
1
Draft version February 28, 20222

Typeset using LATEX twocolumn style in AASTeX633

A Uniform Type Ia Supernova Distance Ladder with the Zwicky Transient Facility:4

Absolute Calibration Based on the Tip of the Red Giant Branch (TRGB) Method5

Suhail Dhawan,1 Ariel Goobar,2 Joel Johansson,2 In Sung Jang,3 Mickael Rigault,4 Luke Harvey,56

Kate Maguire,5 Wendy L. Freedman,6 Barry F. Madore,7 Jesper Sollerman,8 and Young-Lo Kim + builders97

1Institute of Astronomy and Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK8

2The Oskar Klein Centre for Cosmoparticle Physics, Department of Physics, Stockholm University, SE-10691 Stockholm, Sweden9

3Department of Astronomy & Astrophysics, University of Chicago, 5640 S. Ellis Avenue, Chicago, IL 60637, USA10

4Univ Lyon, Univ Claude Bernard Lyon 1, CNRS/IN2P3, IP2I Lyon, UMR 5822, F-69622, Villeurbanne, France11

5School of Physics, Trinity College Dublin, The University of Dublin, Dublin 2, Ireland12

6Department of Astronomy & Astrophysics & Kavli Institute for Cosmological Physics, University of Chicago, 5640 South Ellis Avenue,13

Chicago, IL 60637, USA14

7The Observatories of the Carnegie Institution for Science, 813 Santa Barbara St., Pasadena, CA 91101, USA15

8The Oskar Klein Centre, Department of Astronomy, Stockholm University, SE-10691 Stockholm, Sweden16

9Department of Physics, Lancaster University, Lancs LA1 4YB, UK17

ABSTRACT18

The current Cepheid distance ladder measurement of H0 is reported to be in tension with the19

values inferred from the cosmic microwave background (CMB), assuming standard model cosmology.20

However, the tip of the red giant branch (TRGB) reports an estimate of H0 in better agreement with21

the CMB. Hence, it is critical to reduce systematic uncertainties in local measurements to understand22

the origin of the Hubble tension. In this paper, we propose a uniform distance ladder, combining SNe Ia23

observed by the Zwicky Transient Facility (ZTF) with a TRGB calibration of their absolute luminosity.24

A large, volume-limited, sample of both calibrator and Hubble flow SNe Ia from the same survey25

minimizes two of the largest sources of systematics: host-galaxy bias and non-uniform photometric26

calibration. We present results from a pilot study using existing TRGB distance to the host galaxy of27

ZTF SN Ia SN 2021rhu (aka ZTF21abiuvdk). Combining the ZTF calibrator with a volume-limited28

sample from the first data release of ZTF Hubble flow SNe Ia, we infer H0 = XX ± 6.4 km s−1 Mpc−1,29

an 8.3% measurement. The error budget is dominated by the single calibrator SN in this pilot study.30

However, the ZTF sample includes already five other SNe Ia within ∼ 20 Mpc for which TRGB31

distances can be obtained with HST. Finally, we present the prospects of building this distance ladder32

out to 80 Mpc with JWST observations of more than one hundred SNe Ia.33

Keywords: cosmology: observations - supernovae34

1. INTRODUCTION35

Over the last decade, remarkable increase in accu-36

racy obtained by a broad range of independent cos-37

mological observations has provided compelling support38

for our current standard Λ cold dark matter (ΛCDM)39

model. This concordance cosmology successfully ex-40
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plains the measurements of fluctuations in the temper-41

ature and polarization of the cosmic microwave back-42

ground (CMB) radiation (Planck Collaboration 2020)43

as well as observations of large-scale structure and mat-44

ter fluctuations in the universe, e.g. baryon acoustic45

oscillations (BAO; Macaulay et al. 2019).46

With improved accuracy of recent observations some47

discrepancies have been noted. The prima facie most48

significant tension is between the CMB inferred value of49

the Hubble constant (H0) and the direct measurement of50

the local value of H0 (Riess et al. 2021). The local mea-51

surements are based on a calibration of the absolute lu-52

minosity of Type Ia supernovae (SNe Ia) using indepen-53

dent distances to host galaxies of nearby SNe Ia, known54
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as the “cosmic distance ladder”. This claimed tension,55

if confirmed, it could provide evidence for of new fun-56

damental physics beyond the standard model of cosmol-57

ogy. It could, however, be a sign of unknown sources of58

systematic error. Currently, the local H0 methods have59

slight differences in their values. The tip of the red gi-60

ant branch (TRGB; Freedman 2021) and Cepheid (Riess61

et al. 2021) distance scales yield values of 69.8 ± 1.7 and62

73.04 ± 1.04 kms−1Mpc−1, respectively. Understanding63

these differences is important to discerning whether the64

tension is a sign of novel physics or a yet-to-be-revealed65

systematic error. To date, only the TRGB and Cepheid66

measurements have measured distances to O(10) host67

galaxies of SNe Ia.68

Circumventing the two largest, known sources of sys-69

tematic error is key to achieving the percent level pre-70

cision in the local distance scale and resolving the Hub-71

ble tension. Firstly, Cepheid variables strongly prefer72

young, star-forming environments. This has been shown73

to bias the inferred SN Ia luminosity, and hence H074

(Rigault et al. 2020), though the size of this effect is75

currently debated (Jones et al. 2018). While the current76

Cepheid distance ladder addresses this issue by eval-77

uating H0 from only the Hubble flow SNe Ia in low78

stellar mass hosts, it is important to measure H0 us-79

ing a volume-limited calibrator and Hubble flow sample80

of SNe Ia in all types of host galaxies, given the pro-81

found cosmological implications of the Hubble tension.82

TRGBs, unlike Cepheid variables, are found in both old83

and young environments, hence, can probe SN Ia host84

galaxies of all morphological types in a given volume.85

The TRGB is a well-understood standard candle, aris-86

ing from the core helium flash luminosity at the end87

phase of red giant branch (RGB) evolution for low-mass88

stars (Freedman et al. 2019; Jang et al. 2021; Freedman89

2021). Furthermore, TRGB stars, found in the outskirts90

of galaxies, are less prone than Cepheids to biases from91

crowding, and are also comparatively less sensitive to92

reddening systematics, a potential contribution to the93

Cepheid H0 measurements (e.g., Mortsell et al. 2021).94

Secondly, the current sample of SNe Ia for H0 mea-95

surements is derived from several (> 20) different combi-96

nations of telescopes, instruments and filters (e.g. Scol-97

nic et al. 2021; Riess et al. 2021). Although there have98

been significant efforts to cross-calibrate the heteroge-99

neous systems (Brout et al. 2021), there are irreducible100

uncertainties associated with the data where the filters,101

instruments and even telescopes no longer exist. In light102

of these outstanding sources of error, it is imperative to103

have a volume limited sample of calibrator and Hubble104

flow SNe Ia observed with the same instrument.105

Addressing these issues, here, we present a uniform106

distance ladder, with both calibrator and Hubble flow107

SNe Ia observed by the Zwicky Transient Facility (ZTF;108

Bellm et al. 2019; Graham et al. 2019), calibrated based109

on the TRGB method. As both calibrator and Hubble110

flow rungs of the distance ladder with the same instru-111

ment, we only rely on a relative photometric calibration,112

which is a significantly simpler task than controlling the113

absolute calibration of an SN Ia sample. In this pi-114

lot study, we present ZTF calibrator SNe Ia within a115

nearby volume of DL < 20 Mpc and measure prelimi-116

nary distances, where possible, for those SNe Ia using117

tip of the red giant branch. In the long term, we need,118

assuming the current number of primary anchors, a ZTF119

calibrator sample of ∼ 100 SNe Ia to get to ∼ 1% pre-120

cision and accuracy on H0 to resolve the tension. With121

the James Webb Space Telescope (JWST) scheduled to122

start taking data in mid-2022, we can feasibly extend123

the calibrator rung to DL ∼ 80 Mpc. ZTF has already124

observed well-sampled light curves for more than one125

hundred SNe Ia in this distance range. Therefore, within126

the DL ≤ 80 Mpc volume we will no longer be limited127

by the rate of SNe Ia in galaxies to obtain calibrator128

distances, currently a limiting factor for the largest cal-129

ibrator sample (Riess et al. 2021).130

2. DATA AND METHODOLOGY131

We present the data for SNe Ia observed by ZTF in a132

DL < 20 Mpc volume, which also have a robust reported133

TRGB distances. While 5 SNe Ia have adequate light134

curve sampling to get precise peak magnitudes, shape135

and colour parameters from SNe Ia, only one of them,136

ZTF21abiuvdk (aka SN 2021rhu) has observations of the137

host galaxy to get an accurate distance.138

SN 2021rhu exploded in NGC 7814, at coordinates,139

α = 0.8143, δ = 16.1457, classified as an SN Ia on the140

Transient Name Server (TNS; Munoz-Arancibia et al.141

2021; SNIascore 2021). We obtained photometry with142

a 1-day cadence for SN 2021rhu with ZTF, in the g, r, i143

filters between −14.1 and +172.5 days. These obser-144

vations begin on July 1.404 2021 UTC. Hence, we ob-145

tained a densely sampled light curve with the ZTF ob-146

serving system (Dekany et al. 2020), in multiple filters147

with the same system as the Hubble flow sample (as148

presented in Dhawan et al. 2022). The images were149

processed with the pipeline as detailed in Masci et al.150

(2019). The lightcurve, thus far, spans a large phase151

range from July 1.4 to November 11.11 2021. We have152

also obtained a well-sampled spectral time series, be-153

ginning with a classification spectrum with the SED-154

machine (Blagorodnova et al. 2018; Rigault et al. 2019)155

on 2021-07-05. These are presented in detail in a com-156
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Figure 1. (Left) A combined red-green-blue image of SN 2021rhu from the ZTF data with one of the HST fields for the TRGB
distance overplotted. (Right) A zoom in into the HST data of the host galaxy NGC 7814 Field 01 in the F606W filter with
ACS.

panion paper (Harvey et al. in prep). Figure 2 shows157

a maximum-light spectrum obtained with the SPectro-158

graph for the Rapid Acquisition of Transients (SPRAT;159

Piascik et al. 2014) on the Liverpool Telescope (LT;160

Steele et al. 2004).161

SNe Ia distances are inferred from light curve peak lu-162

minosity, shape and colour. The most widely used light-163

curve fitting algorithm, which we adopt for our analy-164

sis, is the Spectral Adaptive Lightcurve Template - 2165

(SALT2; Guy et al. 2007). This model treats the colour166

entirely empirically, without distinguishing the intrinsic167

and extrinsic components. We use the most updated,168

published version of SALT2 (SALT2.4, see Guy et al.169

2010; Betoule et al. 2014) as implemented in sncosmo170

v2.1.01 (Barbary et al. 2016), identical to the lightcurve171

inference of the Hubble flow sample in Dhawan et al.172

(2022). In the fitting procedure, we correct the SN fluxes173

for extinction due to dust in the Milky Way (MW). Ex-174

tinction values for the SN coordinates derived in Schlafly175

& Finkbeiner (2011) were applied, using the galactic176

reddening law proposed in Cardelli et al. (1989), with a177

total-to-selective absorption ratio, RV = 3.1, the canon-178

ical MW value.179

2.1. TRGB distance estimate180

NGC 7814 was observed with the Advanced Camera181

for Surveys (ACS) on HST covering a total of seven fields182

as part of the GHOSTS survey (Radburn-Smith et al.183

2011). Here, we reanalyse the data using a pipeline by184

the Carnegie-Chicago Hubble (CCHP; Freedman et al.185

1 https://sncosmo.readthedocs.io/en/v2.1.x/

2019) program which implements its own point-spread186

function (PSF) fitting photometry based on DOLPHOT187

(Dolphin 2000) modeling synthetic PSFs with TinyTim188

(Krist et al. 2011). The details of the pipeline can be189

found in Jang et al. (2021). We select fields 3,4,5 from190

the entire dataset since fields 1 and 2 are close to disk191

of the galaxy and hence, susceptible to high crowding192

and extinction, whereas fields 6 and 7 are very sparse193

and hence, it is difficult to identify the TRGB. We per-194

form artificial star tests by injecting 180,000 stars into195

the FLC images and recover them using DOLPHOT.196

The artificial stars have a similar colours range to blue197

RGB stars of 0.6 < F606W − F814W ≤ 1.6. We pop-198

ulate stars within a brightness range of 25 < F814W ≤199

29 mag. To mimic the observed spatial distribution and200

luminosity function (LF), we place more stars in the201

inner region of the galaxy. The LF was binned with a202

width of 0.01 mag and smoothed with a Gaussian kernel203

of 0.1 mag. The edge detection is derived from the first204

derivative of the scale smoothed LF (see Hatt et al. 2017,205

for details). We find a Milky Way extinction corrected206

tip at F814WTRGB = 26.81± 0.054 mag. Details of the207

tests, the impact of assumptions on the various com-208

ponents of the pipeline and consistency with distances209

reported in the literature are presented in a companion210

paper (Jang 2022 in prep). Using the absolute calibra-211

tion of the TRGB magnitude from multiple primary as212

reported in Freedman (2021), MTRGB
F814W = −4.049±0.038213

(see also, Li et al. 2022, for a new calibration from the214

Milky Way) and we obtain a distance of µ = 30.86±0.07215

mag.216

https://sncosmo.readthedocs.io/en/v2.1.x/
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We combine the calibrator data with the ZTF DR1217

Hubble flow sample (Dhawan et al. 2022). TRGB stars218

are found in all types of SN Ia host galaxies and there-219

fore, the TRGB-calibrated sample will be volume lim-220

ited. To have a completely volume-limited distance lad-221

der, we also only fit the volume-limited Hubble flow sam-222

ple from ZTF DR1. We conservatively take the sample223

to be complete to z ≤ 0.06. This selection cut reduces224

the Hubble flow sample from 200 to 98 SNe Ia.225226

3. RESULTS227

We fit the SALT2 light-curve model to the calibra-228

tor SN and get the peak luminosity, light-curve width229

and colour. We note that since SALT2 is not well de-230

fined at wavelengths redder than 7000 Å, we only fit231

the g and r filters (e.g. Jones et al. 2019). SN 2021rhu232

has SALT2 parameters mB = 12.22± 0.033, light-curve233

shape x1 = −2.074±0.025, and colour, c = 0.054±0.028.234

While the x1 and c are within the range of typical cos-235

mological cuts, it has a low x1 value which is also seen236

in peculiar, fast-declining SNe Ia. However, the light237

curves of SN 2021rhu show a clear shoulder in the r band238

and a second peak in the i band (Figure 2), characteris-239

tic of normal and transitional SNe Ia used for cosmology240

(Hsiao et al. 2015). We also compute the colour-stretch241

parameter, sBV , with the SNooPY method, since it is242

shown to be better at parametrising the fast declining243

SNe Ia (Burns et al. 2014). We find sBV = 0.72 con-244

sistent with normal/transitional SNe Ia, appropriate to245

use for cosmology (Burns et al. 2018). It is also spectro-246

scopically similar to transitional SNe Ia like SN 2011iv247

(Foley et al. 2012), which have been used for estimating248

H0 (Freedman et al. 2019), thus, this object is consistent249

with the cosmological sample of SNe Ia.250

Here, we present the formalism for inferring H0. The251

absolute magnitude of SNe Ia, MB , is given by252

m0
B − µhost = MB (1)

where m0
B is the standardized apparent peak magnitude253

of the SN Ia and µhost is the distance modulus to the host254

galaxy based on the TRGB method. The Hubble flow255

SNe Ia measure the intercept of the magnitude-redshift256

relation, aB . Ignoring higher order terms, the intercept257

is given by258

aB = log cz + log
[
1 + (1−q0)z

2 − (1−q0−3q20+j0)z2

6

]
− 0.2m0

B.

(2)

We fix q0, j0 to the standard values of −0.55 and 1259

respectively, since the low-z SN Ia sample alone can-260

not constrain them. We note that while cosmological261

studies with SNe Ia correct the redshifts for the Hub-262

ble flow sample accounting for peculiar motion due to263

local large scale structure, this effect has been shown to264

be a sub-dominant source of error in measuring H0 (Pe-265

terson et al. 2021), which is especially true here since266

only a single calibrator dominates the error budget. m0
B267

is expressed in terms of the light-curve parameters and268

corrections as269

m0
B = mB + αx1 − βc− δµ−bias (3)

where α and β are the slopes of the width-luminosity and270

colour-luminosity relations, respectively, and δµ−bias is271

the bias correction needed to account for selection ef-272

fects and other sources of distance bias. Following the273

formalism of Brout et al. (2022), the canonical term for274

the host galaxy “mass-step” correction is absorbed in275

the bias correction δµ−bias (see also Brout & Scolnic276

2021). Since both the calibrator described by equation 1277

and the Hubble flow SNe Ia described by equation 2 are278

constructed to be volume-limited, such that they both279

have the same mass-step correction, the δµ−bias term280

will cancel out.281

The error for each SN includes fit uncertainty from282

the SALT2 covariance matrix (σfit), the peculiar velocity283

error (σpec) and σint.284

σ2
m = σ2

fit + σ2
pec + σ2

int (4)

For σpec we derive the magnitude error from a veloc-285

ity error of 300 km s−1 (Carrick et al. 2015) We use286

PyMultiNest (Buchner et al. 2014), a python wrapper287

for MultiNest (Feroz et al. 2009) to derive the posterior288

distribution on the parameters. With the current cali-289

brator, we find, H0 = XX±6.4 km s−1 Mpc−1 . We also290

fit for H0 using the entire Hubble flow DR1 sample and291

find H0 = Y Y ± 6.0 km s−1 Mpc−1, a small difference of292

0.65 km s−1 Mpc−1. This uncertainty is not significantly293

smaller when using the entire gold sample for ZTF DR1294

compared to the volume limited one. This is because295

the main source of uncertainty is from having on a sin-296

gle calibrator object.297

We also infer the corrected peak magnitudes with298

SNooPy (Burns et al. 2014). While SNooPy uses a299

light-curve template as opposed to a spectral tem-300

plate for SALT2, it is trained with a larger sample301

of transitional SNe Ia similar to SN 2021rhu, hence,302

we compare H0 values from both methods. We com-303

pute distances to both the Hubble flow SNe Ia and304

SN 2021rhu with the EBV model2. Using the same anal-305

ysis method for the SALT2 fitted distances, we infer306

an H0 value of Y Y ± 6.1 km s−1 Mpc−1, a difference of307

0.65 km s−1 Mpc−1 from the value using SALT2. This308

difference is significantly smaller than the uncertainty309

on H0 from either method. Moreover, since SNooPy has310

a well-sampled training set to build the i-band template311
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Figure 2. (Left): Lightcurve of SN 2021rhu in the g,r,i filters (filled circles) along with the SALT2 model fit to the g,r filters
overplotted (solid) and the SNooPy model fit to the g, r, i filters (dashed). The plot has truncated this the phase at which
the SALT2 model is defined. (Right) A maximum light spectrum of SN 2021rhu (orange), in comparison with the peculiar,
subluminous SN 1991bg (green; Filippenko et al. 1992), transitional SN 1986G (cyan; Cristiani et al. 1992) and SN 2011iv (blue;
Foley et al. 2012), the latter has been used as a calibrator object and the normal SN 2011fe (red; Parrent et al. 2012). The most
common spectral features of intermediate mass and iron group elements of SNe Ia at maximum light are shown as dotted lines.
We find that the near maximum light spectrum of SN 2021rhu is very similar to transitional SNe Ia (see also Harvey et al. in
prep.)

we also infer H0 from the g, r, i filter combination and312

find a value of Y Y ± 6.0 km s−1 Mpc−1, a difference of313

0.684 km s−1 Mpc−1 from the fiducial case.314

4. DISCUSSION AND CONCLUSION315

We present an estimate of H0 from a uniform dis-316

tance ladder using the same survey for the calibrator317

sample as a homogeneous, untargeted Hubble flow sam-318

ple. We use a TRGB distance to a nearby host galaxy319

of an SN Ia with high-cadence data in the ZTF g, r, i fil-320

ters. The current uncertainty is not sufficient to weigh321

in on the Hubble tension. We note that even a factor322

of 2 reduction in the Hubble flow sample by imposing323

the volume limit does not impact the uncertainty on H0324

the error currently is driven by the low number of ZTF325

SNe Ia with robust, independent distances. However,326

this can be increased with HST observations for nearby327

host galaxies. In the DL < 20 Mpc volume, one where328

we can achieve completeness relatively quickly, there are329

5 more SNe Ia with well-sampled light curves, a sample330

expected to increase by ∼ 1− 2 per year for the remain-331

der of ZTF. These SNe are332

1. ZTF19aacgslb (SN 2019np) in NGC 3254333

2. ZTF20abijfqq (SN 2020nlb) in NGC 4382 (M85)334

3. ZTF20abrjmgi (SN 2020qxp) in NGC 5002335

4. ZTF21aaabvit (SN 2021J) in NGC 4414336

5. ZTF21aaqytjr (SN 2021hiz) in UGC 7513337

All the SNe Ia listed above have coverage in the g, r, i338

filters beginning from at least two weeks before max-339

imum light and extending beyond +70 days. We note340

that even this small volume sample, there are early-type341

host galaxies like NGC 4382, for which other methods342

like Cepheid variables are not viable to obtain distances.343

In this volume, the number of calibrator SNe Ia is lim-344

ited by the rate of SNe Ia exploding in the universe. The345

ZTF calibrator sample within the 20 Mpc volume, accu-346

mulated till date, is however, sufficient to measure H0 to347

∼ 3% accuracy using only HST for TRGB observations.348

In our analyses, we only infer the SN Ia light-curve pa-349

rameters using g and r filters since SALT2 is not optimal350

for redder wavebands. In future studies, we will imple-351

ment improved SNe Ia models, e.g. SALT3 (Kenworthy352

et al. 2021), trained with high-cadence ZTF SN Ia data353

in the redder wavebands to measure SN Ia distances.354

Future TRGB observations with the near infrared355

camera (NIRCam) on JWST can extend the calibra-356
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Figure 3. (Left): The current ZTF distance ladder with SN 2021rhu in NGC 7814 (green; the TRGB distance is plotted in
linear scale instead of a distance modulus) and the Volume Limited Hubble flow sample from ZTF DR1 (red). We emphasize
that all SNe Ia in this distance ladder are observed with the same survey. (Right): Histogram of luminosity distances for nearby
(z ≤ 0.02) ZTF SNe Ia with sufficient observations infer distances. Distances are computed from the redshift assuming standard
cosmology from Planck Collaboration et al. (2020) with H0 = 67.4 km s−1 Mpc−1 and q0, j0 of -0.55 and 1 respectively. Hence,
they are only indicative. The distance for the current calibrator and the maximum distance feasible with HST and JWST are
plotted as green, red and black vertical dashed lines respectively. There is a total of 114 SNe Ia with high-quality light curves
in this volume, providing a large sample to build a ZTF-only distance ladder.

tor sample volume out to larger distances of up to 80357

Mpc. In the volume 20 < DL < 80 Mpc, we have high-358

cadence light curves of 106 more SNe Ia already obtained359

(see Figure 3), expected to increase by the end of ZTF.360

Therefore, the complete sample of ZTF SNe Ia in a vol-361

ume where JWST observations are feasible can increase362

the current calibrator sample by a factor of ∼ 2−3. We363

emphasize that current SN Ia cosmology requires cross-364

calibrating several heterogeneous photometric systems365

(Brout et al. 2021). To get to percent level precision,366

it is an important cross-check to have observations of a367

large sample of SNe Ia on a single photometric system,368

that is the same for calibrator and Hubble flow SNe Ia.369

Hence, the increased statistical power and reduced sys-370

tematic uncertainties from a single, untargeted survey,371

make this an ideal approach to resolve the H0 tension.372
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