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Abstract

As a result of the standardizability of SNe Ia light
curves over a wide range of photometric bands, they
are used as standard candles to accurately measure
distances in the cosmos up to z ≈ 1 [22]. As dust
extinction is smaller in the NIR than in the op-
tical [21] there is less dispersion seen in the peak
brightnesses of SNe Ia, making them truly standard
candles. We use SNPY to fit light curves for 192
SNe Ia. The mean of all Hubble residuals of our
sample is ≈ 0.101 mag with a standard deviation
of ≈ 0.234 mag. After applying an original set of
cuts, the mean of 173 Hubble residuals reduces to ≈
0.080 mag with a standard deviation of 0.203 mag.
We next estimate host galaxy stellar masses of 175
SNe. From our sample we detect a 0.039 ± 0.026
mag (1−2σ) mass-step. For reasons outlined in sec-
tion 4.1.1 and 4.1.2 respectively, we increase our sBV
cut to sBV > 0.8 and decrease our extinction cut to
E(B−V ) ≤ 0.2 mag to see the mass step disappear
entirely (0.004± 0.034 mag). Fast-declining SNe oc-
cur with preference in high-mass galaxies, possibly
pointing to an intrinsic contribution to this mass
step [22]. As NIR data is seen to significantly re-
duce the 3−4σ [14] mass-step detected with optical
data, it is concluded that extinction likely plays a
large role in the mass-step, as proposed in Brout &
Scolnic 2020 [2].

1 Introduction

1.1 Standardizing Type Ia
Supernovae

Understanding the relationships between vari-
ous properties of Type Ia supernovae (SNe Ia)
and their host galaxies has lead to the ever-
improving standardization of their light curves.
SNe Ia are a subclass of supernovae (SNe) first
distinguished from other SNe in 1941 due to the
lack of hydrogen lines in their spectra [18] and
are of specific interest to cosmologists due to the
uniformity of their peak intrinsic brightnesses
and decline rates. These homogeneities are the
consequence of SNe Ia forming under a standard
set of relatively well-known conditions. It is the-
orized that a SN Ia progenitor is a white dwarf
star in a close binary system with another star
that reaches a standard critical mass through
matter accretion [11]. This triggers a thermonu-
clear explosion in the core of the white dwarf,
resulting in an SNe with a characteristic light
curve. The uniformity of SNe Ia light curves over
a large range of photometric bands has allowed
SNe Ia to be used as “standard candles” when
measuring cosmological distances to great preci-
sion. A strong relationship between the peak
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intrinsic brightness, which is powered by the
amount of 56Ni produced in the explosion [17],
and rate of decline of an SNe Ia is seen when an-
alyzing optical-band observations. Through re-
peated observations it has been shown that the
classification of an SNe Ia encompasses a vari-
ety of thermonuclear explosions that can vary
in luminosity, decline-rate, and M� of 56Ni pro-
duced. The standard optical SNe Ia light curve
is generated by the production of ≈ 0.6M� of
56Ni in its explosion. The slowest-declining,
highest-luminosity ’1991T-like’ SNe Ia, named
after SN1991T whose explosion produced ≈ 1.1
M� of 56Ni [17], are on one extreme end of the
range of SNe Ia. These 1991T-like SNe Ia make
up ≈ 9% of SNe Ia in the local Universe [22] and
tend to have light curves bearing a closer resem-
blance to the characteristic SNe Ia light curve
than their counterpart on the other end of the
range of SNe Ia. Fast-declining, sub-luminous
‘1991bg-like’ SNe Ia, making up ≈ 15-20% of
SNe Ia in the local Universe [22], are named af-
ter SN1991bg whose explosion produced a mere
≈ 0.1M� of 56Ni [17]. Slow-declining SNe Ia
are intrinsically bluer, while fast-declining SNe
Ia are intrinsically redder [24]. It has been seen
through numerous observations that 1991bg-like
SNe Ia tend to occur with higher preference in el-
liptical and lenticular galaxies [22] than in galax-
ies of other classifications (i.e. spirals, dwarfs
and irregulars). The understanding of the corre-
lations between these properties of SNe Ia has
lead to the ever-improving standardization of
their optical light curves, resulting in improved
accuracy of estimates of cosmological distances
wherever optical photometric data of SNe Ia is
present. By knowing the corrected absolute in-
trinsic magnitude (M) of an SNe Ia, we can use

observations (m) to calculate the distance mod-
ulus (µ) of that particular SNe Ia.

1.2 SNe Ia in the Near-Infrared

Due to the strong correlation seen in the opti-
cal between the peak absolute magnitude and
rate of decline of SNe Ia, their light curves can
be standardized and used to accurately estimate
cosmological distances up to redshifts of z ≈ 1
(≈ 3500 Mpc) [22]. In order to probe the rest-
frame optical light from SNe Ia occurring at
redshifts of z > 1, the study of near-infrared
(NIR) light curves is necessary. Study of rest-
frame NIR light curves has been shown to yield
cleaner results than that of rest-frame optical
light curves, as there is a smaller dispersion seen
in the peak brightness of NIR light curves than
in optical light curves of SNe Ia. This is due
to the fact that the impact of dust extinction is
smaller in the NIR than in the optical [21], mak-
ing rest-frame NIR SNe Ia truly standard can-
dles. Given this fact, extinction in the B band
should be larger than extinction in the H band.
This is supported by the relationship shown in
Equation 1 [1]:

A(λ) ∝ λ−1 (1)

The effective wavelength midpoints (λeff ) for
the B and H photometric bands are 445 nm and
1630 nm, respectively. Converting these to ra-
tios of 0.445 and 1.630 for simplification and
plugging into Equation 1 gives a ratio of B to
H band extinction of AB/AH ≈ 3.663. Since
the light curves of all SNe Ia are not perfectly
homogeneous due to several factors that will be
discussed in the course of this paper, the ability
to use them in the optical as dependable means
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of estimating cosmic distances rests on our un-
derstanding of the aforementioned relationship
between maximum brightness and decline-rate
[21]. Observation in the NIR has proven to be
an efficient way to avoid the issues of extinc-
tion [4], as longer wavelengths have much lower
color corrections due to less obstruction by dust
[4], meaning that there is little-to-no correction
needed for stretch (sBV ) in the NIR. This makes
SNe Ia observations at these longer wavelengths
true “standard candles”.

1.3 Problems with NIR SNe Ia
Photometry

The advantages of studying NIR SNe Ia light
curves also come with a few noteworthy dis-
advantages. First, the contrast between SNe
and sky emission is lower in the NIR than in
the optical, as SNe Ia are intrinsically fainter
in NIR, and sky emission is brighter in NIR
than optical. This has proven to be problem-
atic, as ground-based NIR observations are typ-
ically made through numerous quick exposures
and sky estimation and subtraction, leading to
correction errors. In addition, when observing
an SNe Ia in the NIR, the luminosity differ-
ence between the SNe and its host galaxy (∆L)
is typically less than in the optical (∆LNIR <
∆Loptical) [22]. This low contrast between SNe
Ia and their host galaxy in the NIR proved a dif-
ficult challenge to overcome for ‘single-element
detectors’ [22] for nearly two decades following
the first publication of SNe Ia NIR photome-
try [8]. The first observation of an SNe Ia in
the NIR prior to its maximum B band bright-
ness (SN1998bu) was made [13] in 1998, reveal-
ing that maximum NIR brightness of SNe Ia oc-

curs roughly five days before maximum optical B
brightness. This means that observations need
to begin no less than six days before maximum B
brightness [22], providing additional difficulties
to the study of NIR SNe Ia light curves. This
hurdle in the NIR photometry of SNe Ia was
cleared by the development and implementation
of panoramic NIR detectors at observatories in
Chile to be used to scan for signs of looming SNe
Ia as to obtain NIR photometry on them as long
before their B maximum as possible [22]. Fi-
nally, SNe Ia are intrinsically fainter at longer,
NIR and far-NIR wavelengths than at shorter,
optical wavelengths. This can be seen in the
Hsiao spectral template [12] of a standard SNe
Ia shown together with the uBVgriYJHK photo-
metric bands in Fig. 1. The first filter in the NIR
region of the EM spectrum is the i filter with an
effective midpoint of λeff = 8060 Å, or ≈ 0.8 µm,
extending out past the K-band, where it can be
seen that the normalized flux is lower than at
shorter NIR wavelengths and significantly lower
than in the optical bands. For these reasons,
NIR SNe Ia cosmology proves more challenging
than optical SNe Ia cosmology, as most of a SNe
Ia’s flux is in the optical.

2 Methods

2.1 SNe Ia Light Curve Fitting with
SNooPY

To fit the photometric data from sample of SNe
Ia to a standard light curve template, we utilized
the object-oriented Python package SNooPY 2.0
(SNPY). SNPY is a Python package useful for
fitting SNe Ia light curves with several “stand-
alone sub-packages” that can be installed sep-



2 Methods 4

Fig. 1: Spectral template of SNe Ia [12]

arately. For the purposes of our analysis, the
light curve template fitting function of SNPY
was utilized. The model chosen to be used in our
analysis was “EBV model2”, which fits for pa-
rameters ∆m15 or sBV (decline-rate or ‘stretch’),
time of peak B magnitude (Tmax), distance
modulus (µ) and the host extinction parameter
(E(B− V )). E(B− V ) is the amount of extinc-
tion that the light from a given SNe experiences
in either its circumstellar envelope or the inter-
stellar medium of its host galaxy. The distance
modulus is the difference between the observed
and intrinsic magnitudes of an SNe. The dif-
ferences between ∆m15 and sBV and the subse-
quent advantages to using one over the other will
be discussed in the following section.

2.1.1 Decline-Rate versus Stretch
Parameter

The decline-rate (∆m15(B)) and stretch param-
eters are both measures of the rate at which
the peak brightness of a SNe evolves over time.
∆m15(B) is an observational parameter that in-
dicates how much the brightness of a SNe de-
creases over the first 15 days after its maxi-
mum in the B-band [21], while the sBV is a
“time stretching factor” that fits the rest-frame
B-band light curve to a characteristic template
[4] [21]. The relationship between the stretch
and decline-rate parameters can be seen in Fig.
2, adapted from Burns et al. (2018) [3]. Redden-
ing due to dust will always result in some inac-
curacies of measurements, however when apply-
ing sBV rather than ∆m15(B) these inaccuracies
are seen to diminish [3]. For this analysis we
use sBV rather than ∆m15(B) due to the inac-
curacy linked with using ∆m15(B) to predict the
brightness evolution of 1991bg-like, fast-evolving
SNe Ia [4]. ∆m15(B) measures the brightness de-
crease in the B-band only, causing any reddening
experienced by the light from the SN to heavily
influence the observed B-band peak brightness
and therefore ∆m15(B) [4]. This in turn leads
to inaccuracies in the light curve fitted using the
inherently inaccurate value for ∆m15(B). sBV is
preferable to ∆m15(B) due to its greater accu-
racy in measuring the decline-rate of the fastest-
declining objects [3]. For these fast-decliners
with ∆m15(B) ≥ 1.7 mag and sBV ≤ 0/6 (see
shaded zone of Fig. 2), the transition from the
initial to the measurable linear decline occurs be-
fore 15 days after the B-band maximum, causing
sBV to be far more sensitive to the decline-rate
of the B-band light curve [3]. The stretch pa-
rameter is also thought to be a better measure
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of the intrinsic brightness of an SNe Ia, as the
peak wavelength of its (B−V ) color is theorized
to be a result of the recombination of Fe III and
Fe II depositing energy into the spectrum of the
ejected material, making it bluer [3] [15] [10].
This is thought to be responsible for the second
peak seen in SNe Ia light curves, as this recombi-
nation occurs only after the ejecta have had am-
ple time to cool to a particular temperature [3].

Fig. 2: Decline-rate parameter versus stretch pa-
rameter (from Burns et al. (2018) [3])

2.2 SNe Surveys Utilized

The data used in this analysis comes from the
Carnegie Supernova Project (CSP) survey [16]
and the Palomar Transient Factory and interme-
diate Palomar Transient Factory (PTF/iPTF)
surveys. The CSP survey was a targeted search
for SNe Ia in galaxies at z = 0.0037 − 0.0835

that ran from 2004 to 2009. As the result of a
targeted search (i.e. telescopes watch a galaxy
and wait for an SNe to occur rather than scan-
ning the entire sky with a secondary scope in
the hopes of detecting a SN), the host galaxies
of SNe Ia from the CSP survey have a mass dis-
tribution displaying a preference towards higher-
mass galaxies (average CSP host galaxy mass is
log10(M∗/M�) ≈ 10.745). The CSP survey de-
tected 134 SNe with proposed white dwarf bi-
nary progenitors, 123 of which fall under the
classification of standard SNe Ia, making them
suitable for our study [16]. Optical (uBV gr
bands) and NIR (izY JH bands) data of the 123
SNe1 was fitted to the Hsiao template [12] using
SNPY’s SNe Ia light curve template generator.
A SNPY generated light curve of ‘SN2007hj’ is
shown in Fig. 2 as an example. This partic-
ular light curve was selected to be used as an
example because it is representative of a stan-
dard light curve generated for the CSP sample
using SNPY.

The PTF and iPTF surveys were two suc-
cessive surveys conducted using the 1.2-meter
“Samuel Oschin Telescope” at the Palomar Ob-
servatory in San Diego County, California from
2009 to 2012 and 2013 to 2016, respectively, be-
fore transitioning into the Zwicky Transient Fac-
tory (ZTF) in 2017. These surveys, unlike the
CSP survey, were un-targeted searches for SNe
Ia. In these un-targeted searches, a P48 tele-
scope is used in the initial SNe Ia detection,
recording photometric data the g- and r-bands.

1 Data in all optical and NIR filters was not available
equally for all SNe - this is a defect of the study that likely
leads to calculable errors. These SNe were not included
in the analysis as we wanted to look specifically at NIR
light curves.
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Fig. 3: SNPY Fitted light curve of SN2007hj

Ancillary telescopes are then used in follow-up
observations to record data in additional pho-
tometric bands. Due to the less-biased nature
of detection in un-targeted surveys, they lead to
the discovery of SNe Ia in host galaxies with a
wider range of masses and lower mean mass than
those in the CSP survey (average PTF/iPTF
host galaxy mass is log10(M∗/M�) ≈ 10.1), as
can be seen in Fig. 9 and Fig. 10. From the
data obtained by the PTF and iPTF surveys,
light curves were generated for 71 SNe Ia SNPY
following the same process outlined previously
for the CSP sample. After combining data from
both the CSP and PTF/iPTF surveys, we have
light curves and redshift estimates for 192 SNe
Ia.

2.2.1 Original Set of Cuts to Sample

In order to constrain our study to spectroscop-
ically “normal” SNe Ia, an original set of cuts
was applied to our sample. To eliminate the
chance of analyzing SNe Ia occurring in any
galaxies with a peculiar velocity component, a
redshift cut was made eliminating any SNe with
z < 0.0052. In order to remove any fast evolving
1991bg-like SNe Ia, SNe with sBV ≤ 0.5 were
eliminated for the reasons outlined in Section
2.2. This cut was motivated by Fig. 9, where the
scatter in Hubble residuals is seen to increase for
SNe with sBV ≤ 0.5. Finally, to remove any SNe
experiencing high extinction due to dust, those
with E(B−V ) ≥ 0.6 mag were eliminated. This
cut was motivated by Fig. 10, where the scatter
in Hubble residuals is seen to increase for SNe
with E(B − V ) ≥ 0.6. The application of these
cuts accounts for the elimination of 19 SNe Ia
from our sample in total, shown in Tab. 1 of
the appendix. In Tab. 1, the red colored cells
indicate the specific parameter that caused that
particular SNe Ia to be eliminated from the sam-
ple. This leaves us with a field of 173 NIR SNe
Ia light curves to be analyzed.

2.3 Estimating Host Galaxy Stellar
Masses

In order to analyze the mass step of our 173 NIR
SNe Ia light curves, we need reliable host galaxy
mass estimates for each of our SNe. Recently,
promising evidence has arisen of a correlation

2 We applied this cut to the field to be sure of elim-
inating any SNe with peculiar velocity-dominated red-
shifts, however no SNe in our sample were detected at
ow enough redshifts to be eliminated by this cut



2 Methods 7

between the “color- and decline rate-corrected”
luminosity of an SNe Ia and some physical prop-
erties of their host galaxies [3]. To determine
the host galaxy stellar masses for the SNe in our
sample, we use the extended source photome-
try measured by the 2MASS survey to obtain
K-band magnitudes for our SNe’s host galaxies
and apply Equation 2, given in Appendix B of
Burns et al. (2018) [3]:

log10(M∗/M�) = −0.4(mK − µ) + C (2)

where M∗ is the host galaxy stellar mass, mK

is the apparent magnitude of the host galaxy
in the K-band, µ is the SNe’s predicted dis-
tance modulus, and C is a mass scaling con-
stant determined through applying a best fit to
the sample of SNe [3]. It was determined in
Burns et al. (2018) that for the CSP-1 sam-
ple of SNe Ia that C = −1.04 dex [3], which we
will apply to our entire combined sample from
CSP and PTF/iPTF. A one-to-one relation of
our estimated host stellar masses for SNe from
the CSP sample and stellar mass estimates of
the same host galaxies from Neill et al. 2009
(M1) [19], Chang et al. 2015 (M2) [5] and a
collection of other surveys (Spit) [3] is shown in
Fig. 4. Similarly, a one-to-one relation of our
host galaxy stellar mass estimates for the SNe
from the PTF/iPTF surveys and stellar mass
estimates of the same host galaxies from Gal-
bany et al. 2018 (pisco) [9], Sloan Digital Sky
Survey data analyzed by the Portsmouth Group
(SDSS) [7] and Pan et al. 2014 (pan) [20] is
shown in Fig. 5. Since both figures display a
rough one-to-one relationship, the assumption is
made that our host mass estimates determined
through Equation 2 are reliable. Scatters of ±
0.15 dex were added to both Fig. 4 and Fig.

8 [3].

Fig. 4: One-to-one comparison of outside masses
for CSP sample vs K-band relation
masses

Fig. 5: One-to-one comparison of outside masses
for PTF/iPTFsample vs K-band relation
masses

Out of the 123 SNe from the CSP survey
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we were able to obtain K-band data and esti-
mate host galaxy stellar masses for 92 SNe Ia.
Combining these 92 host galaxy stellar mass es-
timates with 24 additional estimates from the
aforementioned sources gives us host galaxy stel-
lar mass estimates for a total of 116 of the 123
SNe from the CSP survey. Out of the 71 SNe
coming from PTF/iPTF surveys we were able
to obtain K-band data and estimate host galaxy
stellar masses for 54 SNe Ia. Combining these 54
host galaxy stellar mass estimates with 5 other
estimates from the sources used in comparison
leaves us with 59 host galaxy mass estimates for
SNe from the PTF/iPTF surveys. Combining
these two sets of estimates, we are left with host
galaxy stellar mass estimates for 175 of our orig-
inal 193 SNe Ia. A histogram of the estimated
masses is shown in Fig. 6 with a minimum host
mass of log10(M∗/M�) ≈ 7.44 and a maximum
host mass of log10(M∗/M�) ≈ 11.60. It should
be noted that when bin sizes of log10(M∗/M�) =
0.2 are applied to Fig. 6, it is made apparent
that there are many more SNe detected in high-
mass galaxies than in low-mass galaxies.

This bias is due to the fact that more massive
galaxies are intrinsically more luminous with
more stars, and therefore easier to detect and
more likely to host an SNe Ia than a galaxy with
a lower stellar mass. For this reason as we detect
SNe at higher and higher redshifts, host galaxy
masses of these SNe tend to increase as well as
they are more easily detected. A relationship
between the redshifts of our SNe (y-axis) and
their corresponding K-band magnitudes (x-axis)
is shown in Fig. 7. The area under the solid
black curve (generated by applying the faintest
K-band detection in our sample to Equation 2)
represents detectable SNe Ia. It is clear from

Fig. 6: Histogram of host galaxy masses esti-
mated with K-band relationship (Equa-
tion 2)

Fig. 7 that there is much room for improvement
in the detection even with current technology of
SNe Ia with low host galaxy stellar masses.

Fig. 7: Redshift vs. Host Galaxy Mass
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3 Analysis

3.1 Hubble Residuals

The “Hubble residual” (µSN - µΛCDM) of an SNe
Ia is a measure of how over- or sub-luminous an
SNe Ia is relative to theory. A SNe’s Hubble
residual is given by subtracting its theoretical
value for µ (assuming a flat Λ-CDM cosmolog-
ical model: H0 = 71.0; Ωm = 0.27) given its
redshift from its observed µ. If µSN - µΛCDM > 0
the SN is sub-luminous relative to expectation.
Conversely, if µSN - µΛCDM < 0 the SN is over-
luminous.

3.2 Hubble-Lemaitre Diagram

The top panel of Fig. 8 shows the relationship
between the observed distance moduli and red-
shifts of our sample. As this figure depicts a re-
lationship between measures of distance (µ) and
recession velocity (z), it is expected and seen
that the data should follow the Hubble-Lemaitre
law (displayed by the black solid line with scat-
ter due to peculiar velocities represented by the
dashed lines in the top panel of Fig. 8). The
bottom panel of Fig. 8 shows the relationship
between the Hubble residuals and redshifts of
our sample.

The weighted mean of all 192 Hubble residuals
is ≈ 0.101 mag (represented by the dashed line
in the bottom panel of Fig. 8) and the standard
deviation is ≈ 0.234 mag (σall = 0.234 mag).

After applying the cuts outlined in section
2.2.1, the weighted mean of the Hubble residuals
of the 173 surviving SNe Ia reduces to ≈ 0.080
mag (represented by the dotted line in the bot-
tom panel of Fig. 8) and the standard deviation
is 0.203 mag.

When accounting for peculiar velocities
(vpec ≈ 300 km s−1), it is shown that at a redshift
of z ≈ 0.014 the scatter from the line produced
by a flat Λ-CDM cosmological model becomes
greater than the 0.15 mag intrinsic dispersion of
SNe Ia in the NIR from Burns 2018 [3]. The
weighted average of all Hubble residuals in our
sample above this redshift is 0.074 and the stan-
dard deviation is 0.191 mag. After applying the
cuts previously described, the weighted average
becomes 0.064 mag and the standard deviation
becomes 0.183 mag. SNe Ia that came from the
CSP survey are displayed along with their errors
in green, while the SNe from the PTF/iPTF sur-
veys and their errors are shown in red (this will
be standard for the rest of the paper).

Fig. 8: Top: Hubble-Lemaitre Diagram
Bottom: Hubble residuals vs. redshift
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3.3 Hubble Residual and SNe Ia
Parameter Relationships

3.3.1 Hubble Residuals vs. Stretch
Parameter

In order to determine what sBV cut to apply to
the SNe in our sample, we want to find out if
there is any trend between their Hubble residu-
als and sBV values. Fig. 9 displays the relation-
ship between the Hubble residuals of our sample
on the y-axis and their stretch parameter (sBV )
values on the x-axis.

Fig. 9: Hubble Residuals vs. Stretch Parameter

An SNe Ia with a light curve closely resem-
bling the Hsiao template of a standard SNe Ia
is expected to have a time-stretching factor of
sBV ≈ 1, while less common 91bg-like fast-
decliners have values of sBV < 0.5 [3]. This
is supported by the large number of SNe that
fall within the immediate region of the point
(µSN−µΛCDM, sBV ) = (0.0, 1.0) in Fig 9. We can
see that the scatter in Hubble residuals increases

for sBV < 0.5, motivating our initial sBV cut.
Those SNe not surviving this cut appear shaded
lighter than those surviving the cuts in Fig. 9.
This will be standard for figures throughout the
rest of the paper.

A well-studied relationship is that between the
stretch parameter and intrinsic color of a SN.
Slow-declining (high stretch, 1991T-like) SNe Ia
are intrinsically bluer, while fast-declining (low
stretch, 1991bg-like) SNe Ia are intrinsically red-
der [24].

3.3.2 Hubble Residuals vs. Extinction
Parameter

In order to determine what E(B − V ) cut to
apply to the SNe in our sample, we want to find
out if there is any trend between their Hubble
residuals and E(B − V ) values. The E(B − V )
value of a SN Ia, also known as its color excess, is
a measure of the reddening of light from an SNe
as a result of absorption and scattering from dust
in the SNe’s host galaxy. E(B − V ) is not to be
confused with the intrinsic color of an SNe Ia.

Fig. 10 shows values for our sample of Hubble
residuals on the y-axis shown against E(B − V )
values on the x-axis. As is expected, most SNe
have low E(B − V ) values, mostly residing be-
tween E(B − V ) = 0 − 0.5 mag. We can see
that the scatter in Hubble residuals increases for
E(B−V ) > 0.6, motivating our initial E(B−V )
cut.
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Fig. 10: Hubble Residuals vs. Extinction Pa-
rameter

4 Discussion

4.1 SNe Parameter and Host
Galaxy Stellar Mass
Correlations

4.1.1 Stretch Parameter and Host Galaxy
Stellar Mass

The distributions of stretch parameter values
for SNe in our sample with both host galax-
ies stellar masses of log10(M∗/M�) < 10 and
log10(M∗/M�) > 10 are shown in Fig. 11.

As mentioned in section 1.1 and demonstrated
in Fig. 11, it is expected that fast-declining SNe
Ia with lower sBV values should be found mainly
in lenticular and elliptical galaxies [22]. Ellipti-
cal and lenticular galaxies can range in stellar
mass from ∼ 105 − 1013M�, while typical spiral
galaxies tend to have masses of ∼ 109−1012M�.
The result of this is a noticeably higher in-

Fig. 11: Stretch Parameter vs. Host Galaxy
Mass

stance of fast-declining SNe Ia with values of
sBV < 0.5 occurring in red/dead galaxies with
old stellar populations with host stellar masses
of log10(M∗/M�) > 10 . This is supported in
Fig. 11 by the presence of several SNe in the
lower right hand corner of the diagram. A his-
togram of all sBV values for our sample is shown
in Fig. 12.

The sBV bins of size 0.2 are separated
based on the host galaxy mass of the sample
(log10(M∗/M�) > 10 or log10(M∗/M�) < 10).
Those SNe that detonated in galaxies with stel-
lar masses of log(M∗/M�) < 10 are represented
by the yellow filled portion of each bin, while
SNe occurring in galaxies with stellar masses of
log(M∗/M�) > 10 are indicated by the blue filled
portion of each bin. This figure was used to mo-
tivate the harsh stretch cut of sBV > 0.8 applied
in section 4.2, as we hardly see any fast-decliners
in the blue low-mass bins.
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Fig. 12: Stretch Parameter Histogram

4.1.2 Extinction Parameter and Host
Galaxy Stellar Mass

The apparent reddening of light from SNe Ia is
thought to be a result of extinction along the
line-of-sight towards the SNe, from dust in their
circumstellar environment [25] and/or in the in-
terstellar medium (ISM) of their host galaxies
[6]. As the ISM distribution of a host galaxy
influences the reddening of light from an SNe
detonating within that galaxy, a correlation is
expected to be seen between E(B−V ) and host
galaxy stellar mass.

In order to correct for dust extinction, in e.g.
the V -band, we need to compute AV , through
the following relationship between E(B−V ) and
RV :

AV = RV ∗ E(B − V ) (3)

RV is a property of the dust, and can be seen
as a proxy for the size and distribution of dust
particles, where RV = 3.1 is accepted as the
”standard” RV value in the Milky Way.

Values of RV > 3.1 imply a relatively dense
ISM composed of larger dust grains than in the
Milky Way while values of RV < 3.1 imply a
more dispersed ISM composed of smaller dust
grains. Analyses of individual SNe and large SN
samples have found low RV values. In our study
we make the global assumption that all SN host
galaxies have RV = 2. Assuming an incorrect
RV will directly propagate to an incorrect in-
ferred intrinsic peak magnitude, and therefore
an incorrect estimated distance. However, by
making our observations in the NIR rather than
in the optical, this effect is seen to diminish as
RV has less influence over the extinction of pho-
tons with longer wavelengths that pass through
fields of particles with less collisions than pho-
tons at shorter wavelengths.

A recent analysis by Brout & Scolnic (2020)
tries to explain the ”mass-step” based on a
model where on average, low-mass galaxies
(log10(M∗/M�) < 10) should have higher extinc-
tion factor (RV ∼ 1.5) values than high-mass
galaxies (log10(M∗/M�) > 10, RV ∼ 2.5) [2].

The distributions of E(B− V ) values for SNe
in our sample with host galaxies stellar masses of
both log10(M∗/M�) < 10 and log10(M∗/M�) >
10 are shown in Fig. 13.

The data in this figure confirms that SNe Ia
occurring in low-mass galaxies tend to exhibit
exclusively lower values for E(B−V ), while SNe
Ia with higher E(B − V ) values are typically
seen in high-mass galaxies. This is shown by the
0.316 ± 0.032 mag difference seen in the extinc-
tion parameter (E(B − V )) distribution of SNe
Ia occurring in host galaxies with stellar masses
of log10(M∗/M�) < 10 and log10(M∗/M�) > 10
in Fig. 13. A histogram of all E(B − V ) values
for our sample is shown in Fig. 14.
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Fig. 13: E(B − V ) versus Host Galaxy Mass

The analysis of dust attenuation curves for
230,000 galaxies in Salim et al. 2018 found that
on average, dusty, high-mass quiescent galaxies
have lower RV values (R̄V = 2.61), whereas low-
mass star-forming galaxies tend to have higher
values for RV (R̄V = 3.15) [23]. This is con-
sistent with the previously cited findings from
Brout & Scolnic (2020) [2] that high-mass galax-
ies, on average, should have lower values for RV

than low-mass galaxies.

The E(B − V ) bins of size 0.05 are separated
based on galaxy stellar mass (log10(M∗/M�) <
10 and log10(M∗/M�) > 10). This figure was
used to motivate the harsh extinction cut of
E(B−V ) ≥ 0.2 mag applied in section 4.2, as we
see a several SNe Ia occurring in high-mass and
little-to-no SNe Ia occurring in low-mass galax-
ies with E(B − V ) values greater than ≈ 0.2
mag By eliminating these SNe from our sample
we are able to focus on analyzing only those light
curves that have not been heavily influenced by

Fig. 14: Extinction Parameter Histogram

dust extinction. It should be noted that those
SNe with negative values for E(B − V ) display
this color excess of not as the result of negative
extinction by dust, but rather due to a scatter
in intrinsic B − V pseudocolor measurements.

4.2 Reducing The Mass-Step

When observed in the optical there is a 0.067 ±
0.017 mag (3 − 4σ) [14] step between the Hub-
ble residual distributions of SNe Ia occurring in
galaxies with stellar masses of log10(M∗/M�) <
10 and log10(M∗/M�) > 10 referred to as “The
Mass Step”, shown in Fig. 15 adapted from
Jones 2018.

We want to investigate if the mass step is
due to underlying intrinsic differences between
SNe in low- and high mass host galaxies, or if
it is ”artificially” introduced by over-correcting
for dust or stretch. Which of these contribu-
tors is of greater influence is currently a hot
topic. When analyzing the distribution of Hub-
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Fig. 15: Hubble Residuals versus Host galaxy
stellar mass [14]

ble residuals with host galaxy stellar masses of
log10(M∗/M�) < 10 and log10(M∗/M�) > 10 for
our sample of NIR SNe Ia light curves we detect
a mass-step of 0.039 ± 0.026 mag (1 − 2σ) as
shown in Fig. 16. This detection is 1 − 2σ less
significant than the 3 − 4σ detection referenced
from Jones 2018 [14].

4.2.1 Second Set of Cuts to Sample

Using the histogram in Fig. 123 as motivation,
we apply a harsher sBV cut (sBV ≥ 0.8)4 to our

3 SNe occurring in high-mass galaxies in the bins
sBV = 0.3 − 0.4 and sBV = 0.6 − 0.7 have host galaxy
stellar masses on the border of our mass threshhold, and
therefore could also be in the low-mass host galaxy bin.

4 The cut for E(B − V ) was also changed slightly to
include only those SNe with E(B−V ) ≤ 0.5 rather than
E(B − V ) ≤ 0.6, as that is where we find all of our SNe
with high-mass host galaxies (see Fig. 14).

Fig. 16: Mass-step with initial cuts (E(B−V ) ≥
0.6; sBV ≤ 0.5)

sample in an attempt to reduce the effects of a
detection bias by evening the numbers of SNe
Ia in the low and high-mass host galaxy bins.
Strangely, the mass step is seen to slightly in-
crease from 0.039 ± 0.026 mag (1− 2σ) to 0.053
± 0.030 mag (still in the 1−2σ range) with a dis-
tribution of 91 SNe in our high-mass host galaxy
bin and 25 SNe in our low-mass host galaxy bin,
as shown in Fig. 17.

4.2.2 Final Set of Cuts to Sample

Using the histogram in Fig. 14 as motivation
in an effort to further reduce the effects of any
selection bias, we constrain the extinction pa-
rameter cut from E(B − V ) ≤ 0.5 mag to
E(B − V ) ≤ 0.2 mag, leaving us with 63 SNe
in our high-mass host galaxy bin and 19 SNe in
our low-mass host galaxy bin. After applying
this harsher set of cuts there is no significant de-
tection of a mass step (0.004 ± 0.034 mag), as
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Fig. 17: Mass-step with harsher cuts (E(B −
V ) ≥ 0.5; sBV ≤ 0.8)

shown in Fig. 18.

Fig. 18: Mass-step with harshest cuts (E(B −
V ) ≥ 0.2; sBV ≤ 0.8)

Mass step data for all three sets of cuts can
be found in Tab. 2 of the Appendix.

5 Conclusion

When observed in the optical, there is a 3 −
4σ [14] mass-step between the distribution of
Hubble residuals of SNe Ia with host galax-
ies stellar masses of log10(M∗/M�) < 10 and
log10(M∗/M�) > 10. This step is thought to
be caused by either intrinsic physical properties
SNe or extinction and over-correcting for dust.
These possibilities are examined and analyzed
using a sample of 192 SNe Ia from the Carnegie
Supernova Project and Palomar/intermediate
Palomar Transient Factory surveys.

In analyzing the data, we find discrepancies in
the distributions of sBV and E(B−V ) of SNe in
galaxies with stellar masses of log10(M∗/M�) <
10 and log10(M∗/M�) > 10. Fig. 12 shows the
the distribution of sBV values for our sample and
Fig. 14 shows the distribution of E(B − V ) val-
ues for our sample. This is a potential source of
the mass-step.

When the effects of over-correcting for SNe
Ia parameters are reduced by using NIR rather
than optical light curves and making an origi-
nal set of cuts motivated by Figs. 9 and 10,
3 − 4σ the mass-step is seen to reduce to 0.039
± 0.026 mag (1-2σ). When detection biases are
further minimized by applying a second, harsher
set of cuts designed to bring the number of SNe
Ia in high and low-mass galaxies being analyzed
to closer agreement there is no significant detec-
tion of a mass step (0.004 ± 0.034 mag). For this
reason it is important to obtain more NIR obser-
vations of SNe Ia occurring in low-mass galaxies
through un-targeted searches. The analysis of
NIR light curves is seen to greatly reduce the
3 − 4σ [14] mass-step detected when analyzing
optical light curves, lending to the popular no-
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tion that extinction likely plays a large role in
the mass-step, as proposed in Brout & Scolnic
2020 [2].

6 Appendix

Tab. 1: 19 SNe Ia eliminated by cuts from sec-
tion 2.3.1

SN Name z E(B − V ) (mag sBV µSN − µΛCDM

SN2005A 0.0191 1.129 1.189 0.112
SN2005bl 0.0241 0.349 0.41 0.418
SN2005ke 0.0049 0.106 0.384 0.597
SN2006X 0.0052 1.38 0.938 -0.623
SN2006bd 0.0257 0.428 0.424 0.4
SN2006br 0.0246 1.125 0.906 0.284
SN2006mr 0.0059 0.037 0.237 0.134
SN2007al 0.0122 0.16 0.37 0.898
SN2007ax 0.0069 0.228 0.358 0.861
SN2007cg 0.0332 0.728 1.105 -0.041
SN2007so 0.0297 0.951 1.124 -0.377
SN2008bi 0.0134 0.246 0.441 0.671
SN2008bt 0.0154 0.221 0.477 0.211
SN2009F 0.013 0.242 0.419 0.482
SN2009I 0.0262 0.87 1.054 0.186
SN2011pra 0.0176 0.336 0.442 0.389
SN2013ahk 0.02639 1.54 0.508 -0.086
SN2014aje 0.02769 1.011 0.703 -0.175
SN2014bqg 0.0329 0.92 1.189 0.423

Tab. 2: Mass Step with Varying Cuts

E(B − V ) < sB−V > x̄M<10 x̄M>10 Step Size Step Error σ
0.6 mag 0.5 0.110 mag 0.071 mag 0.039 mag 0.026 mag 1.48σ
0.5 mag 0.8 0.123 mag 0.70 mag 0.053 mag 0.030 mag 1.76σ
0.2 mag 0.8 0.069 mag 0.065 mag 0.004 mag 0.034 mag 0.12σ
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