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for more details). The existence of these biases in historical data
sets is not ubiquitous, though. Variation in trends between SFR
and SN Ia properties based on SFR calibration was observed in
D’Andrea et al. (2011), and no mass step was found in the initial
analysis of Dark Energy Survey (DES) SNe Ia (Brout et al.
2019); subsequent DES analyses have measured a mass step
(Smith et al. 2020; Kelsey et al. 2021). This prompts the
question: does the measured host-property bias depend on the
chosen observation method and fitting technique used to
estimate host-galaxy properties?

Any attempt to explain the relationship between SNe Ia and
their host galaxy’s properties should begin with quantifying
whether the significance of observed trends vary between
choice of observation method and fitting technique. The host
bias extends from the local 1 kpc environment to the entirety to
a global aperture; integral field spectroscopy (IFS) samples
such as the PMAS/PPak Integral-field Supernovahosts COm-
pilation (PISCO; Galbany et al. 2018), in providing resolved
spectral information of a galaxy, are an ideal tool to measure
the host bias. Pragmatism has necessitated the use of
photometry to constrain host properties in nearly all cosmolo-
gical analyses. We considered the following questions:

1. Does observational technique have a significant effect on
measured global and local host bias?

2. Does the fitting technique used to estimate host properties
effect the measured host bias?

We here built a set of of host-galaxy samples and then
inferred galaxy properties using different observational and
fitting techniques. We compared stellar mass and SFR
estimates from the PISCO sample. Using the PISCO SN Ia
subsample, we then compared different stellar mass and sSFR
estimate samples to SN Ia properties, looking primarily for
differences in the resulting host–SN Ia property trends between
mass/sSFR estimate samples. Finally, the larger observed size
and strength of the sSFR host-bias relationship relative to the
stellar-mass host bias is both presented and discussed.

In Section 2 we summarize SN Ia host studies up to the
present followed by a summary of the considered data set in
Section 3. Section 4 provides an overview of our methodology,
including summaries of the fitting techniques used. Our results
are provided and discussed in Section 5, and concluding
remarks presented in Section 6.

2. Summary of Host Galaxy Bias Literature

The presence of an observed correlation between the
properties of SNe Ia and their host’s properties is common in
the literature. Parameters of light-curve width variation (such as
x1 in SALT2; Guy et al. 2007) see lower x1 values prefer more
massive hosts, older stellar populations, and environments of
larger SFR (Sullivan et al. 2010; Kelly et al. 2010; Gupta et al.
2011; Conley et al. 2011; Betoule et al. 2014; Scolnic et al.
2018). Both Sullivan et al. (2010) and Gupta et al. (2011) saw a
relationship between the SALT2 color parameter c and host
mass and host age, respectively, albeit at a lower significance
than x1; Scolnic et al. (2018) found no significant color trend.
Recently, Pruzhinskaya et al. (2020) found a statistically
significant dependence of SALT2 x1 on host-galaxy morph-
ology, with lower x1 SNe Ia preferring elliptical and lenticular
galaxies.

The observed correlation between SNe Ia and host properties
are not explicitly included nor accounted for with a canonical

Tripp standardization model (Tripp 1998), resulting in an
apparent overcorrection of the host bias poststandardization.
For example, both the SN Legacy Survey (SNLS; Sullivan
et al. 2010) and Sloan Digital Sky Survey (SDSS) SN Survey
(Sako et al. 2018) found a “mass step”, where SNe Ia with
brighter Hubble residuals were on average hosted by more
massive galaxies (Kelly et al. 2010; Lampeitl et al. 2010; Gupta
et al. 2011). In comparing residuals in the fitted distance
modulus of SNe Ia with respect to cosmological prediction to
their host masses, both SDSS and SNLS samples observed a
sudden step-like change in Hubble residual versus mass near
1010 Me. Conley et al. (2011), Betoule et al. (2014), and
Scolnic et al. (2018) also observed this mass step at 1010 Me in
their combined SN Ia sample analyses. Initial analysis by Brout
et al. (2019) of DES SN Ia found no evidence for a mass step
poststandardization, although a more thorough methodology
for an updated SN Ia sample did indeed recover a mass step
(Smith et al. 2020; Kelsey et al. 2021). Using SuperNova
Integral Field Spectrograph spectrophotometry from SNFac-
tory, Rigault et al. (2013) and Rigault et al. (2020) found that
Hubble residuals are strongly dependent upon SFR and sSFR,
respectively, the latter having observed a 5σ relationship
between Hubble residual and sSFR and confirming the
tentative findings of D’Andrea et al. (2011). Recently, Jones
et al. (2019) compared the u − g color of SN Ia 1.5 kpc local
environment apertures against randomly selected 1.5 kpc
apertures within the host, finding that the SN Ia environment
correlates with SN Ia distance slightly more than random
apertures, and found a local stellar mass step after the global
mass step had been corrected for. Hayden et al. (2013) used
both mass and metallicity to reduce Hubble residual scatter.
Roman et al. (2018) used U − V as a proxy for stellar age and
found an age mass step of similar magnitude and significance
as the fiducial mass step, and found 7σ relationships between
local U − V measurement and distance. Rose et al. (2019),
using principal component analysis, found a strong relationship
between a linear combination of host-galaxy properties and
Hubble residuals. Brout & Scolnic (2020) presented a model
that explains the mass step post-light-curve standardization via
SALT2 resulting from improper treatment of host dust, which
was further expanded by Popovic et al. (2021). In contrast,
Uddin et al. (2020) found a clear dependence on Hubble
residuals calculated from light curves fit with SNooPy with
host mass calculated for visible and near-IR (NIR) light curves
that was inconsistent with the model presented by Brout &
Scolnic (2020). Both Gonzalez-Gaitan et al. (2020) and Ponder
et al. (2020) found tentative evidence for a host mass step for
SNooPy-fit NIR light curves for SN Ia.

The use of simple stellar population (SSP) templates and
stellar population synthesis (SPS) libraries has been a central
part of any endeavor to estimate a galaxy’s properties; these
properties include stellar mass (Courteau et al. 2014), stellar
age, star-formation rate (SFR; Kennicutt 1998; Kennicutt &
Evans 2012), and gas-phase/stellar metallicity (Tremonti et al.
2004; Gallazzi et al. 2005; Kewley & Ellison 2008). Likewise,
complex systematic uncertainties in modeling and from
observational limitations propagate into uncertainties in derived
property estimates. Past SN Ia cosmology analyses have
generally treated SSP/SPS libraries and fitting software as
black boxes when estimating host properties, and frequently
relied on few data points from photometry spanning a narrow
wavelength range. Redshift, stellar mass, stellar age, dust
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extinction, metallicity, and SFR are often degenerate with each
other and large systematic covariances complicate fitting
methods (Kauffmann et al. 2003; Brinchmann et al. 2004;
Tremonti et al. 2004; Gallazzi et al. 2005). Such degeneracies,
together with systematic uncertainties, result in dramatic
uncertainties for some best-fit parameters (see Section 3’s
introduction for more information).

Although optical multiwavelength photometry of host
galaxies has been the primary tool used to estimate host mass
and SFR (Sullivan et al. 2010; Kelly et al. 2010; Childress et al.
2013; Betoule et al. 2014; Scolnic et al. 2018; Brout et al.
2019), optical-wavelength spectra (D’Andrea et al. 2011;
Johansson et al. 2013), UV or IR photometry, in addition to
optical spectra or photometry (Gupta et al. 2011; Anderson
et al. 2015), and IFS (Rigault et al. 2013, 2020; Galbany et al.
2018) have been used. Childress et al. (2013) and Gupta et al.
(2011) both found stellar-mass estimates using optical, IR, and
UV photometry change little from mass estimates using optical
photometry only, consistent with the results of Bell & de Jong
(2001). D’Andrea et al. (2011) used sSFR estimates from
SDSS II spectra and two different mass estimates: one from
SPS model best fits using SDSS II spectra and one from Gupta
et al. (2011). Hayden et al. (2013) directly compared three
different mass estimates for a set of SDSS host galaxies using
metallicity estimates from the fundamental metallicity relation
(Mannucci et al. 2010) to further reduce Hubble residual
scatter.

3. Data

We consider 319 galaxies observed as part of the PISCO
(Galbany et al. 2018).

These observations were complemented by optical ugriz
photometry from the SDSS, NIR JHKS photometry from the
Two Micron All Sky Survey (2MASS), and UV, near-UV
(NUV+) and far-UV (FUV) photometry from the Galaxy
Evolution Explorer (GALEX). Figure 1 shows the redshift
distribution of the sample, which spans a range of 0.00013 <
z < 0.0875. These 319 galaxies host 375 SNe, of which 198 are
SNe Ia.

The Panoramic Survey Telescope and Rapid Response System
(PanSTARRS) Data Release 1 (DR1; Chambers et al. 2016) was

considered to expand coverage, but added complexity with
overlapping visible-wavelength photometry, and our constraint to
northern hemisphere targets resulted in its disregarding in favor of
SDSS. Follow-up analyses will likely make use of PanSTARRs
DR2, especially if our observation footprint extends into the
southern hemisphere.

3.1. PISCO Supernova Sample

PISCO is a compilation of SN host galaxies observed with
integral field unit spectroscopy using the same instrument, the
Potsdam Multi-Aperture Spectrophotometer (PMAS)/PMAS
fiber PAcK (PPak) (Roth et al. 2005; Kelz et al. 2006),
mounted to the 3.5 m Calar Alto telescope. PISCO was built
from an initial sample of SN host galaxies obtained by the
Calar Alto Legacy Integral Field Area Survey (Sánchez et al.
2016; Galbany et al. 2014, 2016) and extended with new
observations of SN hosts based on different science goals (see
Galbany et al. 2018 for details).

The PISCO SN Ia subsample had 198 objects. When
calculating distance moduli all 14 peculiar SNe Ia were ignored
(e.g., SN 1991bg- and 1991T-like objects), while 83 normal
SNe Ia lacked available optical photometry, with many only
having NIR light curves. SN 2014J was excluded due to its
extremely low redshift and host galaxy M82ʼs mass-estimation
difficulties. We used the SALT2 output fits for 30 unpublished
SNe Ia from Carnegie Supernova Project II (CSPII; Suntzeff
et al., in preparation), bringing the sample to 101. During
SALT2 fitting we removed SN 2006lf, which had a very high
Milky Way color excess of E(B − V ) = 0.821, giving a final
total of 100 SNe Ia used. SDSS coverage reduced this count to
76, while mutual SDSS and GALEX coverage further reduced
the number to 66 (Section 5.2). Four SN Ia hosts lacked
Hα flux measurements and 11 host galaxies had unavailable
GALEX FUV or NUV flux measurements. These too were all
excluded, bringing the total SN Ia count to 51 for sSFR
analysis (Section 5.4). See Tables 1 and 2 for a summary of
sample reductions.

Figure 1. Distribution of redshifts for galaxies considered by this paper. This
includes a total of 319 galaxies selected from the PISCO sample with
supplementary observations from 2MASS, SDSS DR12, and GALEX. All
considered targets were observed by PISCO and detected in 2MASS.

Table 1
Summary of SNe Ia Sample Size Reductions

SN Ia Subsample Condition SN Ia Count

Total PISCO SNe Ia 198
Normal SNe Ia 184
Available visible photometry+CSPII 101
Excluding specific SNe Ia 100
Available STARLIGHT mass estimates 97

Note. Details on specific SN Ia removal is provided in Section 3.1 Each row
defines a subgroup of the row described above.

Table 2
Summary of Mass and sSFR Step Analyses Subsample Sizes Starting with 97

Available STARLIGHT Mass Estimates

SN Ia Subsample SN Ia Count

SDSS coverage 76
SDSS+GALEX coverage 66
Available Hα measurements 73
Available Hα and SDSS+GALEX coverage 51
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rank correlations between x1 and sSFR samples were very
similar. The sSFR step location was partly influenced by SFR
tracer choice. Different SFR tracers measure different star-
formation ages: Hα-based SFR tracks young O-type stars,
while UV-based SFR includes a wider range of massive stars.

6. Conclusion

This project sought to determine whether different observa-
tion methods or fitting techniques create or change the
observed SN Ia host bias in the SN Ia standardized magnitudes.
When we examined subsets with more complete complemen-
tary photometry, the reduced statistics resulted in all mass-step
sizes being at or within a 2σ significance with respect to a zero
step, ranging from −0.03 ± 0.02 mag to −0.04 ± 0.02 mag.
Mass-step-size values for our three optical-wavelength mass
samples (FAST++ and ZPEG with SDSS, STARLIGHT with
PISCO) were all relatively consistent, being within a 1σ
significance of each other (Table 3). The mass-step location,
but not size, varied under different IMF and stellar spectra
choices. Including GALEX UV when fitting for photometric
mass estimates with FAST++ led to an insignificant 0.33σ
change in mass-step size and no discernible change in
corresponding step location. Not including UV information

could ostensibly influence mass-step measurement, but that
was not the case for our used PISCO subsample. Given that this
could matter, including available UV information during SPS
fitting is the best practice.

The dust-corrected sSFR samples were fit against Hubble
residuals for a 51 host subsample with both UV and SDSS
coverage alongside available Hα flux measurements (Table 4).
Physically different star-formation timescales traced by Hα and
UV flux sourced a Hα sSFR step location ∼0.7 dex lower than

Figure 10. The top plot compares sSFR to stellar mass for all three flux-
calibrated SFR samples for global aperture for our 51 host SN Ia subsample.
The bottom plot similarly compares SFR to stellar mass. The lack of UV sSFR
values below –12 dex is apparent. Dashed lines are for reference.

Figure 11. The top plot is a comparison of differing sSFR estimates to Hubble
residuals for 51 SNe Ia. The bottom plot is a comparison of the Hα sSFR
estimates using STARLIGHT or FAST++ mass estimates (consistent and
inconsistent apertures, respectively). sSFR tanh model fits are given in the top
plot for Hα (solid orange), NUV (dotted purple), and FUV (dashed green). The
bottom plot compares Hα sSFR normalized using STARLIGHT (orange
diamonds) and FAST++ (purple x’s) masses. The solid orange line is the best-
fit tanh model for sSFR values from STARLIGHT mass estimates, the dotted
purple line is the tanh model result instead using FAST++ mass values.

Table 4
Tanh Model Results for sSFR Samples

sSFR Sample sSFRs Δμ Δμ0

51 Hα –10.96 ± 0.48 0.05 ± 0.03 0.03 ± 0.02
73 Hα –10.83 ± 0.73 0.02 ± 0.03 0.02 ± 0.02
51 Hα & FAST++ –10.42 ± 0.41 0.06 ± 0.03 0.03 ± 0.02
51 FUV –10.28 ± 0.52 0.06 ± 0.02 0.04 ± 0.02
51 NUV –10.14 ± 0.42 0.06 ± 0.02 0.04 ± 0.03
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UV sSFR step locations. Step-size parameter values for these
sSFR samples were all within 1σ of each other. The sSFR steps
from both FUV or NUV sSFR samples were the most statistically
significant of all our step model runs at 3σ, with a step size of
0.06 ± 0.02 mag. Alternatively, using all available 73 PISCO
SN Ia hosts with Hα flux produced the smallest step size of any
model fit, being more than a factor of two less than the
corresponding 51 host sample Hα step-size parameter value and
within a 1σ significance of a zero step. With the 51 PISCO sample
across all three sSFR samples the sSFR step sizes were clearly
consistent for all observation methods and fitting techniques.
Thus, we concluded that the methodology or technique choice had
no significant effect on sSFR step-size measurements. Indeed, for
this project only a particular change in sample size led to a
discernible change in sSFR step parameter value for our particular
data set.

We undertook this study expecting to find that these differences
would matter for the current state of SN Ia cosmology. We found
that they did not in the presently available sample, but we
nevertheless urge continued attention by the SN cosmology
community to advances in our understanding of galaxy properties.
Given the complex nature of the SN Ia host-bias problem, it is

paramount that galaxy community resources be researched and
utilized to reach a resolution in the future and to be mindful of
coming developments in both SED fitting and SPS research.
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Software: FAST++,12 STARLIGHT,13 ZPEG,14 Python,15

AstroPy (Astropy Collaboration et al. 2013),16 NumPy,17

SciPy,18 STAN,19 pandas.20

Figure 12. A comparison of global sSFR estimates to SALT2 parameters x1

(top) and c (bottom) for 51 SNe Ia. Best-fit Hubble residual step locations are
given by the vertical lines: Hα corresponds to solid orange, NUV corresponds
to dotted purple, and FUV corresponds to dashed green. FUV and NUV step
locations overlap. The discrepancy in lower sSFR values between Hα and UV
sSFR values is clear in both plots.

12 https://github.com/cschreib/fastpp
13 http://www.starlight.ufsc.br
14 http://imacdlb.iap.fr/cgi-bin/zpeg/zpeg.pl
15 http://python.org
16 http://www.astropy.org
17 http://www.numpy.org
18 http://www.scipy.org
19 https://mc-stan.org/
20 https://pandas.pydata.org/
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Appendix

Our various available mass estimates are presented in Table 5
while available SFR estimates are presented in Table 6. Table 7
presents from out SN Ia subsample supernova properties and fit

SALT2 parameter values. A summary of photometry coverage
and host property availability is then provided in Table 8.
Finally, Tables 9 and 10 present our in-house photometry results
for GALEX and SDSS, and 2MASS, respectively.

Table 5
Global Mass in M Mlog10 ( )

Galaxy
STARLIGHT

Mass
Fast+

+ Mass
ZPEG
Mass

Fast++
GALEX

Mass

2MASSJ00164451 10.094 10.200 10.765 L
2MASSJ00235669 9.653 9.790 10.192 9.770
2MASSJ23243021 10.219 9.910 10.452 9.890
2MASXJ22532475 9.891 9.960 10.348 10.300
2MASXJ00234829 10.539 9.850 10.829 9.860
2MASXJ01144386 10.434 10.300 10.723 10.430
2MASXJ01403375 10.640 10.760 11.262 11.000
2MASXJ02305208 10.013 9.660 10.787 10.300
2MASXJ04424248 11.023 L L L
2MASXJ07192718 9.939 L L L
2MASXJ08374557 9.387 9.710 9.436 9.980
2MASXJ09591230 9.826 L L L
2MASXJ10525434 10.147 9.780 10.787 L
2MASXJ12095669 10.285 10.410 10.816 L
2MASXJ12385810 10.638 9.900 10.844 9.840
2MASXJ15024995 9.311 9.490 9.938 L
2MASXJ15393305 10.996 11.150 11.530 11.090
2MASXJ15570268 9.839 10.080 10.082 10.080
2MASXJ16065563 10.163 10.050 10.500 10.240
2MASXJ16152860 9.807 9.950 10.207 10.030
2MASXJ16301506 10.725 10.450 10.910 10.390
2MASXJ17100856 10.202 10.170 10.605 10.160
2MASXJ18242915 9.475 L L L
2MASXJ21352164 11.302 11.160 11.360 11.200
2MASXJ23024668 10.675 10.640 11.161 10.650

Note. FAST++, ZPEG masses limited to SDSS or SDSS+GALEX coverage. The first 25 entries are shown here. A full version of this table is available online.

(This table is available in its entirety in machine-readable form.)
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Table 8
Galaxy Coverage and Fit Successes

Galaxy RA Dec z GALEX SDSS 2MASS SFR STARLIGHT Mass

2MASSJ00164451 4.185 15.342 0.070 X X X X
2MASSJ00235669 5.986 29.522 0.073 X X X X
2MASSJ23243021 351.126 14.651 0.042 X X X X
2MASXJ22532475 343.353 4.799 0.024 X X X X X
2MASXJ00234829 5.951 −3.856 0.054 X X X X X
2MASXJ01144386 18.683 0.286 0.045 X X X X X
2MASXJ01403375 25.141 18.511 0.064 X X X X
2MASXJ02305208 37.717 22.476 0.031 X X X X
2MASXJ04424248 70.677 18.583 0.016 X X X X
2MASXJ07192718 109.863 54.229 0.067 X X X X
2MASXJ08374557 129.440 49.478 0.052 X X X X X
2MASXJ09591230 149.801 −9.003 0.033 X X X X
2MASXJ10525434 163.226 23.598 0.060 X X X
2MASXJ11123493 168.145 12.072 0.046 X X X
2MASXJ11500404 177.517 21.280 0.026 X X X
2MASXJ12095669 182.486 47.096 0.031 X X X
2MASXJ12385810 189.742 11.131 0.060 X X X X
2MASXJ15024995 225.708 48.784 0.026 X X X
2MASXJ15393305 234.888 32.094 0.054 X X X X
2MASXJ15570268 239.261 37.417 0.031 X X X X X
2MASXJ16065563 241.732 3.001 0.042 X X X
2MASXJ16152860 243.869 19.226 0.033 X X X X X
2MASXJ16301506 247.563 5.931 0.052 X X X X X
2MASXJ17100856 257.536 74.729 0.042 X X X X X
2MASXJ18242915 276.122 52.444 0.030 X X X X

Note. All photometry mass fits were successful. The first 25 entries are shown here. A full version of this table is available online.

(This table is available in its entirety in machine-readable form.)
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Appendix A
Issues with 1 kpc Photometry with GALEX

We initially planned to perform 1 kpc circular-aperture
photometry around our SNe Ia to compare local UV and Hα
SFR estimates, but the large GALEX PSF proved cumbersome
to work with. For pulse-height bin values above 10 the PSF
FWHM averaged at 5 3 for the NUV band and 4 2 for the FUV
band (Morrissey et al. 2007). The PSFs for GALEX NUV and
FUV images were notably asymmetric for many observations.
Thus, we excluded local 1 kpc aperture photometry from this
project as these apertures’ angular sizes were almost always
less than average PSF, as shown in Figure 13.

To get an idea of flux loss, we assumed a Gaussian profile
for the PSF of a centralized point source and calculated the
fractional flux loss as 1 kpc apertures decreased in size with
increasing redshift. The left and right teal curves in Figure 13
correspond to point-source NUV and FUV flux-loss fraction
with redshift, respectively. Such calculations were crude
approximations of extended structure, but the rapid blurring
of UV flux with increasing redshift was dramatically evident:

only targets with z < 0.025 did not simultaneously suffer from
∼50% point-source flux loss and ∼50% flux contribution from
outside the 1 kpc aperture. By z = 0.05, you are effectively
capturing none of the true flux originating from the 1 kpc
aperture, instead almost entirely capturing photons originating
from outside your aperture. This approximation for a point
source at the center of the aperture ignored the far more
complex flux blurring for a resolved host.

Motivating our use of 1 kpc aperture photometry was to
better approximate local properties such as SFR and stellar
mass. This was partly in response to GALEX’s use in past
SN Ia host-galaxy studies using apertures with radii as large as
4 kpc (Rigault et al. 2015; Jones et al. 2015; Roman et al.
2018). To treat UV flux measured from such an aperture as a
proxy for local UV SFR is not physical. Indeed, even a 1 kpc
radius aperture is nearly four times the radius of the largest
molecular clouds. With these issues, it was obvious that
GALEX could not be used to reasonably estimate SFR rates
smaller than the entire host galaxy for all but the closest targets
with z < 0.01.

Figure 13. The solid monotonically decreasing curve is the angular size of 1 kpc circular apertures in arcseconds as a function of redshift z. Black diamonds
correspond to the PISCO SNe Ia with “usable” 1 kpc GALEX photometry. The horizontal orange dotted line is the GALEX NUV average PSF size of 5 3, while the
horizontal purple dashed line is the GALEX FUV average PSF of 4 2. The monotonically ascending teal dotted–dashed curves approximates a central point source’s
NUV or FUV flux-loss fraction as the 1 kpc aperture size decreases with redshift. Teal shaded regions cover apertures with less than 50% NUV (light+dark) and FUV
(dark-only) point-source flux loss.
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