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The modern classification scheme for supernovae traces back to 
Minkowski1 who in 1941 split ‘type I’ from ‘type II’ superno-
vae based on optical spectra. Further subdivision of these basic 

classes has continued on an empirical basis2,3, and in this Review 
Article we describe the observational properties of what are now called 
SNe Ia, along with other similar objects. The observational classifica-
tion effort arises from a desire for the physical understanding of these 
objects, explaining our use of the term thermonuclear supernovae in 
the title. That categorization is based on the explosion mechanism: 
objects where the energy released in the explosion is primarily the 
result of thermonuclear fusion. Given our current state of knowledge, 
we could equally well call this a review of the observational proper-
ties of white dwarf supernovae, a categorization based on the kind of 
object that explodes. This is contrasted with core-collapse or massive 
star supernovae, respectively, in the explosion mechanism or explod-
ing object categorizations. Unlike those objects, where clear observa-
tional evidence exists for massive star progenitors and core-collapse 
(from both neutrino emission and remnant pulsars), the direct evi-
dence for thermonuclear supernova explosions of white dwarfs is 
limited4,5 and not necessarily simply interpretable6,7. Nevertheless, the 
indirect evidence is strong, though many open questions about the 
progenitor systems and explosion mechanisms remain.

SNe Ia are important both to the evolution of the Universe and to 
our understanding of it. As standardizable candles whose distance 
can be observationally inferred8, SNe Ia have a starring role in the 
discovery of the accelerating expansion of the Universe9,10 and in the 
measurement of its current expansion rate11. SNe Ia are also major 
contributors to the chemical enrichment of the Universe, producing 
most of its iron12 and elements nearby in the periodic table. Because 
of the stellar evolutionary timescales involved, the enrichment of 
these elements occurs differently from other elements whose main 
origin is in massive star supernovae.

In this Review Article we review the observational properties 
of thermonuclear supernovae, including both normal SNe Ia and 

related objects. We describe the photometric and spectroscopic 
properties of SNe Ia in the first section, and their environments and 
rates in the second section. Evidence has been growing that not all 
thermonuclear explosions of white dwarfs result in ‘normal’ SNe 
Ia; we discuss related supernovae in the third section. We provide 
a broad overview supplemented by further discussion of the new-
est developments. Our reference list is limited and thus necessarily 
incomplete. We have chosen to highlight illustrative, recent works 
with a strong bias towards observations rather than theory or mod-
els. These deficiencies are rectified in recent reviews that cover many 
of these topics in more detail13–15. Parallel reviews on core-collapse 
and extreme supernovae can be found elsewhere in this issue16,17.

Type-Ia supernovae
Below we describe the photometric and spectroscopic properties of 
SNe Ia, along with the applications and implications knowledge of 
these properties brings.

Energetics and lightcurve properties. The runaway thermonuclear 
explosion of a carbon–oxygen white dwarf, producing iron-group 
elements, releases on the order of 1051 erg as kinetic energy that 
unbinds the star. The expanding ejecta travel at ~10,000 km s–1 
and cool rapidly. The luminosity of SNe Ia is subsequently powered 
by the decay of radioactive elements that were synthesized in the 
explosion18,19. The primary power source is the isotope nickel-56, 
which decays to cobalt-56 with a half-life of 6.1 days, and which in 
turn decays with a half-life of 77.3 days to stable iron-56. The peak 
SN Ia bolometric luminosity is typically of the order of 1043 erg s–1,  
with 0.3–0.8 M⊙ of iron-56 ultimately produced in each event. The 
majority (~85%) of the luminosity of a SN Ia emerges at optical 
wavelengths and this is where they have been best studied to date. 
Arnett’s rule20 says the peak luminosity of the SN is proportional to 
the mass of nickel-56 produced in the explosion, though in general 
this is only approximately true21,22.

Observational properties of thermonuclear 
supernovae
Saurabh W. Jha! !1,2*, Kate Maguire! !3,4 and Mark Sullivan! !5

The explosive death of a star as a supernova is one of the most dramatic events in the Universe. Supernovae have an outsized 
impact on many areas of astrophysics: they are major contributors to the chemical enrichment of the cosmos and significantly 
influence the formation of subsequent generations of stars and the evolution of galaxies. Here we review the observational 
properties of thermonuclear supernovae—exploding white dwarf stars resulting from the stellar evolution of low-mass stars in 
close binary systems. The best known objects in this class are type-Ia supernovae (SNe Ia), astrophysically important in their 
application as standardizable candles to measure cosmological distances and the primary source of iron group elements in the 
Universe. Surprisingly, given their prominent role, SN Ia progenitor systems and explosion mechanisms are not fully under-
stood; the observations we describe here provide constraints on models, not always in consistent ways. Recent advances in 
supernova discovery and follow-up have shown that the class of thermonuclear supernovae includes more than just SNe Ia, and 
we characterize that diversity in this review.
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Why NIR?
• mitigate dust extinction
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Tripp (1998) standardization, e.g., SALT2 

α ≈ 0.14 x1 ∈ [−2,2] ⇒ − 0.28 ≤ αx1 ≤ + 0.28 mag
β ≈ 3.1 c ∈ [−0.1,0.3] ⇒ − 0.31 ≤ βc ≤ + 0.93 mag

color gives the largest correction for 

supernova cosmology analysis 
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what affects SN Ia colors?

intrinsic colors depend on host galaxy, viewing angle, 
velocity? (ask Rutgers grad student Kyle Dettman here!)  

IGM

intergalactic extinction could
be significant for highest-z SN Ia

Menard et al. (2010)

CSM

evidence for CSM: variable Na I D lines
Patat et al. (2007), Blondin et al. (2009), Simon et al. (2009),  
Sternberg et al. (2011), Phillips et al. (2013), Maguire et al. (2013)
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Figure 4. Relation between Hubble residuals and color for the full
SNLS3+SDSS+nearby sample, a simulated sample based on MW-like extinc-
tion, and the conventional empirical model. The parameters of the two simula-
tions are shown in Figure 4. The slopes of the trend of Hubble residuals with
colors for both blue (c < 0) and red (c > 0) colors are shown.
(A color version of this figure is available in the online journal.)

These results indicate a large discrepancy between blue and red
colors. MS10 find β for blue and red colors with SiFTO, which
gives similar results to SALT2 (Conley et al. 2011). They find
that β = 3.981 ± 0.416 for C < 0 and β = 3.826 ± 0.199 for
C > 0 and a difference in M0 of ∼0.14 mag between these two
subsamples. Interestingly, the values of β found by MS10 for
each half of the color range analyzed separately are consistent
with a MW-like extinction law, even though their β for the full
sample is 3.084 ± 0.099, which is inconsistent with a MW-
like extinction law. More work must be done on this topic to
better explain this inconsistency. We also point out that the trend
between Hubble residuals and color shown here (bluer objects
are fainter) is opposite to the trend due to a selection bias (bluer
objects are brighter).

We note that while the C11 color model is used for this test,
the simple color-smearing model in SNANA produces similar
results. We also find that simulating the C11 model with a
more appropriate underlying color distribution improves the
consistency between the simulations and the SNLS data of the
B − V − c distributions. This diagnostic is used by K13 to test
different intrinsic variation models. The comparison, given as a
ratio of the Monte Carlo to the data (RMC/Data) of the B −V − c
distributions for ∆c, is 1.1, where unity represents statistically
similar distributions.

3.2. A Bayesian Approach for Analyzing Supernova Color

So far, when we have compared the β values from these two
approaches toward SN Ia color, we have assumed, correct or

otherwise, that the Hubble scatter from each model is due to
luminosity. We have done this in order to explore the biases that
would be present in other SN Ia analyses, if that conventional
assumption is correct. We may also attempt to analyze the data
when we assume that the Hubble residual scatter is entirely due
to color variation and that there is a dust cutoff of c > −0.1.
Unfortunately, there is no formalism to incorporate any kind of
Bayesian prior in SALT2. We introduce here a simple Bayesian
algorithm applied to SALT2 (hereafter called BALT) that allows
for the possibility that color follows the physical model outlined
above. Once SALT2 finds a color from the light-curve fit,
we apply a Bayesian prior (Riess et al. 1996) to the color
such that

cB = 1
P

!

c>c̄

ce−(c−cobs)/2σ 2
cn e−(c−c̄)2/τS (z)2

∂c, (6)

where cB is the corrected color, cobs is the color from the light-
curve fit and cn is the noise from the color measurement, and
P is a normalization constant. The second part of Equation (6)
describes the expected distribution of the model color as shown
in the bottom panel of Figure 3 where c̄ is the blue cutoff of the
distribution (AV = 0). τS(z) describes the shape of the one-sided
Gaussian due to extinction for a given redshift z for each survey
S; the dependence of τ on survey and redshift allows selection
effects to be modeled (following Kessler et al. 2009b). To correct
the color, we find the color such that P (cB) is maximized. Here,
we do not include any additional error into the color error from
the Bayesian prior. From the previous subsection, we expect
that c̄ = −0.1 and τ (z = 0) = σcdust = 0.11. At higher
redshifts, τ decreases since only SNe with bluer colors are
discovered and followed up. τ (z > 0) may be determined from
simulations with an input τ (z = 0).6 We estimate the uncertainty
of σcdust by varying this value for the model distributions
in the simulations and observing how well the simulated
cobs distribution compares with the data. Doing so, we find
τ (z = 0) = 0.11 ± 0.02.

If Equation (6) is applied to each SN color of the
SDSS+SNLS3+nearby sample, we find a very significant re-
duction in the total χ2 of the sample and the intrinsic dispersion
needed to bring χ2

ν to unity. Following the conventional SALT2
approach, where scatter is attributed to luminosity, we deter-
mine that the total χ2/N = 801.6/518 and σr = 0.09. With the
BALT approach, setting β = 4.1, the total χ2/N = 592.3/519
and σr = 0.05. Interestingly, if we exclude the nearby sample,
the total χ2

ν = 1.03 for the BALT approach whereas χ2
ν = 1.56

for the conventional SALT2 approach. Part of the reason that
the total intrinsic dispersion (∼0.01 mag) is so low after the
BALT correction for the SDSS and SNLS3 samples is that due
to selection effects, the model color range of the SNe that are
followed up is very narrow. We note that for this sample, simply
forcing all SNe with c < −0.1 to have c = −0.1 reduces the
χ2

ν to 1.26.
The main argument against correcting the colors a pos-

teriori is that it ignores covariances between color and the
other fit parameters; however, from Guy10 we expect those
covariances to be small. There is currently work being done
on a sophisticated Bayesian hierarchical approach to SALT2
(March 2012) and the BALT algorithm applied here shows
the promise of this approach. The conventional method of

6 For z = [0.0, 0.2, 0.4, 0.6, 0.8, 1.0], we find:
τSDSS = [0.11, 0.085, 0.055,−, −,−] and
τSNLS3 = [0.11, 0.11, 0.11, 0.105, 0.085, 0.07].
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Why NIR?
• mitigate dust extinction


• observations (and theory) show SN Ia  
are better standard candles in NIR

Elias et al. (1981, 1985)

78 JHA ET AL.

each observation) and subtracted this Ñux from that of the
supernova. The correction to the supernova magnitude was
initially negligibly small and grew larger as the supernova
faded, but the maximum correction made was only 0.025
mag. Our prediscovery images justify the assumption of a
small host-galaxy Ñux contribution made by Suntze† et al.
(1999). Our Ðnal photometry for SN 1998bu is listed in
Table 3, and the optical light curves are shown in Figure 2.

2.3. Infrared Photometry
Infrared photometry of SN 1998bu in the JHK pass-

bands was obtained at the Fred L. Whipple Observatory
(FLWO), the Mount Stromlo Observatory (MSO), the
Infrared Telescope Facility (IRTF), and with the ESO New
Technology Telescope (NTT). The FLWO data were
obtained with the 1.2 m telescope and ““ STELIRCam ÏÏ IR
camera which consists of two 2562 InSb detector arrays
permitting simultaneous imaging in two Ðlters (Tollestrup
et al. 1999). The FLWO Ðlters were manufactured by Barr
Associates in 1987 for a number of institutions including
NOAO. The MSO data was taken with the 2.3 m telescope
and CASPIR Spectrograph/Imager which uses a 2562 InSb
detector. The IRTF data was obtained with the NASA 3 m
telescope and NSFCAM IR camera which uses a 2562 InSb
detector. The NTT is a 3.5 m aperture telescope and obser-
vations were made using the SOFI imaging spectrograph
which employs a 10242 HgCdTe array.

Flat Ðelds and sky frames were created using o†set Ðeld
images staggered between the supernova exposures. The

FIG. 2.ÈUBV RI light curves of SN 1998bu

alternating o†set Ðeld frames were subtracted from the cor-
responding data images and then divided by the normal-
ized, average Ñat Ðeld. Standard stars for the FLWO
observations were taken from Elias et al. (1982), while the
NTT used standards from Persson et al. (1998), and the
IRTF used the UKIRT faint standards (Hunt et al. 1998).
The MSO data was calibrated with standards from Carter
& Meadows (1995). Where possible, the results were trans-
formed to the Elias system, but the variety of detectors,
Ðlters and standards introduces systematic errors on the
order of 0.05 mag. Two stars (stars 1 and 6) near the super-
nova were calibrated from the FLWO data and used as
secondary standards on nonphotometric nights ; their mag-
nitudes are listed in Table 1. The galaxy background at the
position of the supernova is smooth and much fainter than
the supernova light, so that aperture photometry was suffi-
cient. The resulting supernova photometry is given in Table
4 and displayed in Figure 3.

2.4. Optical Spectroscopy
All of our optical spectroscopic observations were

obtained at the FLWO 1.5 m telescope with the FAST
spectrograph. This long-slit spectrograph has been designed
for high throughput and features a thinned, back-side illu-
minated, antireÑection coated CCD detector. The slit length
is 180A and can be adjusted to several widths ; we have
generally employed a 3A slit for our observations. These
were made using a 300 lines mm~1 grating which results in
a resolution of roughly 0.6 nm and a usable wavelength
range from 360 to 720 nm. We began observations of SN
1998bu on May 16.1 and continued through July 15.1, on a
total of 27 nights.

We have reduced the spectra in the standard manner with
IRAF. The two-dimensional CCD exposures were corrected
for bias and dark current and were Ñat-Ðelded using
CCDPROC. A one-dimensional spectrum was extracted at
the supernova position subtracting the neighboring sky
using the APEXTRACT task. Wavelength calibration was
performed by extracting the same aperture from an expo-
sure of a HeNeAr lamp taken just after the supernova
observation and identifying emission lines. We also per-
formed Ñux calibration through the reduction of a spectro-
photometric standard star each night (Massey et al. 1988).
The conditions for the supernova observations were usually
not photometric, so the absolute Ñux calibration is gener-
ally unreliable. The relative Ñux measurement may also

FIG. 3.ÈJHK light curves of SN 1998bu
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time of maximum roughly 12 days earlier than that used in 
plotting Figure 8; this would bring the ß — F data into line but 
would produce severe discrepancies in the fit of the infrared 
data (Fig. 2). A careful comparison of the spectra given by 
Harris et al. with those presented by Kirshner et al. (1973a) and 
the descriptions of Minkowski (1939) supports the later time of 
maximum; the earliest spectra of SN 1983g appear to be at 
most a few days after maximum. The spread among the ß — F 
color curves may indicate that B—V colors of Type la super- 
novae have an intrinsic dispersion, which could be as large as 
0.1 mag. Such dispersion would severely limit the accuracy of 
quantities traditionally deduced from B—V colors, such as 
extinction or time of maximum. 

c) V — R and R —I 
Supernova V — R and R — I colors are quite sparse. The 

available data have been plotted in Figure 9. All the points 
have been transformed to the Cousins system, using Bessell’s 
(1979) transformations. These transformations are not very re- 
liable for objects as peculiar as supernovae; undoubtedly, 
much of the scatter in Figure 9 is due to the variety of VRI 
photometric systems in which the data were taken. 

The evolution of the V — R and R — I colors shows that the 
strong 1.2 fim depression extends weakly as far as the R band; 
the V — R color reaches a value near —0.3 mag around i = 15 
days. Both colors also show a gradual reddening trend with 
time, similar to that seen in F — 1C and B—V. 

It is also clear that the problem of the discrepant B—V 
values for SN 1983g discussed above cannot be cured by shift- 
ing the time of maximum—moving the points to the right— 
since it would then make the V — R colors anomalously red. 
Application of an internal reddening correction for this object 
is acceptable. 

VI. IMPLICATIONS FOR PHOTOSPHERE MODELS 
The data presented for the five Type la supernovae show 

that a larger set of broad-band colors follows the same overall 
reddening with time described by Kirshner et al. (1973h). They 
also show that considerable caution must be used in inferring 
time of maximum from B—V color data alone. Infrared photo- 
metry or visual spectrophotometry appear to provide more 
reliable and consistent estimates if maximum light was not 
actually observed. 

It is clear that, given the discrepancies in the B—V color 
curves and the broad depression in the red and infrared, use of 
a single color to determine effective temperature is unwise; a fit 
to the whole energy distribution, such as that performed by 
Kirshner et al. (1973h) or Branch et al. (1983) is clearly prefer- 
able. If an expansion parallax is determined (e.g., Branch et al. 
1983), use of a complete energy distribution is clearly prefer- 
able to use of £, F data only. Nevertheless, until supernova 

model atmospheres can provide an explanation for the 1.2 /mi 
absorption and its evolution, expansion parallaxes should be 
viewed with caution. 

There are still few published visual data for the Type lb 
supernova, although what there is (Meikle et al. 1985; Buta 
1984) suggests that they are somewhat redder overall than 
Type la supernovae. Understanding of the differences between 
the two types of supernovae is probably critical to an under- 
standing of the photospheres. A number of observations would 
be valuable in this, regard. First, the overall energy distribu- 
tions need to be compared, either by means of visual photo- 
metry to complement in the infrared data, or by absolute 
spectrophotometry in the visual. Second, the origin of the 
absorption at 1.2 /¿m may be rendered less mysterious by 
infrared spectrophotometry. 

VII. CONCLUSIONS 
The results of our program to date provide two new results. 

First, there are two subtypes of Type I supernova, which can be 
readily distinguished on the basis of their infrared color 
curves. The more common, Type la supernovae show a strong, 
variable absorption at 1.2 /un; the Type lb supernovae do not. 

Second, an examination of the use of infrared photometry of 
Type la supernovae for distance determinations suggests that 
distance moduli to individual galaxies may be accurate to 
±0.2 mag, and possibly ±0.1 mag, but the data set is still too 
small for this conclusion to be independent of our initial 
assumptions. 

Further results concern the evolution in color of the Type la 
supernovae. There is evidence for an absorption feature at 3.5 
/mi, possibly similar in its behavior to the feature at 1.2 /mi, 
although probably not as strong. 

The V — K colors evolve much like visual colors, starting out 
rather blue, and becoming redder with time for ~40 days, and 
then becoming slightly bluer with time. 

The B—V color may have an intrinsic dispersion of perhaps 
0.1 mag. The individual colors deviate from those due to a 
simple blackbody, sometimes grossly so, and this suggests that 
temperatures inferred from either fits to single colors or even to 
the energy distribution as a whole must be regarded as approx- 
imate at best. 

We would like to thank R. P. Kirshner and S. P. Willner for 
helpful conversations and aid in recovering the SN 1972e data. 
We would also like to thank B. Madore, C. McAlary, M. 
Aaronson, and J. Mould for obtaining two of the observations 
in Table 1. We would also like to thank O. J. Eggen and A. U. 
Landolt for providing their unpublished visual photometry on 
SN 1972e and SN 1980n. This work has been supported by the 
NSF under grant AST 83-12699. 

APPENDIX 

SN 1972e DATA 

The data presented by Kirshner et al. (19736), for SN 1972e, as well as later observations, are summarized in Table 4. In several 
cases, the data have been reduced again, using improved values for standard star magnitudes. There has been no correction for the 
underlying galaxy; the size of this correction for small-beam measurements is probably well indicated by the last three measure- 
ments in the table. These results indicate that corrections to the earlier large telescope measurements are probably roughly 1%. For 
the 0.6 m telescope measurements, the corrections could plausibly be several times larger, although examination of the data 
indicates that the systematic effects are less than 0.1 mag. Since all the color information was taken with the larger telescopes, and 
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are better standard candles in NIR
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Figure 6. Similar to Fig. 5, but for Y JHKs Hubble diagrams (top row) and residuals (bottom row) using the GP method at
NIR max. Again, Tables 7 and 8 summarize the intrinsic scatter in the Hubble diagrams, while Table 12 lists numerical values
of the distance moduli from this figure.

Avelino et al. (2019)

well-understood systematics (Madore & Freedman 1991;
Sandage & Tammann 2006; Freedman & Madore 2010). Their
disadvantage is that at the distance of the closest SNeIa, the
typical angular separations of stars in the host are small enough
to require space-based observations. Even with the Hubble
Space Telescope, though, there is significant crowding and
overlapping of point-spread functions, requiring corrections
that can approach the flux level of the Cepheid itself (Riess
et al. 2011).
A promising alternative to Cepheids is the Tip of the Red

Giant Branch (TRGB) method (Madore et al. 2009; Jang et al.
2017). A significant advantage with TRGB is that the older stellar
populations being considered are found in both early- and late-
type galaxies, allowing for potentially more nearby calibrating
SNIa hosts. The method is also typically carried out in the
outskirts of the hosts, reducing the crowding significantly. The
Carnegie-Chicago Hubble Program (CCHP; Beaton et al. 2016;
W. F. Freedman 2018, in preparation) aims to measure H0 using
population II distance indicators, and the CSP-I and CSP-II
samples will be a significant component of their work.
For the purposes of this paper, we will forgo using the

existing TRGB sample as it is rather sparse and lacks SNeIa
that were observed in the NIR. We therefore use the Cepheid
sample of Riess et al. (2016) to calibrate our Hubble diagram
as it is the most comprehensive data set under a single
photometric system. In the following sections, we present the
general method, and then consider different data subsamples
and their effects on the derived value of H0.

5.1. Cepheid Distances

Table 4 lists the SNeIa we consider with Cepheid distances
from Riess et al. (2016), their hosts, and the source of the
optical and NIR photometry. A significant number (15/19)
have SNeIa whose brightness was measured in the NIR and
can be used to improve the estimates of reddening and the slope
of the reddening law (see Section 4.2). There are also five
SNeIa that were observed by the CSP and for which there will
be no systematic errors due to differences in photometric
calibration.
The models we wish to fit are the same as Equations (4) and

(7), except that now we allow H0 to vary. This will result in a
degeneracy with the zeroth-order term of P s 1N

BV -l ( ), so we
need SNeIa whose distances are independent of H0. We

Figure 4. Luminosity–decline rate relation for the CSP-I DR3 SNIa sample.
The left-hand panels show the absolute magnitude of the SNeIa as a function
of sBV, whereas the right-hand panels show the absolute magnitudes as a
function of Δm15(B). The yellow star corresponds to the fastest declining
object in the DR3 sample, SN2006mr, adopting the distance of NGC1316
derived from three other normal SNeIa (Stritzinger et al. 2010).

Figure 5. Model residuals as a function of redshift. The left panels show the
residuals for a Tripp color correction, the middle panels for a reddening
correction incorporating knowledge of the distance, and the right panels for a
reddening correction using cross-validation where the distance is unknown.
The three rows show residuals in three different filters: u, B, and H. The solid
red lines indicate the best fit for the observed dispersion, being a combination
of both peculiar velocity errors and a constant variance for each filter.

Figure 6. Comparison between the distance residuals Δμ and the difference
between the best-fit values of color excess (left panel), reddening coefficient
(middle panel), and total absorption in the B band (right panel). The horizontal
error bars represent the width of the prior that was used when calibrating the
luminosity–decline rate relation. The top panels show histograms of the
changes in each of the extinction parameters to help show that the distributions
are not biased.
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to await the classification and subsequent photometric follow-
up of fainter Cepheids.

When including the Riess et al. (2016) Cepheid data, one
must be very careful of the statistical description of the
photometry. Working in flux units with properly weighted
distributions, as we do with the SN photometry, is not possible,
due to unknown bias corrections and sigma clipping that have
been performed on the Riess et al. (2016) data. Since the
authors have not published these corrections, one is forced to
work in magnitudes. For more details, see Appendix E.

Since the link between the Cepheid sample and the SNIa
sample is the set of distance moduli for the calibrating hosts,
μceph,i, we can split the MCMC simulation into two steps: (1)
determine the values μceph,i for the calibrating hosts, including
a complete covariance matrix C m( ), and (2) use these as priors
for the SNIa MCMC runs. This allows for a much more
efficient use of computing time, as one can experiment with
how the supernova properties and priors affect H0 without
having to recompute the Cepheid calibration. We have published
our covariance matricesC m( ) as part of the online data, and they
can be used by anyone who wishes to use the host distances
consistently without having to deal with the Cepheid data itself.
The software is also available to fit with different priors and
probability models. A sample covariance matrix is shown in
Figure 7 and shows the large range of uncertainty in the Cepheid
host distances. To better visualize the off-diagonal values, we
have clipped the color map to a maximum of 0.0052s = . The
true extent of the diagonal elements is from an error of ±0.05
mag (NGC 3447) to ±0.32 mag (NGC 4424). There is very
little structure in the off-diagonal terms, indicating that the
primary source of covariance is the systematic error in the
distances to the fundamental anchors (LMC, NGC 4258, and
MW Cepheids).

5.2. Results

Many previous analyses have investigated numerous sys-
tematic effects related to the Cepheid sample, including the
effects of omitting objects based on period and metallicity, as
well as the inclusion or exclusion of the fundamental anchors
(e.g., Riess et al. 2016). Rather than run our simulations on
various subsamples of the Cepheid data (e.g., cut out low/high-
period Cepheids, include/exclude LMC, MW, and NGC 4258),

we use all of the available data and do our best to model the
residuals through several nuisance parameters such as izp,� and
intrinsic dispersions and restricting the limits of predictor
variables such as period. In this way, we include these
important systematic errors without having to run multiple
scenarios with different Cepheid subsamples, instead focusing
on the systematics related to the SNeIa. The full details of the
Bayesian model and associated priors that were used can be
found in Appendix E.
Figure 8 shows the Hubble diagram for two bands, B and H,

using the extinction-based color corrections. The best-fit value
of the Hubble constant H0 is shown as solid red lines, and the
predicted dispersions due to peculiar velocities and intrinsic
widths of the luminosity–decline rate relation (labeled) are
shown as dashed red lines. The red points correspond to the
SNe in hosts with Cepheid distances.
Table 5 lists a summary of the values of H0 derived when

using the two different methods of dealing with the host galaxy
extinction for each of the CSP-I filters. We also split our
SNeIa into several subsamples, as we did in Sections 4.1 and
4.3. We provide three uncertainties in H0: (1) the uncertainty

SNs when the distances to the Cepheid hosts are kept fixed, (2)
the uncertainty totals when all parameters are allowed to vary,
and (3) the uncertainty Ceph tot

2
SN
2s s s= - . This separation

should give an indication of the error budget due to the
supernova and Cepheid data. The final column indicates the
number of SNeIa observed in each filter that have Cepheid
distances. The systematics involved with the Cepheids are well
known and will not be discussed further here. We turn instead
to discussion of the SN-related effects.
The largest source of systematic error for our SN sample is

the difference in average host galaxy stellar mass between the
Cepheid sample and the more distant sample. The limited mass

Figure 7. Visualization of the covariance matrix for the calibrating host
galaxies of SNeIa. Each off-diagonal pixel represents the covariance between
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Figure 8. Hubble diagram for the H band (top panel) and B band (bottom
panel) populated with SNeIa from the CSP-I DR3 sample, as well as with
those objects with Cepheid hosts (plotted as solid red circles). The best-fit
H 73.5 1.5 km s Mpc0

1 1= - - from combining all filters is shown by a solid
red line. The expected dispersion due to intrinsic variance and peculiar
velocities is plotted as dashed red lines.
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to await the classification and subsequent photometric follow-
up of fainter Cepheids.

When including the Riess et al. (2016) Cepheid data, one
must be very careful of the statistical description of the
photometry. Working in flux units with properly weighted
distributions, as we do with the SN photometry, is not possible,
due to unknown bias corrections and sigma clipping that have
been performed on the Riess et al. (2016) data. Since the
authors have not published these corrections, one is forced to
work in magnitudes. For more details, see Appendix E.

Since the link between the Cepheid sample and the SNIa
sample is the set of distance moduli for the calibrating hosts,
μceph,i, we can split the MCMC simulation into two steps: (1)
determine the values μceph,i for the calibrating hosts, including
a complete covariance matrix C m( ), and (2) use these as priors
for the SNIa MCMC runs. This allows for a much more
efficient use of computing time, as one can experiment with
how the supernova properties and priors affect H0 without
having to recompute the Cepheid calibration. We have published
our covariance matricesC m( ) as part of the online data, and they
can be used by anyone who wishes to use the host distances
consistently without having to deal with the Cepheid data itself.
The software is also available to fit with different priors and
probability models. A sample covariance matrix is shown in
Figure 7 and shows the large range of uncertainty in the Cepheid
host distances. To better visualize the off-diagonal values, we
have clipped the color map to a maximum of 0.0052s = . The
true extent of the diagonal elements is from an error of ±0.05
mag (NGC 3447) to ±0.32 mag (NGC 4424). There is very
little structure in the off-diagonal terms, indicating that the
primary source of covariance is the systematic error in the
distances to the fundamental anchors (LMC, NGC 4258, and
MW Cepheids).

5.2. Results

Many previous analyses have investigated numerous sys-
tematic effects related to the Cepheid sample, including the
effects of omitting objects based on period and metallicity, as
well as the inclusion or exclusion of the fundamental anchors
(e.g., Riess et al. 2016). Rather than run our simulations on
various subsamples of the Cepheid data (e.g., cut out low/high-
period Cepheids, include/exclude LMC, MW, and NGC 4258),

we use all of the available data and do our best to model the
residuals through several nuisance parameters such as izp,� and
intrinsic dispersions and restricting the limits of predictor
variables such as period. In this way, we include these
important systematic errors without having to run multiple
scenarios with different Cepheid subsamples, instead focusing
on the systematics related to the SNeIa. The full details of the
Bayesian model and associated priors that were used can be
found in Appendix E.
Figure 8 shows the Hubble diagram for two bands, B and H,

using the extinction-based color corrections. The best-fit value
of the Hubble constant H0 is shown as solid red lines, and the
predicted dispersions due to peculiar velocities and intrinsic
widths of the luminosity–decline rate relation (labeled) are
shown as dashed red lines. The red points correspond to the
SNe in hosts with Cepheid distances.
Table 5 lists a summary of the values of H0 derived when

using the two different methods of dealing with the host galaxy
extinction for each of the CSP-I filters. We also split our
SNeIa into several subsamples, as we did in Sections 4.1 and
4.3. We provide three uncertainties in H0: (1) the uncertainty
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Fig. 1. The peak J absolute magnitude distribution for the calibrator
SN Ia sample, based on the Cepheid distances of Riess et al. (2016). The
data have been corrected for Milky Way extinction and K-corrections,
but no further light curve shape or colour correction is applied.

match colours, otherwise we use J, H, and K filters. The for-
mer approach is more reliable, as pointed out by Boldt et al.
(2014); nonetheless these di↵erences are small for SNe in our
sample (.0.01 mag). For four objects (SN 2005eq, SN 2006lf,
PTF10mwb, and PTF10ufj), the default Gaussian process co-
variance function parameters do not produce a satisfactory fit.
For these objects, we reduce the scale and increase the ampli-
tude of the covariance function (the parameters are specified in
the fitting module code). Our final results are listed in Table 2.

We retrieved CMB-frame redshifts for the Hubble-flow host
galaxies from NED2. These are largely consistent with values
previously reported in the literature, except for NGC 2930, host
of SN 2005M, which has a previously erroneous redshift now
corrected in NED. Four of our Hubble-flow host galaxies are
cluster members: for these we take the cosmological redshift as
the cluster redshift reported in NED rather than the specific host
galaxy redshift to avoid large peculiar velocities from the cluster
velocity dispersion. These objects are noted in Table 2. Follow-
ing the analysis of Riess et al. (2016), we also tabulate redshifts
corrected for coherent flows derived from a model based on visi-
ble large scale structure (Carrick et al. 2015). Along with the re-
ported redshift uncertainties �z, we adopt an additional peculiar
velocity uncertainty of �pec = 150 km s�1 (for all SNe except
PTF10ufj the redshift uncertainty is sub-dominant compared to
the peculiar velocity uncertainty).

The high precision of modern SN Ia H0 measurements
(Riess et al. 2009, 2011, 2016) is due in part to selecting an
“ideal” set of calibrator SN Ia, with low extinction and typical
light curve shapes. The Hubble-flow SN Ia are a much more het-
erogeneous set than these ideal calibrators. Given that we are
not applying colour or light curve shape corrections and treat-
ing the SN Ia as standard candles in their peak J magnitude, it
is important to ensure that our Hubble-flow objects are on the
whole similar to the calibrators. In Fig. 2, we plot the Hubble-
flow Hubble diagram residuals and calibrator absolute magni-
tudes on the same scale, as a function of host-galaxy morphol-
ogy and two parameters estimated from the optical light curves
of these SN Ia: host galaxy reddening E(B � V) and light-curve
decline rate �m15(B) (Phillips 1993; Hamuy et al. 1996). These
quantities are taken from the literature and tabulated in Table 3;
we have not attempted to derive them in a uniform way. Rather,

2 http://ned.ipac.caltech.edu

Fig. 2. A comparison of the calibrator and Hubble-flow samples in
host-galaxy morphology, host-galaxy reddening, and optical light-curve
decline rate. Blue circles show the Hubble-flow sample J-band Hub-

ble-diagram residuals (left axis), while red squares show the calibrator
absolute J magnitudes (right axis). The open circles indicate three fast-
declining SN Ia that are excluded from our fiducial sample as outliers.
These plots are used to define sample cuts only. Distances are based on
the J-band photometry alone, with no corrections from these diagnostic
parameters.

we are interested in comparing the Hubble-flow and calibrator
SN Ia to suggest sample cuts. Beyond that, we do not use the
optical photometry in any way in our results.

Figure 2 shows that the Hubble-flow SN Ia span a broader
range of the displayed diagnostic parameters than the calibra-
tors. This is to be expected. For example, the calibrator galax-
ies are chosen to host Cepheids, excluding early-type galaxies.
Similarly the “ideal” calibrators have low host reddening and
normal decline rates. Nonetheless, the visual impression from
Fig. 2 is that the broader Hubble-flow sample does not show
obvious trends with the parameters, except for the three fast-
declining (�m15(B) > 1.7) SN Ia, which are clear outliers (open
circles). Indeed, Krisciunas et al. (2009), Kattner et al. (2012),
and Dhawan et al. (2017b) have demonstrated that the NIR ab-
solute magnitudes of fast-declining SN Ia diverge considerably
from their more normal counterparts (similar to the behaviour
in optical bands). We define a fiducial sample for analysis ex-
cluding these three SN Ia, and explore further sample cuts in
Sect. 4.1.
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Appendix A: Gaussian process light curve fitting

In Sect. 3, we described the light curve fitting methodology for
the SNe in our sample. In Fig. A.1 we plot the light curves of the

Fig. A.1. Gaussian Process Fits for SNe in the calibration sample. The errorbars are smaller than the point sizes in most cases. On the x-axis, the
days from J-band maximum are in the observer frame.

9 SNe in our calibration sample along with the Gaussian process
fits to derive the peak magnitude. The same is plotted for the
Hubble-flow sample in Fig. A.2.
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Fig. A.2. Same as Fig. A.1, but for the Hubble flow sample.
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Fig. 3. Hubble diagram for our fiducial sample of 27 Hubble-flow SN Ia.

and we fix q0 = �0.55 and j0 = 1. We have also explored
the dynamic parametrisation of the luminosity distance in a flat,
⌦M +⌦⇤ = 1, Universe (see, e.g., Jha et al. 2007),

dL(z) =
c(1 + z)

H0

Z
z

0

h
⌦M(1 + z

0)3 +⌦⇤
i�1/2

dz
0. (4)

Because our Hubble-flow sample is at quite low redshift, we find
no significant di↵erences in our results with either approach,
nor when varying cosmological parameters within their obser-
vational limits.

In estimating H0 from SN Ia it is traditional to rewrite
Eqs. (2) and (3) as

log H0 =
MJ + 5aJ + 25

5
, (5)

where MJ is constrained by the calibrator sample, and aJ is the
“intercept of the ridge line” that can be determined separately
from the Hubble-flow sample. Ignoring higher order terms, the
intercept is given by

aJ = log cz+log
2
666641 +

(1 � q0)z
2

�
(1 � q0 � 3q

2
0 + j0)z2

6

3
77775�0.2mJ .

(6)

We vary the traditional analysis slightly to account for the neces-
sary intrinsic scatter parameter, �int, that we interpret as super-
nova to supernova variance in the peak J luminosity. We intro-
duce �int as a nuisance parameter that is to be constrained by the

data and marginalized over. We assume that the intrinsic scatter
is a property of the supernovae, independent of whether an ob-
ject is in the calibrator sample or the Hubble-flow sample (and
test this assumption in Sect. 4.2). In this case the full uncertainty
for a given calibrator object i is

�2
M,i = �

2
fit,i + �

2
Ceph,i + �

2
int (7)

and the total uncertainty for a Hubble-flow object k is

�2
m,k = �

2
fit,k + �

2
z,mag,k + �

2
pec,mag,k + �

2
int. (8)

Because the same intrinsic scatter a↵ects the relative weights of
both calibrator and Hubble-flow objects, we cannot solve for MJ

and aJ independently. Instead we fit a joint Bayesian model to
the combined data set, with MCMC sampling of the posterior
distribution using the emcee package (Foreman-Mackey et al.
2013a,b). In principle we have four fit parameters: MJ , aJ , �int,
and H0, but we can simplify this to just three using Eq. (5). We
choose H0, MJ , and �int as our parameterisation, and simply cal-
culate aJ for each MCMC sample given H0 and MJ . The results
would be identical if we had fit for aJ and calculated H0. For
convenience, rather than aJ , we tabulate �5aJ which can be ex-
pressed in units of magnitudes and interpreted in the same sense
as the Hubble-flow peak magnitudes mJ . In our Bayesian anal-
ysis we take uninformative priors: uniform on H0 > 0 and MJ ,
and scale-free on �int > 0, with p(�int) = 1/�int. Our full analy-
sis code, including notebooks that produce Figs. 1–4, is available
online3.

4. Results

Our fiducial sample consists of the 9 calibrator SN Ia and
27 Hubble-flow SN Ia (i.e., excluding the three fast-declining
outliers). We use the NED redshifts and uncertainties (Cols. 3
and 4 of Table 2) for the Hubble-flow objects. The results
from 2 ⇥ 105 posterior samples of our model are shown in
Fig. 4 and tabulated in Table 4. We find a sample median
H0 = 72.78+1.60

�1.57 km s�1 Mpc�1, where the uncertainty is statis-
tical only, and is measured down (up) to the 16th (84th) per-
centile4. The 2.2% statistical uncertainty is impressive given the
small sample size. The results show that the median calibrator
peak magnitude (MJ = �18.524 ± 0.041) contributes approxi-
mately 2% uncertainty to H0 , whereas the Hubble flow sample
contributes about 1% (�5aJ = �2.834±0.023 mag), in line with
the numbers of supernovae in each category.

We also see the intrinsic scatter parameter is estimated
clearly to be non-zero: �int = 0.096+0.018

�0.016. This has the e↵ect of
increasing the uncertainties in the other parameters, for instance,
roughly doubling the uncertainty on the peak absolute magni-
tude MJ compared to the straight weighted mean calculated in
Sect. 3. Though our analysis method was developed to allow the
intrinsic scatter parameter to connect to both the calibrator and
Hubble-flow samples, we further see in Fig. 4 that MJ and �5aJ

do not have much correlation, reflecting the fact they are largely
being constrained separately by the calibrators and Hubble-flow
objects, respectively.

4.1. SN sample choices

To explore the sensitivity of our derived H0 , in Table 4 we
present a number of di↵erent sample choices. First, we find
3 https://github.com/sdhawan21/irh0
4 As seen in Fig. 4, the marginal distributions are largely symmetric,
so using the medians or means give similar results.
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Table 4. Results with varying sample choices.

Sample Ncalib �calib NHflow �Hflow H0 MJ �5 aJ �int

(mag) (mag) (km s�1 Mpc�1) (mag) (mag) (mag)
Fiducial 9 0.160 27 0.106 72.78+1.60

�1.57 �18.524+0.041
�0.041 �2.834+0.023

�0.023 0.096+0.018
�0.016

Flow-corrected redshifts 9 0.160 27 0.115 73.18+1.71
�1.68 �18.523+0.044

�0.044 �2.845+0.025
�0.025 0.109+0.020

�0.017

Host E(B � V)  0.3 mag 9 0.160 24 0.106 72.90+1.61
�1.62 �18.523+0.041

�0.042 �2.837+0.025
�0.024 0.098+0.019

�0.016

Spirals only (morphology code � 2) 9 0.160 21 0.107 73.05+1.73
�1.73 �18.522+0.042

�0.043 �2.841+0.027
�0.027 0.104+0.021

�0.018

Milky Way AJ  0.3 mag 9 0.160 26 0.101 72.73+1.58
�1.56 �18.523+0.041

�0.041 �2.832+0.023
�0.023 0.096+0.019

�0.016

Low EBV + Spirals + Low MW AJ 9 0.160 15 0.094 73.60+1.80
�1.79 �18.523+0.043

�0.043 �2.857+0.031
�0.031 0.105+0.025

�0.019

Hubble flow z � 0.02 9 0.160 13 0.104 73.66+1.86
�1.84 �18.524+0.043

�0.043 �2.860+0.034
�0.033 0.104+0.025

�0.020

Hubble flow z � 0.03 9 0.160 7 0.091 72.79+2.25
�2.20 �18.524+0.045

�0.045 �2.835+0.049
�0.047 0.108+0.033

�0.024

Hubble flow 0.01  z  0.05 9 0.160 26 0.099 72.87+1.59
�1.55 �18.524+0.040

�0.041 �2.837+0.023
�0.023 0.095+0.018

�0.015

Hubble flow 0.02  z  0.05 9 0.160 12 0.083 73.93+1.88
�1.83 �18.523+0.043

�0.043 �2.868+0.034
�0.034 0.104+0.026

�0.020

Strictest overlapa 7 0.147 8 0.058 73.04+2.21
�2.12 �18.532+0.049

�0.048 �2.849+0.042
�0.042 0.104+0.031

�0.023

Including fast-decliner outliers 9 0.160 30 0.170 71.30+2.11
�2.09 �18.524+0.057

�0.057 �2.789+0.030
�0.030 0.148+0.024

�0.020

Hubble flow CSP only 9 0.160 14 0.091 74.09+1.91
�1.87 �18.523+0.043

�0.043 �2.872+0.034
�0.034 0.105+0.025

�0.020

Hubble flow CfA only 9 0.160 13 0.094 71.47+1.80
�1.72 �18.523+0.041

�0.041 �2.794+0.034
�0.034 0.098+0.025

�0.020

Hubble flow and calibrators CSP only 1 0.000 14 0.091 80.98+2.55
�2.57 �18.338+0.065

�0.066 �2.880+0.023
�0.022 0.043+0.040

�0.043

Hubble flow and calibrators CfA only 2 0.213 13 0.094 75.92+2.98
�2.82 �18.393+0.081

�0.081 �2.795+0.018
�0.017 0.000+0.028

�0.000

Cardona et al. (2017) Cepheid distances 9 0.133 27 0.106 73.83+1.61
�1.59 �18.492+0.042

�0.042 �2.833+0.022
�0.021 0.089+0.018

�0.016

Notes. Sample median values of the fit parameters are given, with 16th and 84th percentile di↵erences (statistical uncertainties only). (a) This is
an extremely restrictive cut to make the calibrators and Hubble flow sample as similar as possible: low EBV (host E(B � V)  0.3 mag) + spirals
only + 1.0  �m15(B)  1.2 +Milky Way AJ  0.15 mag.

4.2. Intrinsic scatter

The derived value of the intrinsic scatter for the fiducial sam-
ple, �int = 0.096+0.018

�0.016 mag seems reasonable compared to opti-
cal SN Ia distances after standardization. Nevertheless, adopt-
ing a single intrinsic scatter may serve to obscure systematic
uncertainties. In particular, we note that the dispersion of the
residuals of the fiducial Hubble flow sample is 0.106 mag
(which includes the measured photometric and redshift uncer-
tainties as well as peculiar velocity uncertainties), substantially
less than the scatter in the calibrators, 0.160 mag (including
photometric and Cepheid distance uncertainties). We can test
these for consistency by including two separate intrinsic scat-
ter parameters, one for the calibrators and one for the Hub-

ble flow. In that case, we find �int,calib = 0.147+0.056
�0.039 mag and

�int,Hflow = 0.073+0.020
�0.017 mag. These are only consistent at the

⇠2� level. Marginalizing over both of these parameters, our fidu-
cial value of H0 is not significantly changed, but has slightly
higher uncertainty, H0 = 72.81+2.03

�2.04 km s�1 Mpc�1, correspond-
ing to 2.8% precision rather than 2.2%. This is mainly due
to the higher intrinsic scatter in the calibrators, for which the
peak absolute magnitude is now measured to lower precision:
MJ = �18.524 ± 0.057 mag.

Separating the intrinsic scatter in this manner leads to some
other complications. In principle the Hubble-flow intrinsic scat-
ter parameter, which is independent of redshift, should be sep-
arable from the adopted peculiar velocity uncertainty (which
for a fixed velocity uncertainty, corresponds to larger mag-
nitude uncertainty at lower redshifts; Eq. (1)). However, be-
cause the redshift range of our Hubble-flow sample is small,
in practice the Hubble-flow intrinsic scatter is largely de-
generate with the adopted peculiar velocity uncertainty. Rais-
ing �pec to 250 km s�1, as used in Riess et al. (2016), com-
pletely accounts for all the Hubble flow scatter, and yields

�int,Hflow = 0.000+0.007
�0.000 mag, clearly inconsistent with the scat-

ter in the calibrators. Conversely, if we unrealistically assume
�pec = 0, the intrinsic scatter parameter increases to ex-
plain the observed scatter, �int,Hflow = 0.096+0.017

�0.013 mag. Re-
gardless of the exact choice, the marginalized result for H0 is
largely una↵ected, di↵ering only by ±0.1 km s�1 Mpc�1 rela-
tive to our fiducial choice of �pec = 150 km s�1. Our choice
is plausible (Radburn-Smith et al. 2004; Turnbull et al. 2012;
Feindt et al. 2013) and previous studies have also used this value
for the peculiar velocity uncertainty (Mandel et al. 2009, 2011;
Barone-Nugent et al. 2012). Nevertheless, the higher scatter in
the calibrator sample compared to the larger Hubble flow sam-
ple is a concern that should be noted; any systematic di↵erences
between the calibrators and the Hubble-flow objects could cre-
ate a bias in H0 . Augmenting both of these samples in the future
should clarify the situation.

4.3. Systematic uncertainties

In this study, we assume that SNe Ia are standard candles in the
J-band; we do not correct for the light curve shape or host galaxy
reddening. From Fig. 2 we see that these parameters are not sig-
nificantly di↵erent for the calibrators and the Hubble flow ob-
jects. For example, the average di↵erence (fiducial Hubble flow
minus calibrators) in E(B � V)host is just 0.023 ± 0.043 mag.
For AJ ⇡ 0.8 E(B � V), this corresponds to a potential 1 ± 2%
correction to H0 . Curiously, in the middle panel of Fig. 2, we
do not see any evidence that objects with larger E(B � V)host
are observed to be fainter (positive residuals). Given the data
in Table 3 show a mild anti-correlation between E(B � V)host
and �m15(B), there could be a fortuitous cancellation between
a colour correction and a light-curve shape dependence like that
found by (Kattner et al. 2012). In Table 4 we note that restricting
the samples to low E(B � V)host  0.3 mag does not change H0
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Fig. 1. The peak J absolute magnitude distribution for the calibrator
SN Ia sample, based on the Cepheid distances of Riess et al. (2016). The
data have been corrected for Milky Way extinction and K-corrections,
but no further light curve shape or colour correction is applied.

match colours, otherwise we use J, H, and K filters. The for-
mer approach is more reliable, as pointed out by Boldt et al.
(2014); nonetheless these di↵erences are small for SNe in our
sample (.0.01 mag). For four objects (SN 2005eq, SN 2006lf,
PTF10mwb, and PTF10ufj), the default Gaussian process co-
variance function parameters do not produce a satisfactory fit.
For these objects, we reduce the scale and increase the ampli-
tude of the covariance function (the parameters are specified in
the fitting module code). Our final results are listed in Table 2.

We retrieved CMB-frame redshifts for the Hubble-flow host
galaxies from NED2. These are largely consistent with values
previously reported in the literature, except for NGC 2930, host
of SN 2005M, which has a previously erroneous redshift now
corrected in NED. Four of our Hubble-flow host galaxies are
cluster members: for these we take the cosmological redshift as
the cluster redshift reported in NED rather than the specific host
galaxy redshift to avoid large peculiar velocities from the cluster
velocity dispersion. These objects are noted in Table 2. Follow-
ing the analysis of Riess et al. (2016), we also tabulate redshifts
corrected for coherent flows derived from a model based on visi-
ble large scale structure (Carrick et al. 2015). Along with the re-
ported redshift uncertainties �z, we adopt an additional peculiar
velocity uncertainty of �pec = 150 km s�1 (for all SNe except
PTF10ufj the redshift uncertainty is sub-dominant compared to
the peculiar velocity uncertainty).

The high precision of modern SN Ia H0 measurements
(Riess et al. 2009, 2011, 2016) is due in part to selecting an
“ideal” set of calibrator SN Ia, with low extinction and typical
light curve shapes. The Hubble-flow SN Ia are a much more het-
erogeneous set than these ideal calibrators. Given that we are
not applying colour or light curve shape corrections and treat-
ing the SN Ia as standard candles in their peak J magnitude, it
is important to ensure that our Hubble-flow objects are on the
whole similar to the calibrators. In Fig. 2, we plot the Hubble-
flow Hubble diagram residuals and calibrator absolute magni-
tudes on the same scale, as a function of host-galaxy morphol-
ogy and two parameters estimated from the optical light curves
of these SN Ia: host galaxy reddening E(B � V) and light-curve
decline rate �m15(B) (Phillips 1993; Hamuy et al. 1996). These
quantities are taken from the literature and tabulated in Table 3;
we have not attempted to derive them in a uniform way. Rather,

2 http://ned.ipac.caltech.edu

Fig. 2. A comparison of the calibrator and Hubble-flow samples in
host-galaxy morphology, host-galaxy reddening, and optical light-curve
decline rate. Blue circles show the Hubble-flow sample J-band Hub-

ble-diagram residuals (left axis), while red squares show the calibrator
absolute J magnitudes (right axis). The open circles indicate three fast-
declining SN Ia that are excluded from our fiducial sample as outliers.
These plots are used to define sample cuts only. Distances are based on
the J-band photometry alone, with no corrections from these diagnostic
parameters.

we are interested in comparing the Hubble-flow and calibrator
SN Ia to suggest sample cuts. Beyond that, we do not use the
optical photometry in any way in our results.

Figure 2 shows that the Hubble-flow SN Ia span a broader
range of the displayed diagnostic parameters than the calibra-
tors. This is to be expected. For example, the calibrator galax-
ies are chosen to host Cepheids, excluding early-type galaxies.
Similarly the “ideal” calibrators have low host reddening and
normal decline rates. Nonetheless, the visual impression from
Fig. 2 is that the broader Hubble-flow sample does not show
obvious trends with the parameters, except for the three fast-
declining (�m15(B) > 1.7) SN Ia, which are clear outliers (open
circles). Indeed, Krisciunas et al. (2009), Kattner et al. (2012),
and Dhawan et al. (2017b) have demonstrated that the NIR ab-
solute magnitudes of fast-declining SN Ia diverge considerably
from their more normal counterparts (similar to the behaviour
in optical bands). We define a fiducial sample for analysis ex-
cluding these three SN Ia, and explore further sample cuts in
Sect. 4.1.
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consistent with SH0ES results (Riess et al. 2016)

[using same Cepheid distances]


H0 tension does not result from a wavelength-dependent

systematic uncertainty in the SN Ia 




Correlations with host mass?
● NIR Hubble residual

○ Template fit with optical prior

● FSPS fit to host photometry
○ SDSS: Optical photometry
○ 2MASS: NIR
○ Fitted with FAST (Kriek+2009)

● No evidence for correlation (< 1σ)
● Small sample

○ MC simulation: consistent with 0.06 
mag

○ New VIRCAM follow-up will help

Fig: The J-band absolute magnitude versus host stellar mass, no significant evidence for “mass step” 
(Dhawan et al. in prep.)

Dhawan et al., in prep.

less of a host mass effect in NIR?
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Fig. 3. Hubble diagram for our fiducial sample of 27 Hubble-flow SN Ia.

and we fix q0 = �0.55 and j0 = 1. We have also explored
the dynamic parametrisation of the luminosity distance in a flat,
⌦M +⌦⇤ = 1, Universe (see, e.g., Jha et al. 2007),

dL(z) =
c(1 + z)

H0

Z
z

0

h
⌦M(1 + z

0)3 +⌦⇤
i�1/2

dz
0. (4)

Because our Hubble-flow sample is at quite low redshift, we find
no significant di↵erences in our results with either approach,
nor when varying cosmological parameters within their obser-
vational limits.

In estimating H0 from SN Ia it is traditional to rewrite
Eqs. (2) and (3) as

log H0 =
MJ + 5aJ + 25

5
, (5)

where MJ is constrained by the calibrator sample, and aJ is the
“intercept of the ridge line” that can be determined separately
from the Hubble-flow sample. Ignoring higher order terms, the
intercept is given by

aJ = log cz+log
2
666641 +

(1 � q0)z
2

�
(1 � q0 � 3q

2
0 + j0)z2

6

3
77775�0.2mJ .

(6)

We vary the traditional analysis slightly to account for the neces-
sary intrinsic scatter parameter, �int, that we interpret as super-
nova to supernova variance in the peak J luminosity. We intro-
duce �int as a nuisance parameter that is to be constrained by the

data and marginalized over. We assume that the intrinsic scatter
is a property of the supernovae, independent of whether an ob-
ject is in the calibrator sample or the Hubble-flow sample (and
test this assumption in Sect. 4.2). In this case the full uncertainty
for a given calibrator object i is

�2
M,i = �

2
fit,i + �

2
Ceph,i + �

2
int (7)

and the total uncertainty for a Hubble-flow object k is

�2
m,k = �

2
fit,k + �

2
z,mag,k + �

2
pec,mag,k + �

2
int. (8)

Because the same intrinsic scatter a↵ects the relative weights of
both calibrator and Hubble-flow objects, we cannot solve for MJ

and aJ independently. Instead we fit a joint Bayesian model to
the combined data set, with MCMC sampling of the posterior
distribution using the emcee package (Foreman-Mackey et al.
2013a,b). In principle we have four fit parameters: MJ , aJ , �int,
and H0, but we can simplify this to just three using Eq. (5). We
choose H0, MJ , and �int as our parameterisation, and simply cal-
culate aJ for each MCMC sample given H0 and MJ . The results
would be identical if we had fit for aJ and calculated H0. For
convenience, rather than aJ , we tabulate �5aJ which can be ex-
pressed in units of magnitudes and interpreted in the same sense
as the Hubble-flow peak magnitudes mJ . In our Bayesian anal-
ysis we take uninformative priors: uniform on H0 > 0 and MJ ,
and scale-free on �int > 0, with p(�int) = 1/�int. Our full analy-
sis code, including notebooks that produce Figs. 1–4, is available
online3.

4. Results

Our fiducial sample consists of the 9 calibrator SN Ia and
27 Hubble-flow SN Ia (i.e., excluding the three fast-declining
outliers). We use the NED redshifts and uncertainties (Cols. 3
and 4 of Table 2) for the Hubble-flow objects. The results
from 2 ⇥ 105 posterior samples of our model are shown in
Fig. 4 and tabulated in Table 4. We find a sample median
H0 = 72.78+1.60

�1.57 km s�1 Mpc�1, where the uncertainty is statis-
tical only, and is measured down (up) to the 16th (84th) per-
centile4. The 2.2% statistical uncertainty is impressive given the
small sample size. The results show that the median calibrator
peak magnitude (MJ = �18.524 ± 0.041) contributes approxi-
mately 2% uncertainty to H0 , whereas the Hubble flow sample
contributes about 1% (�5aJ = �2.834±0.023 mag), in line with
the numbers of supernovae in each category.

We also see the intrinsic scatter parameter is estimated
clearly to be non-zero: �int = 0.096+0.018

�0.016. This has the e↵ect of
increasing the uncertainties in the other parameters, for instance,
roughly doubling the uncertainty on the peak absolute magni-
tude MJ compared to the straight weighted mean calculated in
Sect. 3. Though our analysis method was developed to allow the
intrinsic scatter parameter to connect to both the calibrator and
Hubble-flow samples, we further see in Fig. 4 that MJ and �5aJ

do not have much correlation, reflecting the fact they are largely
being constrained separately by the calibrators and Hubble-flow
objects, respectively.

4.1. SN sample choices

To explore the sensitivity of our derived H0 , in Table 4 we
present a number of di↵erent sample choices. First, we find
3 https://github.com/sdhawan21/irh0
4 As seen in Fig. 4, the marginal distributions are largely symmetric,
so using the medians or means give similar results.
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Table 4. Results with varying sample choices.

Sample Ncalib �calib NHflow �Hflow H0 MJ �5 aJ �int

(mag) (mag) (km s�1 Mpc�1) (mag) (mag) (mag)
Fiducial 9 0.160 27 0.106 72.78+1.60

�1.57 �18.524+0.041
�0.041 �2.834+0.023

�0.023 0.096+0.018
�0.016

Flow-corrected redshifts 9 0.160 27 0.115 73.18+1.71
�1.68 �18.523+0.044

�0.044 �2.845+0.025
�0.025 0.109+0.020

�0.017

Host E(B � V)  0.3 mag 9 0.160 24 0.106 72.90+1.61
�1.62 �18.523+0.041

�0.042 �2.837+0.025
�0.024 0.098+0.019

�0.016

Spirals only (morphology code � 2) 9 0.160 21 0.107 73.05+1.73
�1.73 �18.522+0.042

�0.043 �2.841+0.027
�0.027 0.104+0.021

�0.018

Milky Way AJ  0.3 mag 9 0.160 26 0.101 72.73+1.58
�1.56 �18.523+0.041

�0.041 �2.832+0.023
�0.023 0.096+0.019

�0.016

Low EBV + Spirals + Low MW AJ 9 0.160 15 0.094 73.60+1.80
�1.79 �18.523+0.043

�0.043 �2.857+0.031
�0.031 0.105+0.025

�0.019

Hubble flow z � 0.02 9 0.160 13 0.104 73.66+1.86
�1.84 �18.524+0.043

�0.043 �2.860+0.034
�0.033 0.104+0.025

�0.020

Hubble flow z � 0.03 9 0.160 7 0.091 72.79+2.25
�2.20 �18.524+0.045

�0.045 �2.835+0.049
�0.047 0.108+0.033

�0.024

Hubble flow 0.01  z  0.05 9 0.160 26 0.099 72.87+1.59
�1.55 �18.524+0.040

�0.041 �2.837+0.023
�0.023 0.095+0.018

�0.015

Hubble flow 0.02  z  0.05 9 0.160 12 0.083 73.93+1.88
�1.83 �18.523+0.043

�0.043 �2.868+0.034
�0.034 0.104+0.026

�0.020

Strictest overlapa 7 0.147 8 0.058 73.04+2.21
�2.12 �18.532+0.049

�0.048 �2.849+0.042
�0.042 0.104+0.031

�0.023

Including fast-decliner outliers 9 0.160 30 0.170 71.30+2.11
�2.09 �18.524+0.057

�0.057 �2.789+0.030
�0.030 0.148+0.024

�0.020

Hubble flow CSP only 9 0.160 14 0.091 74.09+1.91
�1.87 �18.523+0.043

�0.043 �2.872+0.034
�0.034 0.105+0.025

�0.020

Hubble flow CfA only 9 0.160 13 0.094 71.47+1.80
�1.72 �18.523+0.041

�0.041 �2.794+0.034
�0.034 0.098+0.025

�0.020

Hubble flow and calibrators CSP only 1 0.000 14 0.091 80.98+2.55
�2.57 �18.338+0.065

�0.066 �2.880+0.023
�0.022 0.043+0.040

�0.043

Hubble flow and calibrators CfA only 2 0.213 13 0.094 75.92+2.98
�2.82 �18.393+0.081

�0.081 �2.795+0.018
�0.017 0.000+0.028

�0.000

Cardona et al. (2017) Cepheid distances 9 0.133 27 0.106 73.83+1.61
�1.59 �18.492+0.042

�0.042 �2.833+0.022
�0.021 0.089+0.018

�0.016

Notes. Sample median values of the fit parameters are given, with 16th and 84th percentile di↵erences (statistical uncertainties only). (a) This is
an extremely restrictive cut to make the calibrators and Hubble flow sample as similar as possible: low EBV (host E(B � V)  0.3 mag) + spirals
only + 1.0  �m15(B)  1.2 +Milky Way AJ  0.15 mag.

4.2. Intrinsic scatter

The derived value of the intrinsic scatter for the fiducial sam-
ple, �int = 0.096+0.018

�0.016 mag seems reasonable compared to opti-
cal SN Ia distances after standardization. Nevertheless, adopt-
ing a single intrinsic scatter may serve to obscure systematic
uncertainties. In particular, we note that the dispersion of the
residuals of the fiducial Hubble flow sample is 0.106 mag
(which includes the measured photometric and redshift uncer-
tainties as well as peculiar velocity uncertainties), substantially
less than the scatter in the calibrators, 0.160 mag (including
photometric and Cepheid distance uncertainties). We can test
these for consistency by including two separate intrinsic scat-
ter parameters, one for the calibrators and one for the Hub-

ble flow. In that case, we find �int,calib = 0.147+0.056
�0.039 mag and

�int,Hflow = 0.073+0.020
�0.017 mag. These are only consistent at the

⇠2� level. Marginalizing over both of these parameters, our fidu-
cial value of H0 is not significantly changed, but has slightly
higher uncertainty, H0 = 72.81+2.03

�2.04 km s�1 Mpc�1, correspond-
ing to 2.8% precision rather than 2.2%. This is mainly due
to the higher intrinsic scatter in the calibrators, for which the
peak absolute magnitude is now measured to lower precision:
MJ = �18.524 ± 0.057 mag.

Separating the intrinsic scatter in this manner leads to some
other complications. In principle the Hubble-flow intrinsic scat-
ter parameter, which is independent of redshift, should be sep-
arable from the adopted peculiar velocity uncertainty (which
for a fixed velocity uncertainty, corresponds to larger mag-
nitude uncertainty at lower redshifts; Eq. (1)). However, be-
cause the redshift range of our Hubble-flow sample is small,
in practice the Hubble-flow intrinsic scatter is largely de-
generate with the adopted peculiar velocity uncertainty. Rais-
ing �pec to 250 km s�1, as used in Riess et al. (2016), com-
pletely accounts for all the Hubble flow scatter, and yields

�int,Hflow = 0.000+0.007
�0.000 mag, clearly inconsistent with the scat-

ter in the calibrators. Conversely, if we unrealistically assume
�pec = 0, the intrinsic scatter parameter increases to ex-
plain the observed scatter, �int,Hflow = 0.096+0.017

�0.013 mag. Re-
gardless of the exact choice, the marginalized result for H0 is
largely una↵ected, di↵ering only by ±0.1 km s�1 Mpc�1 rela-
tive to our fiducial choice of �pec = 150 km s�1. Our choice
is plausible (Radburn-Smith et al. 2004; Turnbull et al. 2012;
Feindt et al. 2013) and previous studies have also used this value
for the peculiar velocity uncertainty (Mandel et al. 2009, 2011;
Barone-Nugent et al. 2012). Nevertheless, the higher scatter in
the calibrator sample compared to the larger Hubble flow sam-
ple is a concern that should be noted; any systematic di↵erences
between the calibrators and the Hubble-flow objects could cre-
ate a bias in H0 . Augmenting both of these samples in the future
should clarify the situation.

4.3. Systematic uncertainties

In this study, we assume that SNe Ia are standard candles in the
J-band; we do not correct for the light curve shape or host galaxy
reddening. From Fig. 2 we see that these parameters are not sig-
nificantly di↵erent for the calibrators and the Hubble flow ob-
jects. For example, the average di↵erence (fiducial Hubble flow
minus calibrators) in E(B � V)host is just 0.023 ± 0.043 mag.
For AJ ⇡ 0.8 E(B � V), this corresponds to a potential 1 ± 2%
correction to H0 . Curiously, in the middle panel of Fig. 2, we
do not see any evidence that objects with larger E(B � V)host
are observed to be fainter (positive residuals). Given the data
in Table 3 show a mild anti-correlation between E(B � V)host
and �m15(B), there could be a fortuitous cancellation between
a colour correction and a light-curve shape dependence like that
found by (Kattner et al. 2012). In Table 4 we note that restricting
the samples to low E(B � V)host  0.3 mag does not change H0
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Fig. 1. The peak J absolute magnitude distribution for the calibrator
SN Ia sample, based on the Cepheid distances of Riess et al. (2016). The
data have been corrected for Milky Way extinction and K-corrections,
but no further light curve shape or colour correction is applied.

match colours, otherwise we use J, H, and K filters. The for-
mer approach is more reliable, as pointed out by Boldt et al.
(2014); nonetheless these di↵erences are small for SNe in our
sample (.0.01 mag). For four objects (SN 2005eq, SN 2006lf,
PTF10mwb, and PTF10ufj), the default Gaussian process co-
variance function parameters do not produce a satisfactory fit.
For these objects, we reduce the scale and increase the ampli-
tude of the covariance function (the parameters are specified in
the fitting module code). Our final results are listed in Table 2.

We retrieved CMB-frame redshifts for the Hubble-flow host
galaxies from NED2. These are largely consistent with values
previously reported in the literature, except for NGC 2930, host
of SN 2005M, which has a previously erroneous redshift now
corrected in NED. Four of our Hubble-flow host galaxies are
cluster members: for these we take the cosmological redshift as
the cluster redshift reported in NED rather than the specific host
galaxy redshift to avoid large peculiar velocities from the cluster
velocity dispersion. These objects are noted in Table 2. Follow-
ing the analysis of Riess et al. (2016), we also tabulate redshifts
corrected for coherent flows derived from a model based on visi-
ble large scale structure (Carrick et al. 2015). Along with the re-
ported redshift uncertainties �z, we adopt an additional peculiar
velocity uncertainty of �pec = 150 km s�1 (for all SNe except
PTF10ufj the redshift uncertainty is sub-dominant compared to
the peculiar velocity uncertainty).

The high precision of modern SN Ia H0 measurements
(Riess et al. 2009, 2011, 2016) is due in part to selecting an
“ideal” set of calibrator SN Ia, with low extinction and typical
light curve shapes. The Hubble-flow SN Ia are a much more het-
erogeneous set than these ideal calibrators. Given that we are
not applying colour or light curve shape corrections and treat-
ing the SN Ia as standard candles in their peak J magnitude, it
is important to ensure that our Hubble-flow objects are on the
whole similar to the calibrators. In Fig. 2, we plot the Hubble-
flow Hubble diagram residuals and calibrator absolute magni-
tudes on the same scale, as a function of host-galaxy morphol-
ogy and two parameters estimated from the optical light curves
of these SN Ia: host galaxy reddening E(B � V) and light-curve
decline rate �m15(B) (Phillips 1993; Hamuy et al. 1996). These
quantities are taken from the literature and tabulated in Table 3;
we have not attempted to derive them in a uniform way. Rather,

2 http://ned.ipac.caltech.edu

Fig. 2. A comparison of the calibrator and Hubble-flow samples in
host-galaxy morphology, host-galaxy reddening, and optical light-curve
decline rate. Blue circles show the Hubble-flow sample J-band Hub-

ble-diagram residuals (left axis), while red squares show the calibrator
absolute J magnitudes (right axis). The open circles indicate three fast-
declining SN Ia that are excluded from our fiducial sample as outliers.
These plots are used to define sample cuts only. Distances are based on
the J-band photometry alone, with no corrections from these diagnostic
parameters.

we are interested in comparing the Hubble-flow and calibrator
SN Ia to suggest sample cuts. Beyond that, we do not use the
optical photometry in any way in our results.

Figure 2 shows that the Hubble-flow SN Ia span a broader
range of the displayed diagnostic parameters than the calibra-
tors. This is to be expected. For example, the calibrator galax-
ies are chosen to host Cepheids, excluding early-type galaxies.
Similarly the “ideal” calibrators have low host reddening and
normal decline rates. Nonetheless, the visual impression from
Fig. 2 is that the broader Hubble-flow sample does not show
obvious trends with the parameters, except for the three fast-
declining (�m15(B) > 1.7) SN Ia, which are clear outliers (open
circles). Indeed, Krisciunas et al. (2009), Kattner et al. (2012),
and Dhawan et al. (2017b) have demonstrated that the NIR ab-
solute magnitudes of fast-declining SN Ia diverge considerably
from their more normal counterparts (similar to the behaviour
in optical bands). We define a fiducial sample for analysis ex-
cluding these three SN Ia, and explore further sample cuts in
Sect. 4.1.
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WFIRST

z = 1.0:              0.25                                      0.5                                      0.75                                      1.0 
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Hounsell et al. (2018)

significant cosmological leverage

for rest-frame NIR SN Ia data 

from WFIRST!
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Figure 3: Simulated WFC3/IR grism observations based on the HST WFC3 ETC spanning the
range of our brightest (top) and faintest (bottom) Hubble-flow objects. The vertical gray bands
show the regions heavily a↵ected by atmospheric absorption in ground-based data. The input
spectrum (dark gray) is based on SN 2011fe from Hsiao+ (2013). The lower panel shows the
signal-to-noise ratio (SNR) expected in each extracted pixel for the brightest and faintest
Hubble-flow targets; these should bracket all of our Hubble-flow data.
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• 24 Hubble-flow SN Ia (0.02 < z < 0.07) 
with HST WFC3/IR in Cycles 27 and 28


• F098M, F105W, F125W, F140W, F160W 
photometry + grism spectroscopy  
(above the atmosphere!) 1 orbit, 2 epochs


• 3 key science goals: 
✶ rest-frame NIR SEDs for WFIRST 
✶ 2.7% NIR SN Ia H0 measurement 
✶ w/RAISINs, WFC3/IR-only Hubble 
   diagram to z = 0.6


• need ground-based support, join us! 
~2 objects/month starting Feb 2020
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Figure 2: Local measurements of the Hubble constant compared to the inference from
Planck (2018) assuming a standard flat ⇤CDM cosmology. Reconciling this 9% “tension” could
require “new physics” (extensions to ⇤CDM) or may result from unidentified systematic
uncertainties. NIR-only SN Ia provide a check on wavelength-dependent systematics (e.g., dust,
light-curve models, host environments, etc.) in the supernova distances. The observations
proposed here will reduce the 4.3% H0 uncertainty from Dhawan+ (2018) to 2.7% (as shown) or
better, and thus provide a > 3� measurement of the tension, independent of optical SN Ia data.
C17 = Cardona+ (2017); F18 = Feeney+ (2018); and FK18 = Follin & Knox (2018). Riess+
(2019) use the new eclipsing binary distance to the LMC from Pietrzyński+ (2019).
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