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ABSTRACT

Type la supernovae (SNe la) are used to determine the distance-redshift relation and build the Hubble diagram. Neglecting their
host-galaxy peculiar velocities (PVs) may bias the measurement of cosmological parameters. The smaller the redshift, the larger the
effect is. We used realistic simulations of SNe Ia observed by the Zwicky Transient Facility (ZTF) to investigate the effect of different
methods of taking PVs into account. We studied the impact of neglecting galaxy PVs and their correlations in an analysis of the SNe
Ia Hubble diagram. We find that it is necessary to use the PV full covariance matrix computed from the velocity power spectrum to
take the sample variance into account. Considering the results we have obtained using simulations, we determine the PV systematic
effects in the context of the ZTF SN Ia DR2 sample. We determine the PV impact on the intercept of the Hubble diagram, ap, which
is directly linked to the measurement of Hy. We show that not taking into account PVs and their correlations results in a shift in the

H, value of about 1.0kms~' Mpc~! and a slight underestimation of the Hy error bar.

Key words. dark energy — distance scale — large-scale structure of Universe

1. Introduction

Type Ia supernovae (SNe Ia) are well-known standardizable
candles that have been widely used to provide precise esti-
mates of the luminosity distances to galaxies, as an input of the
Hubble diagram. SNe Ia are an essential probe with which to
measure cosmological parameters such as the dark matter den-
sity, the dark energy density, its equation-of-state parameter, w

* Corresponding authors; bastien.carreres@duke.edu,
rosselli@cppm.in2p3. fr

(Betoule et al. 2014; Brout et al. 2022), and the Hubble constant,
Hy (Riess et al. 2022; Scolnic et al. 2023).

Several surveys have been designed (e.g., LSST,
LSST Science Collaboration 2009; Euclid, Laureijs et al.
2011; and DESI, DESI Collaboration 2016) to collect powerful
datasets for cosmology. In particular, the Zwicky Transient
Facility (ZTF) was designed to observe several thousands of SN
Ia light curves, by far the largest low-redshift sample (z < 0.1) to
date. By combining the data from all these surveys, cosmologi-
cal parameters, such as Hy, w, and the matter density parameter,
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Qpn, will be measured with a precision never reached before,
allowing us to put strong constraints on the ACDM model. To
achieve this goal, we need to improve our understanding of
different sources of systematic uncertainties that were negligible
in the past compared to statistical uncertainties. In this article,
we explore the effect of the SN Ia host-galaxy peculiar velocities
(PVs) on the determination of Hy with the ZTF sample.

Peculiar velocities refer to the motion of galaxies with
respect to a comoving frame in an expanding Universe. They
originate from the gravitational infall of matter toward over-
dense regions. As has been demonstrated in previous works such
as (Hui & Greene 2006; Davis et al. 2011; Peterson et al. 2022),
the SN Ia host galaxy PVs have the most significant impact on
cosmological parameter inference when using low-redshift SNe
Ia. Depending on the sign of the PV projection on the observer’s
line of sight, it will produce either a blue or a red Doppler shift
(zp) of the observed redshift (z,s) with respect to the cosmolog-
ical redshift (zcos):

L+ zobs = (1 + Zeos)(1 + 2p)- (H

The PV distribution of the host galaxies will affect the
redshift-distance relation in two ways. Firstly, PVs will increase
the scatter in the Hubble diagram residuals, since the observed
redshifts are used to compute the predicted distance modulus,
Ui (Zobs), for a given cosmology and e (Zbs) is directly related
to the Hubble diagram residuals. We can consider that, to the first
order, z, = v,/c, where v, is the galaxy PV line-of-sight com-
ponent and c is the speed of light. The typical v, is on the order
of several hundred kms™!. At low redshift, it corresponds to a
magnitude scatter comparable to the SN Ia intrinsic scatter (see
Davis et al. 2011; Carreres et al. 2023 and references therein for
a detailed discussion).

Secondly, PVs are correlated spatially due to large-scale
bulk motion (see Peebles 1980). The majority of previous SN
Ia analyses consider PVs to be independent and randomly dis-
tributed. However, there are non-negligible correlations between
galaxy velocities in different sky positions. These correlations
arise because PVs are the result of galaxy motion within the
same large-scale structure gravitational potential. Neglecting the
PV spatial correlation when fitting the Hubble diagram may bias
cosmological parameter measurements (Davis et al. 2011), espe-
cially when analyzing low-redshift SN Ia samples.

When both the distance and the redshift to a galaxy are avail-
able, one can derive an estimate of its PV. Studying the correla-
tions of such velocities allows us to constrain the cosmic growth
rate of structures, fog. This parameter expresses the growth of
the cosmic structure throughout the history of the Universe. Var-
ious methods have been developed to perform this measurement
(see Johnson et al. 2014; Howlett et al. 2017; Said et al. 2020;
Turner et al. 2022; Lai et al. 2023; Carreres et al. 2023).

The Hubble constant, Hy, could be measured using SNe Ia
with distance anchors to calibrate the absolute magnitude, Mp.
The usual anchors are nearby galaxy distances measured thanks
to Cepheids (Riess et al. 2022) or the tip of the red giant branch
(TRGB, Dhawan et al. 2022; Scolnic et al. 2023). This allows
one to obtain the absolute magnitude, My, of the nearby SNe
Ia. The SNe Ia that reside in the Hubble flow are used to deter-
mine the intercept of the Hubble diagram, ap. The intercept is
linked to Hj through the relation

Mg + Sag + 25
%. )

In recent analysis (Broutetal. 2022; Riessetal. 2022;
Kenworthy et al. 2022), PVs have been corrected using PV field

log Hy =
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reconstruction methods (Lavaux & Hudson 2011; Carrick et al.
2015; Graziani et al. 2019; Lilow & Nusser 2021). The first
attempts at applying these methods to correct PVs to SNe Ia
in the Hubble diagram have shown improvements in the residu-
als (Peterson et al. 2022; Carr et al. 2022). However, these meth-
ods require a spectroscopic survey of the underlying large-scale
structure. Moreover, the current literature lacks testing of these
methods on simulations, which would provides a better under-
standing of the bias and systematics that could arise from their
use in the Hubble diagram.

In this work, we study the impact of galaxy PVs and their
correlations on the Hubble diagram fit in the context of the SNe
Ia sample of the second ZTF Data Release from the ZTF Type
Ia Supernovae and Cosmology science working group (ZTF SN
Ia DR2). We make use of both realistic simulations and real data
to study the systematic impact of PVs in the Hubble diagram.
We determine the effect of PVs on the intercept of the Hubble
diagram ag. This work will be useful for future cosmological
analyses that may use the SNe Ia coming from ZTF survey.

The paper is organized as follows. In Sect. 2, we describe the
data and the simulations we have used for this work. In Sect. 3,
we present the method used to fit the Hubble diagram and to take
into account PVs. In Sect. 4, we describe our findings when we
analyze the realistic SN Ia simulations. In Sect. 5, we present our
main result on the impact of PVs on the intercept of the Hubble
diagram for the second data-release of the ZTF Type Ia Super-
nova survey. Finally, we state our conclusions in Sect. 6.

2. Data
2.1. The ZTF SN la DR2 sample

The ZTF (Bellm et al. 2019; Graham et al. 2019; Masci et al.
2019; Dekany et al. 2020) is an optical survey that started oper-
ating in 2018. It covers two thirds of the sky from a declina-
tion of —30° to a declination of +90°. Thanks to its 47 deg?
field of view, it observes in the g, r, and i bands with a typi-
cal magnitude depth of 20 and a cadence ranging from several
visits per day to several visits per month. The detected transient
sources are followed up spectroscopically for precise classifica-
tion. The reduction of spectra and classification are performed by
the ZTF SED machine (Blagorodnova et al. 2018; Rigault et al.
2019; Kim et al. 2022).

The SN Ia sample used in this work is the ZTF SN Ia DR2
sample (Rigault et al. 2025; Smith et al. 2025). It is a sample of
SN Ia data coming from the ZTF survey between March 2018
and December 2020. It consists of 3628 SN Ia light curves, with
host galaxy properties (e.g., stellar mass, g — z). All the SNe
Ia have been spectroscopically classified and have spectroscopic
redshifts that come from the host galaxy (~70%), mostly given
by the DESI MOST host program (Soumagnac et al. 2024), or
from the SN Ia spectrum (~30%). The host galaxy redshifts have
an uncertainty of about 1073, while the SN Ia spectrum red-
shifts have an uncertainty of about 10~* (see Smith et al. 2025
for details about the SN Ia redshifts and the method of matching
the SN Ia with its host galaxy). The light curves were fitted using
the SALT2 model (Guy et al. 2007, 2010) and the release con-
tains the resulting parameters: the time of the peak magnitude,
to, the stretch, x;, the color, ¢, and the peak magnitude in the
Bessel-B band at rest frame, mpg. The DR2 SNe Ia are volume-
limited up to z ~ 0.06 (Carreres et al. 2023; Amenouche et al.
2025). This constitutes the largest low-redshift SNe Ia sample to
date.
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Table 1. Cosmological parameters used in the simulation.

Hy Wedm Wh ng lox] f
71.  0.1109 0.02258 0.963 0.800 0.478

Notes. Hy is given in kms™ Mpc~!. fog is given at z = 0.

In this work, we applied to the SN Ia light curves the qual-
ity cuts given in Table 1 of Rigault et al. (2025). We required
at least five observations with a signal-to-noise ratio above five
to ensure a good sampling of the light curves. We selected the
light curves with best-fit values for stretch, |x;| < 3, and color,
—0.2 < ¢ < 0.8. We excluded the SNe Ia with too-large estimated
uncertainties on those parameters by requiring that oy, < 1,
o < 0.1 and 0, < 1. We discarded poor fit models by requir-
ing a p-value above 1077 !, Lastly, we selected SNe Ia within
the redshift range of 0.023 < zgs < 0.06. The low-redshift
bound exludes SN Ia velocities correlated within our local flow,
while the high-redshift bound ensures that our sample is volume-
limited. After these cuts, we were left with 904 SNe Ia. We
accessed the ZTF SN Ia DR2 data using the python library
ztfidr?.

2.2. Simulations

To test our framework, we used simulations of ZTF SNe
Ia including large-scale structure, as was performed in
Carreres et al. (2023). These simulations were produced using
the snsim’® python library. This software allows one to sim-
ulate a realistic SNe Ia survey on top of an N-body simula-
tion. In this work, we used the OuterRim N-body simulation
(Heitmann et al. 2019), which is a box of (3 Gpc)? at z = 0. From
this box, we created 27 sub-boxes. In order to minimize any pos-
sible correlation between them, the sub-boxes were built so that
they did not overlap. For each sub-box, the observer was placed
at the center and the enclosed volume was equivalent to a red-
shift limit of z ~ 0.17. In Appendix A, we discuss the correlation
between the different sub-boxes. We found that the correlations
between the host galaxies below the redshift cut of z ~ 0.06 in
different sub-boxes are one order of magnitude below the ones
between two host galaxies that are in the same mock, and thus
can safely be neglected.

To be consistent, the fiducial cosmology used in our simu-
lations matches the one used in OuterRim: a flat- ACDM model
with parameters provided in Table 1. The number of SN Ia events
to be generated was computed using the latest estimate of the
rate measured from ZTF data, rpyo = 2.35 X 107> Mpc=3 yr~!
(Perley et al. 2020). This rate had to be rescaled to our fiducial
cosmology as r = rpy(h/0.7)> with h = Hy/(100 kms~! Mpc™").
To get more statistics for the expected number of SNe Ia per
Mpc~3, we multiplied this rate by the expected 6-year dura-
tion of the full ZTF survey. Each SN Ia was randomly assigned
to a halo from the N-body simulation and the halo velocity
was used to compute the observed redshift. We computed the
angular positions of each halo relative to the observer and kept
only those lying within the ZTF angular footprint. We ran-
domly drew the SALT2 model parameters of each SN Ia: the

! For aresulting y” from a fit with k degrees of freedom, it is equivalent
to require fX I frex(®)dx > 1077, where f,2 ,(x) is the x* distribution for
k degrees of freedom.

2 https://github.com/MickaelRigault/ztfidr

3 https://github.com/bastiencarreres/snsim

stretch, xj, the color, ¢, and the apparent peak magnitude in
the Bessel-B band, mp. The stretch parameter was modeled
using the redshift-dependent two-Gaussian mixture described in
Nicolas et al. (2021), while the color parameter distribution fol-
lows the asymmetric model given in Scolnic & Kessler (2016,
Table 1) for low z.

The apparent peak magnitude was computed starting from
the Tripp formula (Tripp 1998), which gives the absolute mag-
nitude, Mg’ .» in the rest-frame Bessel-B band for SN Ia i, defined
as

3)

The a, B8, and Mp parameters are common to all the SNe Ia.
These parameters were fixed to best-fit values from Betoule et al.
(2014): @ = 0.14, B = 3.1, and Mp = —19.05 + S5log(h/0.7),
where Mp is rescaled to the fiducial cosmology. The intrinsic
scatter, oy, was drawn from a normal distribution with a disper-
sion equal to 0.12, close to what is observed (see Betoule et al.
2014, Table 9). Finally, the apparent peak magnitude for each
SN Ia was computed using

.
My, = Mg —ax,; +Bci + ou,.

“

where s 1S the observed distance modulus, where the relativis-
tic beaming due to the PV effect (Davis et al. 2011) is taken into
account and is given by

.
mp; = Mp; + [obss

&)

Heos 18 the distance modulus computed for a given cosmolog-
ical redshift in a given cosmological model as

Hobs = Mcos + 101og(1 + z,,).

_ di(Zeos)
Heos = SIOg( 10pe ) (0)
where dy (z) is the luminosity distance,
diL(z) = (1 + 2)r(2), @)

and r(z) is the comoving distance.

We generated the SNe Ia with the SALT2 model input
parameters to compute the true light curve for each SN Ia. We
made use of the SNCOSMO package* (Barbary et al. 2023) to
model the light curves. Then we used the ZTF observation logs
to obtain realistic observations from light-curve models, as is
described in the following: the dates of observations and the fil-
ters used at the position of the SN Ia allow one to get a realistic
sampling of the light curve, while the limiting magnitude at So
above the sky background, the CCD gain, and the zero point of
each observation are used to get realistic fluxes and error bars.
The error bars were drawn from a normal distribution, the scatter
of which is given by Eq. (14) in Carreres et al. (2023).

We applied to the simulated light curves the selections
described in Sect. 2.5 of Carreres et al. (2023): we discarded the
light curves with fewer than two epochs with fluxes S/N > 5
and we applied the spectroscopic selection function of the ZTF
Bright Transient Survey (BTS), the main survey used for the
spectral classification of ZTF SNe Ia (Perley et al. 2020). After
the selection, we fit the light curves using the SALT2 model to
recover my, X1, and c. We applied to the simulations the same
quality cuts as for the real data (Sect. 2.1). After the quality
cuts, the average number of SNe Ia across each realization is
(N) ~ 1672 for the 6-year span of the full ZTF survey in the
redshift range 0.023 < z < 0.06. This number is lower than what

4 https://sncosmo.readthedocs.io/
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DR2 data

RA [deg]

N Sim
1 DR2 data

0.025

0.030 0.035 0.040

Zobs

0.045 0.050 0.055 0.060

Fig. 1. Comparison of the angular and redshift distributions of the SNe
Ia from the simulation and from the ZTF SN Ia DR2 data. Top panel:
Angular positions of simulated SNe Ia from one mock (in blue) and
from the DR2 data (in red). Bottom panel: Redshift distribution aver-
aged over the 27 mocks and rescaled for the difference in the duration
of the survey (in blue) compared to the DR2 redshift distribution (in
red).

could be found in the data since the ZTF SN Ia DR2 span of
~2.8 years and has found ~900 SNe Ia. We plot the comparison
between simulations and DR2 data angular positions and red-
shifts distributions in Fig. 1, in which the redshift distribution has
been rescaled for the difference of duration between data and the
simulations. The discrepancy between the number of SNe Ia in
a simulation and DR2 data could come from simulation inputs,
such as a too-low value for the SNe Ia rate, but also from the
fact that the simulation spectroscopic selection function is only
based on the BTS one, despite a small part of the DR2 data being
classified using other spectroscopic programs (see Rigault et al.
2025 for a full description).

The SNe Ia observed redshifts and magnitudes are affected
by correlated PVs. Hence, we used the 27 realizations to test var-
ious methods to take into account PVs when fitting the Hubble
diagram, as is shown in the next sections.

3. Method

We fit the Hubble diagram with a classical likelihood method
that we describe in Sect. 3.1. However, we tested three ways of
dealing with the PV error contribution: not accounting for PVs,
including a diagonal error term, and using a full PV covariance
matrix. These three approaches are described in Sect. 3.2.

3.1. Hubble diagram

Before fitting the Hubble diagram, we fit the SN Ia light curves
using the SALT2 model. After the SN Ia light-curve fit, the dis-
tance modulus of each SN Ia y; was computed using the Tripp

A8, page 4 of 12

relation (Tripp 1998) as

Wi =mp; +axy; — fc; — My,

®)

where a, 8, and M, are free parameters of the Hubble diagram
fit. The corresponding fit error bar for each SN Ia is

©))

0'§ALTJ. = 0-121:3,1‘ + 0')2“ + O'ii + 2aCOV(mg, x1)
—2BCOV(mp, c) — 2aBCOV(x1, ¢).
To fit the Hubble diagram, we maximized the likelihood
given by

N | 1
L(a, B, My) = 2n)"2|C|"? exp [—EA,uTC_lAu] , (10)

where C is a covariance matrix and the elements of Au are
(1D

with u(2) the theoretical distance modulus (Eq. 6) computed
for a given cosmology. Since ZTF is a low-redshift survey
and cannot alone constrain cosmological parameters, we fixed
them to a fiducial value. In our work on simulations (Sect. 4)
we used the input cosmology of the simulation as the fiducial
one and in our work on data (Sect. 2) we used the Planck18
results (Planck Collaboration VI 2020) as fiducial cosmology. It
is worth noting that in this fit, M, and Hy were degenerated. This
necessitated that we choose a fiducial value, Hy 54, such that the
M, parameter is expressed as a combination of Hy and My as

H, )
Hofia) '

The fiducial value of Hy was taken to be equal to the simulation
input, Ho4q = 71 kms™! Mpc~!.

As is stated in Sect. 2.1, the ZTF SN Ia DR2 redshifts were
measured with varying accuracy. We took the redshift uncertain-
ties into account by adding the following error term to the diag-
onal of the covariance matrix:

o\’ 5V 1\
2 2 2
U”_z_(az) 7 _(lnlo) -z z) 7%

where we made an approximation at the first order with respect
to z.
Without taking into account the PVs, the covariance matrix

Au; = pti — pn(Zobs,i)»

M, = MB—Slog( (12)

(13)

is

Cij = (03 + T3arr + T )i (14)

where oy is the intrinsic scatter of the SN Ia magnitudes and is
also a free parameter of the Hubble diagram fit, osar is given by
Eq. (9), o, is given by Eq. (13), and ¢, is the Kronecker-delta.

3.2. Peculiar velocity contribution to the error budget

As was pointed out in previous cosmological analyses, in addi-
tion to the intrinsic scatter, o, and standardization, osay 1, error
term, PVs contribute to the error budget (Cooray & Caldwell
2006; Davis et al. 2011). The total covariance for a pair of SNe
Ia is then

5 V1
Cij =~ ( ) —C + (03 + Tgarr + T)0i (15)

cln 10 Z[Zj J

where z; and z; are the redshifts of the SNe Ia and C;’]“ is the
velocity covariance matrix. In this work, we study the impact of
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different models of the PV covariance matrix, C;’;, on the fit of
the Hubble diagram.

A first approach is to completely neglect the contribution of
PVs to the error budget; that is, Gl = 0. A second approach is
to assume that PVs are uncorrelated and that the velocity covari-
ance is diagonal:

2
C;}jv = 0'U6,‘j, (16)

where o, is the velocity dispersion. This error modeling has
been used in previous studies: Kessler et al. (2009) used o, =
300kms~!, Betoule et al. (2014) used o, = 150kms~', and
Brout et al. (2019) used o, = 250km s~!. In this work, we chose
to use this last value of o, = 250 kms~'.

A more realistic approach is, as was proposed in Davis et al.
(2011), to use a complete velocity covariance matrix:

2 2

w o HOf
i o2
where f is the growth rate of structures, Pgy the power spectrum

of the velocity divergence, and W(k; x;, x ;) the window function
for two SNe Ia at positions x; and x, given by

fdkng(k)W(k;x,-,xj), an

Ly, .
Wik xi.x)) = 3 o (krij) = 2k cos(ar)
x'x. . .
+ =2 ja (krij) sin*(ary), (18)
ri
where r;; = ||xi - xj”, @;j is the angle between x; and x; and
Jn(x) are the spherical Bessel functions. The covariance matrix
was computed using the FLIP? python package. In this work,
we computed the covariance using the linear velocity-divergence
power spectrum, ng. In linear theory, due to the continuity equa-

tion, Pin = Plin where PI" is the linear density power spectrum.
Therefore, we computed the linear density power spectrum using
the Boltzmann solver CAMB® (Lewis et al. 2000). The cosmology
parameters used as inputs of the Boltzmann solver are the same
as those used to compute wy, (Table 1 for the simulations and
Planck18 for the data). Here, we did not attempt to fit for the
growth rate, f, which is fixed by the fiducial cosmology, and the
maximum wave number was chosen as kpyax = 0.2 47! Mpc. The
diagonal value of the covariance matrix computed as o, = \/C_ZU
is ~260kms™! for the fiducial cosmology used in simulation
and ~280kms~! for the Planck18 cosmology. These values are
slightly higher but close to the value of 250 kms™! used in the
diagonal velocity error approach.

To evaluate the robustness of our analysis, we varied the
assumptions we made to compute the velocity covariance: the
input cosmological parameters and the chosen maximum k. We
found that our analysis is independent of these initial assump-
tions. A detailed description of this investigation is given in
Appendix B.

4. Test on simulations
4.1. Test on a single realization

We ran a Markov chain Monte Carlo (MCMC) algorithm using
the EMCEE’ package to fit the Hubble diagram. Selecting one ran-
dom realization, we ran three different MCMCs using the differ-
ent methods to compute the PV covariance matrix. The fit was

5 https://github.com/corentinravoux/flip
% https://camb.info/
7 https://emcee.readthedocs.io/
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Fig. 2. MCMC results of the Hubble diagram fit using the three differ-
ent methods to compute the PV covariance matrix described in Sect. 3.
The fit was performed on one random realization. The dashed black
lines show the simulation input value for each parameter. The blue con-
tours show the posterior probability for each parameter when the PV
covariance matrix is equal to zero, and PVs are not taken into account.
The yellow contours show the results when the covariance matrix is just
diagonal, assuming that o, = 250 km s™!. Finally, the red contours were
obtained when we took into account the PV correlation and the covari-
ance matrix was computed using the linear power spectrum.

performed maximizing the likelihood in Eq. (10), where the free
parameters are @, 3, My, and op,.

Figure 2 shows the posterior distributions of the fit param-
eters for a single ZTF survey realization, while Table 2 shows
the best-fit values of each parameter for the three methods. The
figure shows that we recover the @ and 8 parameter input val-
ues within 20~. However, we notice that there is no difference
between the three methods in evaluating these two parameters,
and that the fitted values are compatible within the error bars, as
is shown in Table 2.

In the case of My, the PV modeling has a non-negligible
impact. We observe a 4.50 bias both when PVs are not
accounted for or when neglecting their spatial correlations. How-
ever, Table 2 shows that when accounting for correlations, the
uncertainty on M, is about four times larger than the one
obtained in the two other cases, making it compatible with its
input value. This suggests that only using a diagonal term might
not be sufficient to completely take into account the PVs’ impact
in a low-redshift sample. We also notice that when using a diag-
onal term as well as the full covariance we recover the o, input
value, while its value is increased when not taking into account
PVs.

When computing the PV contribution to the error budget of
M as

—o? (19)

— 2
T Mo,pv = \/O—Mo,vel.cov. Mj,no vel.”

we find that the PVs are the main source of uncertainty for the
M parameter with oy, py ~ 0.013 mag.
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Table 2. Results from the MCMC chains obtained on one realization.

No vel. error Vel. diag. error Vel. full cov
AMy  -0.0165 +£0.0034  -0.0157 £0.0033  —0.0108 + 0.0135
Aa —0.0066 + 0.0034  —0.0066 + 0.0034  —0.0061 + 0.0033
AB —0.040 + 0.033 —0.043 +0.034 —-0.032 £ 0.032
Aoy 0.0059 + 0.0023 —0.0012 £ 0.0023  —0.0001 + 0.0023

Notes. The values of the parameters, p, were computed as the median
of the chains and given with respect to the simulation input value, Ap =
Piit — Puve- The associated lower and upper error bars were computed as
the 16™ and 84" percentiles. Since those errors were almost symmetric,
we give their means.

In the next sections, we focus our study on the impact of
PVs on the M) parameter, as the impact on « and 3 is negligible,
while oy, is only a nuisance parameter in the fit. As was already
mentioned, M) is directly linked with the intercept of the Hub-
ble diagram, ap, which is the parameter that has to be calibrated
through the distance ladder to measure Hy. Therefore, the effect
of PVs on M, estimation described in this section could bias the
measurement of the Hubble constant when using SNe Ia.

4.2. M, estimate and uncertainties

To see if the parameters values and uncertainties, in particular
M,, were well estimated, we ran fits on all our 27 ZTF real-
izations. We ran the fit using iminuit® (James & Roos 1975;
Dembinski et al. 2020) to find the maximum of the likelihood.
We checked that the results from iminuit are in agreement with
the ones from the MCMC and used iminuit as a quicker solu-
tion to fit our 27 realizations. Figure 3 shows the results of these
fits for M. We highlight that even for the 27 realization fits, the
results for @ and 8 do not have any significant variation between
the three methods. The additional results for these parameters
are presented in Appendix C.

The top panel of Fig. 3 shows our result for M, obtained
when we performed the fit without using any model for the
velocity uncertainties. We measure that the standard deviation
between the 27 realizations is STD(My) = 0.014 mag, which is
three to four times larger than the estimated uncertainty on the
average (073, )'/* = 0.004 mag. This result shows that uncertain-
ties on M) are clearly underestimated. The middle panel of Fig. 3
shows the same results when the contribution of PVs is modeled
using the diagonal error term with o, = 250kms~!. The result-
ing standard deviation over the 27 realizations is STD(My) =
0.014 mag and the average uncertainty is (oﬁh)l/ 2 = 0.004 mag.
This result is identical to the previous case. It means that the
diagonal error term is not sufficient to model the PV impact.
Finally, the bottom panel of Fig. 3 shows the results for the
case in which we use a complete velocity covariance matrix.
We obtain a standard deviation of STD(M;) = 0.012 mag with
a mean uncertainty of (073, )'/* = 0.014 mag. In this last case,
the standard deviation and uncertainty are compatible. Applying
Eq. (19) used for one realization to the average uncertainties on
M, we retrieve a velocity contribution to the error budget on M
of o yypv ~ 0.013 mag.

We notice that in Fig. 3 the central value of (M) is biased
compared to the simulation input value with a difference of
AMy = (My) — Myzq ~ (=8 + 2) X 1073 mag. This bias could be
the result of correlations of the velocity field between the differ-

8 https://iminuit.readthedocs.io/
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Fig. 3. M, values obtained from the fit of the 27 realizations (realization
number 8 is the one used in Fig. 2). The blue dots are the results of the
fits with error bars from iminuit, while the dashed black line shows the
M, input value of the simulations. The shaded red area is centered on
the mean M, value (M,) obtained from the 27 realizations and it shows
the uncertainty on (M,). The shaded yellow area is also centered on
(M,), but shows the average uncertainty along the 27 realization results,
(o3,)"/?. Top panel: Fit without velocity error term. Middle panel: Fit
with a velocity diagonal error term. Bottom panel: Fit with a full veloc-
ity covariance.

ent mocks that originate from the same N-body simulated box. In
order to study this effect, we ran a fit of the Hubble diagram with-
out the effects of velocities by using the cosmological redshifts,
Zeos- The results are shown in Fig. 4. By correcting the veloci-
ties, the bias is reduced to AMy ~ (=2.0 + 0.6) x 103 mag. This
effect could be explained by the fact that the realizations may be
slightly correlated due to large modes inside the full OuterRim
box. We understand the remaining small bias to be the first man-
ifestation of the sample selection bias, also known as Malmquist
bias, which arises from higher sampling of brighter objects when
the distance increases. However, this bias does not affect the
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Fig. 4. Same as Fig. 3 but the redshifts and magnitudes have been cor-
rected for velocity effects before fitting the Hubble diagram.

Table 3. Comparison between the standard deviation of the parameters
results computed across the 27 ZTF realizations and the average uncer-
tainties obtained from the fit.

No vel. error ~ Vel. diagonal error ~ Vel. full cov

STD(M,) 0.014 0.014 0.012
(@ )" 0.004 0.004 0.014
STD(a) 0.0033 0.0032 0.0031
(a2)1? 0.0035 0.0035 0.0035
STD(B) 0.029 0.029 0.029
(@' 0.034 0.034 0.034
STD(c) 0.0034 0.0035 0.0027
(oa)'? 0.0023 0.0025 0.0023

results on one measurement since it is compatible within 1o~ with
respect to the average uncertainty, (0'%40)1/ 2,

The results of the comparison between the standard devia-
tion of all the fitted parameters across the 27 ZTF survey realiza-
tions and the average uncertainties from the fit are summarized
in Table 3. From these results, we find that in the case of the ZTF
sample in the low-redshift regime, diagonal error terms are not
sufficient to take into account the impact of PVs.

5. The intercept of the Hubble law in ZTF SN la DR2
data

The increasing uncertainty on M, that we pointed out in the pre-
vious sections could have an impact on Hubble constant mea-
surement from ZTF data (Dhawan et al. 2022). In such an anal-
ysis, Hp is computed using Eq. (2). The two parameters of
Eq. (2) are the SNe Ia absolute magnitude, Mg, which has to
be calibrated using Cepheids or TRGB, and the intercept of the
magnitude-redshift relation, ag. The latter is determined from
the SNe Ia sample as

Sag = mg + ax; — Bc — Slog DL(z), (20)
were Dy, is defined as Dy = Hygadr a(z). This equation is a
reformulation of Eq. (8) and the considerations we have made
on M in the previous section are relevant for ag, since these two
parameters are linearly linked as

5613 =5 lOg Ho’ﬁd - M() —25. (21)

Therefore, the corresponding uncertainty on Hy is

O'HO_lIIlO 5 5
70——5 O—MB+O—5(13’

where oy, is the calibration uncertainty of the absolute magni-
tude of SNe Ia using calibrator stars (e.g., Cepheids or TRGB)
and o4, is the uncertainty on 5ap. We ran a MCMC fit using
this parameterization of the Hubble diagram on the ZTF SN Ia
DR2 data.

The resulting contours of the MCMC for the three different
methods of taking the PV into account are shown in Fig. 5, and
the results are summarized in Table 4. The values of these results
were blinded by the addition of a random offset to the SALT2
magnitude, mp. Therefore, the fitted parameters are shown as
differences, Ap, relative to the results using a full covariance
matrix. As is seen in the simulations, the parameters « and 8 and
their corresponding uncertainties are the same for the three meth-
ods. The parameter of interest, ag, shifts by about ~0.006 mag
when the PV uncertainties are modeled by the full covariance
matrix compared to the case in which PVs are not taken into
account or modeled by a diagonal error term. This corresponds
to an Hy shift of ~1.0km s~ Mpc~!. The uncertainty on ag dou-
bles, passing from o,, = 0.0018 mag to o,, = 0.0035mag,
when using the full covariance matrix compared to the two other
methods. We also notice that the intrinsic scatter free parame-
ter, oy, increases when using only a diagonal term or when not
taking into account velocities because of its degeneracy with the
diagonal terms of PV covariance.

We find that, when taking into account PVs with the full
covariance matrix, the uncertainty on ag corresponds to a con-
tribution to the Hy error budget (Eq. 22) of o5,, =~ 0.0175 mag.
Applying Eq. (19) to the uncertainty on Sag, we compute that
the velocity contribution is 054, py ~ 0.015 mag, which is com-
patible with the result found on M, with simulations. This could
be translated as a contribution of o py ~ 0.49 km s Mpc’1 on
the error on Hy.

This result should be compared with the uncertainty on the
calibrator term, o y,. In the last measurement of H, combining
TRGB and SNe Ia from ZTF (Dhawan et al. 2022), the uncer-
tainty from calibrators could be decomposed in three terms that
are described in Table 2 of the same paper. The first term is the
SN Ia intrinsic scatter, the second term comes from the TRGB
magnitude absolute calibration, and the last comes from the scat-
ter of observed TRGB stars in SN Ia host galaxies. In this mea-
surement, the error budget was dominated by the SN Ia intrin-
sic scatter of about ~0.15 mag since there was only one SN Ia
in the calibrator sample. In the future, the sample of calibrators
is expected to grow up to ~100, decreasing the contribution of
SNe Ia scatter in calibrator samples to ~0.01 mag. The same is
expected for the scattering of TRGB stars in SNe Ia host galax-
ies with an expected uncertainty of ~0.005 mag in future analy-
sis. However, the TRGB absolute calibration uncertainty, which
is about ~0.038 mag, is driven by systematic uncertainties. It
will be the major contribution to the Hj error budget in future
measurements. It could be improved through the use of addi-
tional primary anchors and a better control over systematics (see
Dhawan et al. 2022, Sect. 4) and is expected to be reduced to the
level of ~0.023 mag. To summarize, we could expect an uncer-
tainty on Mp in the range of o3y, ~ 0.026—0.040 mag. Therefore,
considering the expected o, and our result for the estimated
054, Using the DR2 Hubble flow, from Eq. (22) we expect a rel-
ative uncertainty on Hy in the range of 1.4%—-2.0% when the
velocity covariance matrix is used. This is slightly higher than

(22)
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Fig. 5. MCMC results of the Hubble diagram fit for the ZTF SN Ia DR2 data using the three different methods of computing the PV covariance
matrix described in Sect. 3. The symbols and colors are the same as in Fig. 2. The contours are shifted relative to the results obtained using a full

covariance matrix for PVs.

the relative uncertainty of 1.2%—1.9% that we computed when
not using it.

6. Conclusion

In this paper, we have used the OuterRim N-body simulation
described in Sect. 2 to obtain 27 realisations of the 6-year SN Ia
sample of the ZTF survey including PV sample variance. Most
of previous analyses (e.g., Betoule et al. 2014; Brout et al. 2019)
have used a diagonal error matrix to account for the host-galaxy
PVs. Due to the low redshift of the ZTF SN Ia DR2 sample, this
approach is not valid to take into account the PV variance. The
error bars on the M|, parameter are not compatible with the stan-
dard deviation computed across the 27 realisations, either when
we did not take into account the PV term or when we used a diag-
onal matrix to describe PVs, as is shown in Sect. 4. To account
for the PV sample variance in the Mj error budget, we need
to use a full PV covariance matrix computed using the veloc-
ity power spectrum. This result, as in Davis et al. (2011), is an
indication that even if in a previous SNe Ia low-z sample the PV
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correlation was negligible compared to the noise (Huterer et al.
2015), it is no longer valid for a large and homogeneous sample
as the ZTF SN Ia DR2 sample.

We show that these PV correlations also have an impact on
the measurement of Hj, since they increase the uncertainty on
the intercept of the Hubble diagram, ag. We tested this using
ZTF SN Ia DR2 data, as is described in Sect. 5. The value of ap
shifts by Aag ~ 0.006, which corresponds to a shift in the Hy
value of about ~1.0km s~! Mpc~!. Moreover, the uncertainty on
ap doubles when using the full PV covariance matrix compared
to the other methods. The final contribution of ap in the H, error
budget is 0s5,, = 0.0175. The PVs account for ~0.015 mag in
the value of o7s,, and ~0.49kms~' Mpc~! on the Hj error. This
is slightly higher than the result of ~0.31kms~! Mpc~! obtained
in Wu & Huterer (2017). Therefore, we conclude that neglecting
the non-diagonal terms in the PV covariance matrix brings an
underestimation of the uncertainty on the intercept of the Hubble
diagram.

The uncertainty on Hy is currently dominated by the system-
atics from the calibrator sample. Future work on this source of
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Table 4. Results from the MCMC chains for the ZTF SN Ia DR2 data.

P Vel. full cov. No vel. error Vel. diagonal error
op op op op op
ap +0.0035 —-0.0059 +0.0019 —-0.0057 +0.0018
a +0.0075 0.0003 +0.0078 0.0002 +0.0077
B +0.047 0.011 +0.048 0.010 +0.048
ou +0.0063 0.0124 +0.0063 0.0051 +0.0065

Notes. The values and error bars were computed as in Table 2. Ap are
shifted results with respect to the results obtained with the full covari-
ance matrix and o, are the error bars obtained for each parameter.

systematics will reduce it, making it even more relevant to cor-
rectly take into account the PV contribution to the Hy error bud-
get. Reconstruction methods that correct for PVs are a promis-
ing way to account for PV correlations. They should allow one
to reduce the scatter due to PVs in the Hubble diagram, and thus
suppress the PV sample variance issue. We have shown that an
analysis using a full velocity covariance matrix ensures that PV
effects are correctly accounted for. While not being competitive,
the covariance matrix method can be used as a cross-check to
investigate potential biases of the reconstruction methods, where
the SN Ia redshifts are corrected using the velocities estimated
from the density field (Carrick et al. 2015; Peterson et al. 2022;
Carr et al. 2022).
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Fig. A.1l. Peculiar velocity correlation absolute value between two
galaxies on the same line-of-sight in function of the radial separation.
The vertical dotted lines indicate the distance corresponding to the red-
shift cut z ~ 0.06 (red), the minimum distance between two SNe Ia that
pass the redshift cut in two different sub-boxes (green) and the distance
between two sub-boxes center (yellow).

Appendix A: Discussion on correlation between
sub-boxes

We produced several realizations of ZTF by cutting a single
OuterRim simulation into non-overlapping sub-boxes. However,
PVs are coherent over large scales, so these realizations are
not fully independent. We estimated the correlation function
between PVs inside different sub-boxes as a function of scale,
shown in Fig. A.1. We see that the absolute value of the cor-
relation between two SN Ia host that pass the redshift cut of
z < 0.06, that corresponds to a distance of ~ 180 Mpc.A~! in our
fiducial cosmology, in two different sub-boxes is ~ 0.016. The
correlation between velocities at a distance from one sub-box
center to another sub-center is ~ 0.008. From the comparison of
these values to the average correlation absolute value between
two SNe Ia that pass the redshift cut inside one mock ~ 0.14,
we conclude that the correlation between the sub-boxes can be
mostly neglected. However, we see in Sect. 4.2 that a part of
the small bias observed on M could be explained by the effect
of the velocity correlation across the different sub-boxes since
removing velocities seems to lower the bias.

Appendix B: Testing the assumptions in the
covariance computation

We assert the robustness of the analysis by testing it against the
assumptions we have done to compute the velocity covariance.
In particular, the input cosmological parameters in Appendix B.1
and the chosen maximum scale in Appendix B.2. During the
analysis we have assumed a linear power spectrum ng in order
to compute the complete velocity covariance. This choice is done
because in this work we are not measuring the parameters of the
cosmological model. Here, we are analyzing systematics and the
choice of the power spectrum is a second order effect. There-
fore, for simplicity we choose to utilize the linear power spec-
trum. We highlight that we perform few test in order to assess
the impact of the power spectrum choice. The results, which are
not shown in the paper, are that changing the power spectrum
does not change at all the final results presented in this work.
For an extensive description on the non linear power spectrum
models and the differences with the linear one see Carreres et al.
(2023) and references therein.
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Fig. B.1. MCMC results of the Hubble diagram fit using three different
values input cosmologies to compute the power spectrum Py, for the
complete velocity covariance. The fit is performed on the same realiza-
tion shown in Fig. 2. The dashed black lines show the simulation input
value for each parameter. The baseline refers to OuterRim cosmology as
described in Sect. 2. The table shows the median posterior probability,
the fitted value, for each parameter and the relative error.

B.1. Changing the input cosmology

As a first test we perform the Hubble diagram fit on one ran-
dom realization changing the input cosmology in the covariance
computation respect to the one presented in Sect. 2. The results
of the MCMC chains are shown in Fig. B.1. The figure shows
that changing H, and the density of cold dark matter, Q., does
not change the results of the Hubble diagram fit. Furthermore,
Fig. B.1 table shows that the recovered parameter values for
the three different cosmology are exactly the same within the
uncertainties. Therefore, we conclude that the results presented
in this work are independent from the choice of the cosmological
parameters in the velocity covariance computation.

B.2. Changing the maximum scale

We perform the Hubble diagram fit on one random realization
changing the maximum scale ky,x in the velocity covariance
computation. Figure B.2 shows the result of this test. We find
that changing kn.x does not change the contours with respect to
the baseline choice of k. = 0.2 h‘lMpc done in the analysis.
As in the previous section, Fig. B.2 shows that the recovered
parameter values are exactly the same within the uncertainties.
We conclude that for the purpose of systematic assessment we
are independent from the choice of the maximum scale.

Appendix C: Scatter of «, 8, and o, across the 27
ZTF realizations

In Sect. 4 we emphasized that using or not the PVs covariance
does not affect the fit of the @ and 8 parameters. This is what we
can see in more details in Figs. C.1 and C.2. The figures show the
results for these parameters across the 27 ZTF realizations. On
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Fig. B.2. MCMC results of the Hubble diagram fit using three differ-
ent values of k.« to compute the power spectrum Py, for the complete
velocity covariance. The fit is performed on the same realization shown
in Fig. 2. The dashed black lines show the simulation input value for
each parameter. The baseline refers to k,,,. = 0.2~ 'Mpc as described
in Sect. 3. The table shows the median posterior probability, the fitted
value, for each parameter and the relative error.

these figures we do not notice any significant changes. However,
we see that the values of @ and g are slightly bias, as for M), this
could be an effect of the sample selection.

Figure C.3 shows the same results for the o) parame-
ter, which represents the non-modeled scattering of the Hub-
ble residuals. We can see that including PVs as diagonal or full
covariance matrix reduces the recovered value of o,. It can be
explained by the fact that this parameter will absorb the PV scat-
tering if it is not modeled.
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Fig. C.1. « values obtained from the fit of the 27 realizations. The
dashed black lines show the simulation input value of the @ parame-
ter. Top panel: Fit without velocity error term. Middle panel: Fit with
a velocity diagonal error term. Bottom panel: Fit with a full velocity
covariance.
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Fig. C.2. 8 values obtained from the fit of the 27 realizations. The

dashed black lines show the simulation input value of the g parame-
ter. Top panel: Fit without velocity error term. Middle panel: Fit with
a velocity diagonal error term. Bottom panel: Fit with a full velocity

covariance.
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dashed black lines show the simulation input value of the o), parameter.
Top panel: Fit without velocity error term. Mid panel: Fit with a velocity

diagonal error term. Bottom panel: Fit with a full velocity covariance.
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