redshifts are group corrected as well).

Comparing CF = 2M++4-/SDSS;jos and CF = 2MRS;s , w varies
by 0.01 and H, varies by 0.08kms ' Mpc™'. The actual
uncertainty in Hy and w for future analyses is discussed in the next
section.

6. Discussion
6.1. What to Do for Upcoming Cosmological Analyses

In this paper, we study two corrections due to PVs for low-
redshift galaxies. The first correction is due to assigning
galaxies to groups. We examine multiple different methods and
find a relatively similar impact. The choice of using group
redshifts is clear, and the data prefers the T15 catalog, with the
second best option being Lam20, which can be used as a
systematic variant.

For CF corrections, we find that the 2M+-+ and 2MRS
corrections are optimal. However, from Figure 6, we show that
in terms of reducing the X2, integrating over all possible
distances along the line of sight and updating 8 and the vey. con.
according to SDSS and 2M-++ data, or using the 2MRS
corrections is preferred. Past analyses by SN cosmologists
measuring w (Betoule et al. 2014; Scolnic et al. 2018; Brout
et al. 2019) have not used these techniques. One potential
explanation for the improvement observed from integrating
along the line of sight is that this integration helps account for
noise at small scales without removing large-scale correlations
that affect the central values of w/H,. Group corrections
however remove nonlinear motions that cause large scatter at
low redshift, but have little effect on those same central values
(see Figure 1 for visualization). Furthermore, in Figure 6, we
show how a larger redshift range of Pantheon+ can help further
discriminate between different PV models. One possible future
analysis would be to include a PV offset for 7 < 0.06 as an
additional parameter in the cosmological fit; we have seen
doing so has little effect on H, ( < 0.2), but a larger effect on
w (> 0.05).

These findings have implications for other measurements on
the local distance ladder as well, besides SHOES. Both Burns
et al. (2018) and Freedman et al. (2019) provide values for H,
and use the CSP SN redshifts in the CMB frame. When we
limit our sample to only those SNe from CSP, we find
including the CF corrections raises Hy by 0.4-0.5kms '
Mpc ! while improving the X* (reduced X* goes from 1.02 to
between 0.92 and 0.98). Our findings agree with the results of
Sedgwick et al. (2021) who find that accounting for
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environmentally induced PVs of SN Ia host galaxies does not
resolve the Hubble tension. Additionally, we note that PVs
cannot affect measurements at high z, which can be used to
trace the Hubble parameter (Dainotti et al. 2021).

6.2. Other Uses of Redshift Corrections in Cosmological
Probes

While we focus on PVs as a systematic uncertainty in
measurements of Hy and w here, the methodology can be
inverted and SN PVs can be used as a probe of the growth-of-
structure (Gordon et al. 2007; Johnson et al. 2014; Carrick et al.
2015; Castro et al. 2016; Howlett et al. 2017; Stahl et al. 2021).
This has been demonstrated with real data by Boruah et al.
(2020) and is simulated for the Legacy Survey of Space and
Time (LSST) in Howlett et al. (2017), Kim et al. (2019), and
Kim & Linder (2020). Here, the scatter of Hubble residuals is
being used to determine the PVs, rather than the PVs being
used to reduce the Hubble residual scatter. This probe can be as
constraining of growth rate of structure as weak lensing studies
at low z (Boruah et al. 2020).

We note that, while the effects on Hy and w are on the 1%
level, these issues have a much larger effect when measuring
H, with megamasers (Pesce et al. 2020), kilonovae (Howlett &
Davis 2020; Nicolaou et al. 2020; Mukherjee et al. 2021), or
gravitational wave events (Fishbach et al. 2019). For these, the
number of objects are < 10 and z ~ 0.02, so uncertainty in the
PV corrections can be as large as the uncertainty in the distance
measurement (Howlett & Davis 2020). Cross-checking PV
treatments with larger low z SNe samples will be very valuable
for these studies.

7. Conclusions

We study two redshift correction methods due to PVs for
low-redshift galaxies. The first is incorporating galaxy groups.
The second is applying CF corrections. We find that the
strongest improvement in the scatter of Hubble diagram
residuals are when host galaxies of SNe can be assigned to
groups of galaxies and CF corrections are applied on the
groups. We determine the optimal method of group assignment
is presented in T15 and the optimal method for CF corrections
is given using 2M++/SDSS;jos or 2MRS;),s . The optimal PV
corrections can be constrained such that the impact on Hj is
0.06-0.11km s~ Mpc~! and the impact on w is 0.02-0.03.
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The data set analyzed in this paper, which is released in Carr
et al. (2022), will remain valuable for years, as for measure-
ments of Hy, the current low-z data set is likely irreplaceable
because it contains measurements of SNe used in the second
rung of the distance ladder, and roughly one of these is
discovered per year. Therefore, further study on this set and
these corrections are encouraged. Particularly, spectroscopic
programs should continue to grow the number of redshift
identifications in low-redshift galaxies to improve the low yield
for galaxies in groups.
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Appendix
Propagation of PV Uncertainty to Cosmological Redshift

To this point, in order to compare PV catalogs using the X*
statistic, we have fixed the assumed uncertainties in the PV
corrected redshifts to 250 km s~ for all SNe and for all redshift
vectors. However when making use of PV corrections based on
an underlying reconstruction such as those of Carrick et al.
(2015) and Lilow & Nusser (2021), a constant peculiar velocity
uncertainty can translate into a variable uncertainty in the
cosmological redshift. This effect can easily be seen by reference
to “triple-valued regions”; when looking along the line of sight
through a sufficiently overdense collapsing volume, there are
three distinct positions along the line of sight that produce a
single observed redshift. Given an observed redshift along such a
line of sight, even without any nonlinear dispersion in PVs, the
underlying cosmological redshift is uncertain between three
potential values. In practice, PV reconstructions are smoothed
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Figure 9. In the lower panel, we show the relation between cosmological and
observed redshift predicted by the Carrick et al. (2015) reconstruction along the
line of sight for the supernova 2011dl. The shading about the predicted relation
shows the expected scatter with 250 km s~ of PV dispersion. The distribution
of the underlying cosmological redshift can be found by integrating along the
line at the observed redshift (zcyp = 0.031459); the upper panel shows the
sampled posterior probability density function (PDF). As this SN is located
near a predicted galaxy overdensity, the relation between predicted observed
redshift and comoving distance/cosmological redshift takes on a characteristic
S shape. Larger density concentrations can cause this curve to become non-
monotonic, and the region becomes triply valued. A 250 km s uncertainty in
PV dispersion here becomes a broader 700 km s~ ' uncertainty in cosmological
redshift; there are many underlying cosmological redshifts potentially
consistent with the observation. The PDF can be seen to be non-Gaussian
where the second derivative of the relation is high, however we approximate it
as Gaussian for computational reasons.

and only the densest concentrations of mass in the nearby
universe (i.e.,the Coma cluster) will be modeled as genuinely
triple-valued regions. However the cosmological redshift
uncertainty will vary from SN to SN depending on their position
in the reconstructed density/velocity fields. We illustrate an
example using the supernova 2011dl in Figure 9.

The integrated line of sight method provides a posterior
distribution over the cosmological redshift, allowing us to
estimate both the central value and dispersion of the
cosmological redshift. We use the same methodology as the
2M++j10s Variant discussed in Section 4.1 to sample from the
posterior. As the reconstructions are smoothed, we approximate
the distributions of the cosmological redshifts as Gaussian, and
take the posterior mean of the redshift as our redshift vector and
the posterior variance as a redshift uncertainty. This approach is
similar to the one discussed in Rahman et al. (2021).

As a first check on whether these variance estimates are
informative about the scatter in the SN Ia sample, we compare
the Rel. SD of SNe with high and low estimated cosmological
redshift uncertainties. Cutting on median redshift (z < 0.0282),
we observe a Rel.SD of 0.124 for SNe with ¢Zeosmo
uncertainties < 250 km s~ but a Rel. SD of 0.142 for SNe with
CZeosmo Uncertainties > 250 km s~ L. For z > 0.0282, we observe
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Table A1
Effective X Results
Zhel CF PV Uncertainty X2 AXZ
Gal 2M++ CI5 Fixed —1287.7 0.0
Gal 2M++/SDSS Fixed —1330.5 —42.8
Gal 2M++/SDSSilos Fixed —13529  —653
Gal 2M+-+/SDSSil0s Variable —1362.5 —74.8
Gal 2MRS Fixed —1334.6  —46.9
Gal 2MRS;05 Fixed —1332.7 —45.1
Gal 2MRS;j05 Variable —1323.0 353
Gal + T15 2M++ CI15 Fixed —1381.1 -93.4
Group Avg
Gal + T15 2M++/SDSS Fixed —1408.0 —120.3
Group Avg
Gal + T15 2M++/SDSSiios Fixed —1420.1 —1325
Group Avg
Gal + T15 2M++/SDSSil0s Variable —14125 —124.8
Group Avg
Gal + T15 2MRS Fixed —14094  —121.7
Group Avg
Gal + T15 2MRS;j0s Fixed —13969 —109.3
Group Avg
Gal + T15 2MRS;05 Variable —1366.4  —78.8
Group Avg

Note. PV uncertainties are either treated as “Fixed” (250 km s ) or “Variable”
(posterior variance for the integration along the line of sight).

a Rel. SD of 0.121 for low uncertainties and a Rel. SD of 0.129
for high uncertainties. This indicates that the estimates of the
uncertainty due to PV dispersion uncertainties are informative
about the Hubble scatter of our sample (greater uncertainties for
SNe contributing more scatter).

While a direct comparison of X statistics is inappropriate to
compare different estimates of the uncertainties, we can instead
compare “effective X>” differences based on the definition of a
Gaussian log-likelihood, which penalizes the overestimation of
uncertainties through the inclusion of a Gaussian normalization
term. Based on the definitions given for Equation (12), our X2
is defined

2
10,0
5
j78%

X3 = 2log(o,,) + (13)

where the values of o, have been recalculated based on the
revised uncertainties in the cosmological redshift.

As can be seen from Table A1, for most instances comparing
fixed PV uncertainties to variable PV uncertainties, the Xe2ff is
moderately affected (X2 values differing by < 10). Comparing
“Fixed” and “Variable” for 2MRS;s, the X2 gets worse
whether or not group redshifts are used. The best Xesz is
obtained with group redshifts, 2M++/SDSS;s (reduced 5 and
integration along the line of sight), and fixed PV uncertainties.
Treating PV uncertainties variably for this variant makes the
X2 worse by 7.6. We speculate that as group corrections will
reduce the underlying PV scatter in overdense regions, the
uncertainties in these redshifts are overestimated, increasing the
effective X*. These results show that a more robust treatment of
the correspondence between PV uncertainty and Hubble scatter
should be incorporated in future analyses.
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