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Introduction

The Universe is expanding!

Hubble-Lemaître Law : v = H0D
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The supernova 
Cosmolgy Project
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The expansion of the Universe is accelerating!!

The supernova 
Cosmolgy Project

High-z supernova 
Project

Year : 1998

Reiss et. al. 1998

Dark Energy ??
Energy of empty space

ΛCDM model 

Cosmological constant with 
Non-zero value
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Hubble Tension

Late Universe probes 

Early Universe probes 
+     CDM modelΛ
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Hubble Tension

4σ

H0 = 67.4 ± 0.5 H0 = 73.5 ± 1.4
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Hubble Tension

4σ
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Late Universe probes 

Early Universe probes 
+     CDM modelΛ

Systematics 
OR 

New Physics?? 

Alternative 
measurements!!



My work
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SNe Ia + SBF

My work

H0

A new measurement of the 
Hubble constant (     ) using SNe 
Ia calibrated  with surface 
brightness fluctuation distances 
(SBF)
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SNe Ia + SBF SLSNe in UV
Study of high redshift 
superluminous supernovae 
and their use as 
cosmological probes

Kilonovae

Standardising Kilonovae and 
their use as distance 
indicators to measure the H0

My work

H0

A new measurement of the 
Hubble constant (     ) using SNe 
Ia calibrated  with surface 
brightness fluctuation distances 
(SBF)
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Supernova Type Ia calibrated with SBF
A new measurement of       using SNe Ia calibrated with SBF

01
H0
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SNe Ia as standard Candles

White Dwarf
Secondry star
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SNe Ia as standard Candles

Chandrasekhar 
mass limit

1.38 M⊙

M
D

m

Standard Candle

SNe Ia 
Calibration

SNe Ia in 
Hubble Flow

2

3

Primary 
distance to 
nearby SNe 

Ia
1

Cosmic Distance ladder

m − M ∼ log D = μTotal energy ~           erg1049
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Motivation

SNe Ia Calibration

We have: Cepheid Variable Stars — SHOES [Riess et. al. 2016, 2019, 2021]  

We need

ALTERNATIVE
What about other nearby indicators? 
(e.g. TRGB [Freedman et.al. 2019])

COMPLEMENTARY
What about SNe Ia in Early type 
galaxies?
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Motivation

SNe Ia Calibration

We have: Cepheid Variable Stars — SHOES [Riess et. al. 2016, 2019, 2021]  

We need

ALTERNATIVE
What about other nearby indicators? 
(e.g. TRGB [Freedman et.al. 2019])

COMPLEMENTARY
What about SNe Ia in Early type 
galaxies?

Use Surface Brightness Fluctuations (SBF) as SNe Ia Calibrator 

Goals Measure        using SBF calibrated SNe Ia distances H001

02 Compare SBF and Cepheids as SNe Ia calibrators
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How does SBF work?

Surface Brightness is independent 
of distance but variance goes 
inversely with distance.

Rolf Kudritzki SS 2015 
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SBF: Galaxy surface brightness is independent 
of distance, but the variance (measured in 

Fourier space) goes as d-2 

globular star cluster

N ~ 106 stars

d ~ 10 kpc

M32 (Andromeda)

N ~ 109 stars

d ~ 770 kpc

M49 (Virgo)

N ~ 1012 stars

d ~ 16 Mpc

sabato 7 maggio 2011 Blakeslee, Naples WS 

Nearby Galaxy

More  
Fluctuations

Distant Galaxy

Less  
Fluctuations

✦Needs a knowledge of Galactic modelling and stellar 
population, works well on E/S0 types - galaxies with 
homogeneous stellar populations. 

✦less reddening in older populations 

✦Does not need resolved stellar photometry and periodic 
observations  

✦Reaches larger distances         larger samples 

✦Future : JWST and Vera C. Rubin obs. will augment the 
sample in terms of number and distance

Some Important points:

29

Surface Brightness is independent 
of distance but variance goes 
inversely with distance.



Calibrator Sample
✦A sample of SNe whose host galaxies have SBF distance estimates  

✦Removing outliers: Fast decliners (s_BV > 0.5), highly red (color < 0.3), data 
quality and cadence, optical light curves (B and V band)
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Calibrator Sample

SHOES 
Calibrator 

Sample

19 SNe Ia

From Riess et. al. 
2016 

SBF Calibrator 
Sample

24 SNe Ia
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✦A sample of SNe whose host galaxies have SBF distance estimates  

✦Removing outliers: Fast decliners (s_BV > 0.5), highly red (color < 0.3), data 
quality and cadence, optical light curves (B and V band)
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Calibrator Sample

Hubble Flow 
sample

96 SNe Ia

From the PANTHEON 
sample [Scolnic et al. 2018] 

0.02 < z < 0.08

SHOES 
Calibrator 

Sample

19 SNe Ia

From Riess et. al. 
2016 

SBF Calibrator 
Sample

24 SNe Ia

From existing SBF 
catalogs in literature 

✦A sample of SNe whose host galaxies have SBF distance estimates  

✦Removing outliers: Fast decliners (s_BV > 0.5), highly red (color < 0.3), data 
quality and cadence, optical light curves (B and V band)
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Light Curve Fitting

✦Light Curve (LC) fitting with SNooPy [C. Burns et al. 2011]  - Facilitates a python 
environment for fitting SNe Ia light curves 

✦Performs K-corrections and galactic extinction correction 

✦Get LC shape           , B-band maximum           and color    (sBV) (mB) (mB − mV)

Fit each light curve in the 
three samples
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SNe Ia luminosity calibration
 In 1993, M.Phillips 

How fast a SNe Ia fades is correlated to its Intrinsic brightness!
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SNe Ia luminosity calibration

In 1998, Robert Tripp added color

 In 1993, M.Phillips 

M = P0 + P1(sBV − 1)
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SNe Ia luminosity calibration

In 1998, Robert Tripp added color

 In 1993, M.Phillips 

M = P0 + P1(sBV − 1)

M = P0 + P1(sBV − 1) + R(mB − mV)

m = M + μsince

How fast a SNe Ia fades is correlated to its Intrinsic brightness!
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SNe Ia luminosity calibration

mB = P0 + P1(sBV − 1) + R(mB − mV) + μcalib Calibrator sample

μcosmo = f(z, H0) Hubble flow sample
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SNe Ia luminosity calibration

mB = P0 + P1(sBV − 1) + R(mB − mV) + μcalib Calibrator sample

μcosmo = f(z, H0) Hubble flow sample

LC data

Models

Bayesian 
Framework

39
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SNe Ia luminosity calibration

We simultaneously fit for the hyperparameters                             and  H0(P0 , P1 , R)

mB = P0 + P1(sBV − 1) + R(mB − mV) + μcalib Calibrator sample

μcosmo = f(z, H0) Hubble flow sample

LC data

Models

Bayesian 
Framework

40

Rigorous 
error 
estimation



Hubble Constant

SBF calibration

H0 = 70.50 ± 2.37
Km s−1 Mpc−1
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Hubble Constant

SBF calibration

H0 = 70.50 ± 2.37
Km s−1 Mpc−1

SHOES Calibration

H0 = 72.84 ± 1.66 Consistent with Riess et al 2016 
(H0 = 73.24 ± 1.74)Km s−1 Mpc−1
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Distance Moduli comparison

?? SNe Ia in early types are  brighter ?? 
[M.V. Pruzhinskaya et al. 2020], [SyedA. Uddin et al.2020]

Difference may be attributed to different environments and/or progenitor properties of the two 
calibration samples.

SBF calibration provides a longer distance 
scale as compared to Cepheids by ~3.3% ! 

Δμ = 0.07 ± 0.02

∼ 3.3 % in H0

mag
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Host Mass dependnece (linear)

mB = P0 + P1(sBV − 1) + R(mB − mV) + α(log
M*

M⊙
− M0) + μcalib
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Host Mass dependnece (Step)

Mass correction does 
not account for the 
difference. The 
dependence on 
progenitor scenarios 
remains a possible 
astrophysical 
intepretation for the 
observed differences.

mB = P0 + P1(sBV − 1) + R(mB − mV) + αstep + μcalib

αstep ≠ 0 for logM* < 10where , else it is zero
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New data
SN2020ue 
in NGC4636

SN2020nlb 
in M85

SN2021qvv 
in NGC4442

Coming 
soon…

Data in optical and UV bands from UVOT and Young Supernova Survey (YSE) [Jones et. al. 2021]

N Khetan, L Izzo, et. al. 2021 (In prep)
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New data

24 SNe Ia hosts with 
latest SBF distance 
estimates!
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Conclusions

This work !

1. SBF can be used as SNe Ia calibrators! 

2.        value sits midway between the tension range 

3. SNe Ia luminosity correlates with the host type, the ones 
hosted in early types seem to be brighter compared to the 
ones in late types 

4. Unifrom SBF distances with updated zero-point 

5. Explore more properties of host galaxies with future surveys

H0

Khetan et al. 2021

48



Superluminous supernovae as cosmological probes

The restframe Ultraviolet of superluminous supernova:  Potential 
as cosmological probes

02
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Superluminous Supernovae (SLSNe)

High peak luminosity 
~ 2 mags brighter 
than SNe Ia

radiated energy 
~         erg1051
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Superluminous Supernovae (SLSNe)

High peak luminosity 
~ 2 mags brighter 
than SNe Ia

radiated energy 
~         erg1051

Slowly evolving  
light curves

very blue events 
UV-luminous

Tool to probe the high redshift Universe
Appealing tools to probe the high redshift Universe — Future Transient surveys

Yan et. al. 2016

z ∼ 4

z ≳ 10
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UV continuum at high redshifts is observed in optical and NIR bands on earth
Detectable at high redshifts



SLSNe-I for Cosmology

Proposed as Cosmological probes  
beyond the redshifts possible for SNe Ia 

Homogenous behaviour of SLSNe-I

Progenitor Scenario 
Explosion Mechanism
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SLSNe-I for Cosmology

Peak mag - decline rate correlations
Inserra et. al. 2014, 2020 determined correlation 
for SLSNe I light curves in optical bands 

Inserra et. al. 2020
56
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SLSNe-I for Cosmology

Peak mag - decline rate correlations
Inserra et. al. 2014, 2020 determined correlation 
for SLSNe I light curves in optical bands 

Inserra et. al. 2020

High redshift probes are especially important to 
distinguish between various DE models 

57

Proposed as Cosmological probes  
beyond the redshifts possible for SNe Ia 

Homogenous behaviour of SLSNe-I

Progenitor Scenario 
Explosion Mechanism



Goal and Motivation

Find correlation between peak mag and rise phase properties

Probe the rest frame UV of SLSNe-I and investigate their standardisation at UV wavelengths 01

02
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Goal and Motivation

Find correlation between peak mag and rise phase properties

Probe the rest frame UV of SLSNe-I and investigate their standardisation at UV wavelengths 01

02

Δ1m

τΔ1m
rise

rise time

To use SLSNe as a complementary tool to SNe Ia at high redshifts, 
        Necessary to characterise their behavior in the rest-frame UV

Standardisation at UV

Peak mag and Rise phase

1. More consistent behavior at early epoch (later interaction with CSM)
2. Effects from dust creation
3. Analogy with SNe Ia

60



SLSNe-I samples

1. Redshift of SLSN  
2. Data coverage in the rising phase of the light curve 
3. Photometry in the rest-frame UV/NUV filters 

z ≥ 1
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SLSNe-I samples

SLSN-UV  
sample

22 SLSNe - I
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SLSNe-I samples

Angus et al. 2019

SLSN-UV  
sample

22 SLSNe - I

Bumpy SLSNe

63

1. Redshift of SLSN  
2. Data coverage in the rising phase of the light curve 
3. Photometry in the rest-frame UV/NUV filters 

z ≥ 1



SLSNe-I samples

Angus et al. 2019

SLSN-UV  
sample

22 SLSNe - I

Bumpy 
sample
22 SLSNe - I

Bumpy SLSNe

64

1. Redshift of SLSN  
2. Data coverage in the rising phase of the light curve 
3. Photometry in the rest-frame UV/NUV filters 

z ≥ 1



SLSNe-I samples

Angus et al. 2019

SLSN-UV  
sample

22 SLSNe - I

Bumpy 
sample
22 SLSNe - I

Bumpy SLSNe

10 SLSNe - I
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SLSNe-I samples

Angus et al. 2019

SLSN-UV  
sample

22 SLSNe - I

Bumpy 
sample
22 SLSNe - I

Bumpy SLSNe

10 SLSNe - I
15 Gold

13 Gold
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1. Redshift of SLSN  
2. Data coverage in the rising phase of the light curve 
3. Photometry in the rest-frame UV/NUV filters 

z ≥ 1



UV Synthetic filters

Angus et al. 2019
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UV Synthetic filters

Angus et al. 2019
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UV Synthetic filters

Angus et al. 2019
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Synthetic filters

Cross filter K-corrections

Angus et al. 2019

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Redshift

0

1

2

3

4

5

6

7

N
um

b
er

SLSN-UV sample

Bumpy sample

103 104

Wavelength

10�16

10�15

10�14

F
lu

x
de

ns
it
y

TBB=15000 K
Gaia16apd
250 nm band
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Choose the observer frame 
filter closest to respective 
synthetic bands in their rest 
frame 

Absorption lines -  Calculated using spectrum of Gaia16apd - considered as standard 2500      bandÅ
3100      band Å Continuum dominated - Calculated using normalised Blackbody function at 15000K
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Light Curve Fitting

Gaussian Process Regression (GPR) for fitting the light curves 
Non-parametric - GPR removes any assumption on the light curve shape
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Light Curve Fitting
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Gaussian Process Regression (GPR) for fitting the light curves 
Non-parametric - GPR removes any assumption on the light curve shape

Determine the peak absolute magnitude                 and rise time M0(X) τΔ1m
rise

Errors on peak magnitude are estimated intrinsically
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Light Curve Fitting
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Error on Rise time
Data resampling technique with Monte Carlo 
Evaluate peak epoch and epoch for 1 mag below peak for each realisation

Estimate the variance in the distribution of measured parameters 
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Gaussian Process Regression (GPR) for fitting the light curves 
Non-parametric - GPR removes any assumption on the light curve shape

Determine the peak absolute magnitude                 and rise time M0(X) τΔ1m
rise

Errors on peak magnitude are estimated intrinsically



Peak Magnitudes
Frequency distribution of uncorrected (raw) Peak magnitudes
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Peak Magnitudes
Frequency distribution of uncorrected (raw) Peak magnitudes
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Peak magnitude - Rise time relation
Bayesian regression for determining the correlations - Variance of the likelihood is weighted
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Peak magnitude - Rise time relation
SLSN-UV gold sample

HSC16adga

M0(250) = b0 + b1(τΔ1m
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78Suggests Bumpies could be different population 



Peak magnitude - Rise time relation
SLSN-UV gold sample
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M0(250) = b0 + b1(τΔ1m
rise )

b0 = − 22.30 ± 0.33
b1 = 0.10 ± 0.03
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Peak magnitude - Rise time relation
Bumpy sample at 310 nm
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Peak magnitude - Rise time relation
Bumpy sample at 310 nm
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10 20 30 40 50 60 70

⌧�1m
rise (days)

�22.5

�22.0

�21.5

�21.0

�20.5

�20.0

�19.5

M
0(

31
0)

Bumpy

May-be bumpy

Gold sample 0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

re
ds

hi
ft

DES14X1noe
DES17X1amf

PS1-10awh

SN2006oz

SN2011ke

PS1-10bzj
SN2017egm

LSQ12dlfPS1-10pm
DES14X3taz

SNLS07D2bv

SCP06F6

SNLS06D4eu PTF09cnd
iPTF13ajg

SN2015bn

PS1-10ahf

DES15S2nr

DES15C3hav

LSQ14bdq

PTF12dam

DES
15E
2ml
f

PS1-10pm

DES17X1amf

iPTF13ajg

SNLS06D4eu

SN2006oz 

SN2011ke

PTF12dam

PTF09cnd

SCP06F6

SNLS07D2bv

DES14X3taz

SN2017egm

PS1-10awh

Pearson r = -0.56

M0(310) = b0 + b1(τΔ1m
rise )

b0 = − 21.10 ± 0.49
b1 = − 0.04 ± 0.02
σin t = 0.44

DES15E2mlf

RMSE = -0.39
σ = 0.44

Gold Bumpy sample at 310 nm

81
Brighter SLSNe rise slower for the Bumpy sample at 310nm



Peak magnitude - Color relation

Color at peak Color at 15 days before 
peak

Change in color from 15 
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Peak magnitude - Color relation
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Peak magnitude - Color relation
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Peak magnitude - Color relation
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Peak magnitude - Decline rate
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Peak magnitude - Decline rate

SLSN-UV sample 
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Peak magnitude - Decline rate
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Highest redshift
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Conclusions

Inserra et al. 2020

1. SLSNe-I show promise as standardisable distance indicators in UV/NUV 
bands 

2. Peak magnitude - rise time correlations show                      mag 

3. Rise time correlations is improved                      eliminating bumpy SLSNe - 

Suggestion of different population 

4. Weak correlation with colors indices at 250 nm band 

5. NO correlation between peak mag and decline at UV bands 

6. Larger data samples needed to further test the observed results.
Khetan et al. (to be submitted)

σ ∼ 0.29

SLSNe can be detected in their rest frame UV up to z ~ 7 

(σ ∼ 0.2)
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KNe as distance Indicators

Standardizing KNe and their use as standard candles to measure  

03
H0



Kilonova
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Kilonova

Coalescence of Compact Binary Objects (NS, BH)
Produce gravitational waves as well as EM emissions

Sub-relativistic ejecta undergoes r-process
Enriches our Universe with Heavy elements (lanthanides and Actinides) 
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Kilonova

Sub-relativistic ejecta undergoes r-process
Enriches our Universe with Heavy elements (lanthanides and Actinides) 

Radioactive decay of the r-process elements power a isotropic thermal transient emitted in NIR/optical band 
Kilonova
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Kilonova

Sub-relativistic ejecta undergoes r-process
Enriches our Universe with Heavy elements (lanthanides and Actinides) 

Radioactive decay of the r-process elements power a isotropic thermal transient emitted in NIR/optical band 
Kilonova

GW170817
  Merger of two neutron stars accompanied with detection of a Kilonova 
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Coalescence of Compact Binary Objects (NS, BH)
Produce gravitational waves as well as EM emissions



Kilonova as distance indicators

GW170817 provided constrain on   H0
GWs provide the Luminosity distance

EM counterpart provide the redshiftIndependent of cosmic ladder
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Kilonova as distance indicators

GW170817 provided constrain on   H0
GWs provide the Luminosity distance

EM counterpart provide the redshiftIndependent of cosmic ladder

Parallels between SNe Ia and KNe
1. Both transients (believed to be) triggered by merger of compact objects under a narrow mass range
2. Semi-analytic models agree fairly well with the observation
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Kilonova as distance indicators

GW170817 provided constrain on   H0
GWs provide the Luminosity distance

EM counterpart provide the redshiftIndependent of cosmic ladder

Parallels between SNe Ia and KNe
1. Both transients (believed to be) triggered by merger of compact objects under a narrow mass range
2. Semi-analytic models agree fairly well with the observation

Could KNe be standardised to be used as distance indicators like SNe Ia ? 

• Using techniques similar to SNe Ia standardisation to measure distances based on KN light 
curve 
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Kilonova standardisation

Based on Semi-analytic models of Arnett and Chatzopoulos, 
observed light curve properties depend on 

01 Ejecta Mass

02 Ejecta Velocity

03 Opacity (Lanthanide fractions)

Mej
vej

Xlan
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Kilonova standardisation

Based on Semi-analytic models of Arnett and Chatzopoulos, 
observed light curve properties depend on 

Kasen et. al. 2017 provide KNe simulations based on 
parameterized ejecta models 

01 Ejecta Mass

02 Ejecta Velocity

03 Opacity (Lanthanide fractions)

Mej
vej

Xlan
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Kilonova standardisation

Based on Semi-analytic models of Arnett and Chatzopoulos, 
observed light curve properties depend on 

Explore the color-mag and decay rate - mag diagrams

01 Ejecta Mass

02 Ejecta Velocity

03 Opacity (Lanthanide fractions)

Mej
vej

Xlan
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Kasen et. al. 2017 provide KNe simulations based on 
parameterized ejecta models 



Kilonova standardisation
Two types of peak luminosity correlations:
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Kilonova standardisation
Two types of peak luminosity correlations:

01 Observable quantities; decline rate and color            
Measured analysis

M0 = f(Δm7, mi − mK)
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Kilonova standardisation
Two types of peak luminosity correlations:

01 Observable quantities; decline rate and color            
Measured analysis

M0 = f(Δm7, mi − mK)

02 Inferred quantities; ejecta Mass, ejecta velocity, lanthanide 
fraction -  Inferred analysis

M0 = f(Mej, vej, Xlan)
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Kilonova standardisation
Two types of peak luminosity correlations:

01 Observable quantities; decline rate and color            
Measured analysis

M0 = f(Δm7, mi − mK)

02 Inferred quantities; ejecta Mass, ejecta velocity, lanthanide 
fraction -  Inferred analysis

M0 = f(Mej, vej, Xlan)
Performance of the fits compared to the 
models of Kasen et. al. 2017 
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Results
Fit results are applied on the measured posteriors of          ,         and            for GW170817Mej vej Xlan
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Results
Fit results are applied on the measured posteriors of          ,         and            for GW170817Mej vej Xlan

D = 31+17
−11 Mpc D = 37+8

−7 Mpc
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Results
Fit results are applied on the measured posteriors of          ,         and            for GW170817Mej vej Xlan

D = 31+17
−11 Mpc D = 37+8

−7 Mpc H0 = 109+49
−35

Km s−1 Mpc−1

H0 = 85+22
−17

Km s−1 Mpc−1
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Conclusions

Coughlin et. al. 2020a, 2020b; including N. Khetan

1. New technique to use KNe as distance Indicators 

2. My contribution : Modelling the peak luminosities with observed and 
inferred quantities 

3. Error bars are large — Only 1 data point 

4. ~20 and 170 events are required for 6% and 2% measurement 
respectively 

5. Important prospects for Future multi-messenger surveys
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Summary
Advancing the standardisation techniques for 3 different transients for their use as cosmological 
probes.
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Summary
Advancing the standardisation techniques for 3 different transients for their use as cosmological 
probes.

SNe Ia + SBF

• SBF offers a very promising 
way to calibrate SNe Ia 
luminosity  

• Provides a larger calibrating 
sample 

• A complementary approach - 
explores host dependence 

• Prospects with future surveys

SLSNe in UV

• Standardisable distance 
indicators in UV bands 

• Peak mag - rise time 
correlations looks promising 

• No correlation between peak 
mag and decline rate in UV 

• More data needed to confirm 
the finidings

Kilonovae

• Technique to standardise 
KNe based on light curve 
properties 

• Independent of information 
from GW - Can be used on 
KNe samples 

• Model dependent, More data 
needed.
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Back-up



Mass dist.



LMC distance

Old Value = 18.50 +- 0.10 
With latest Value of LMC = 18.477 +- 0.004

H0 value with SBF calibration increases by 1% 
71.16 +- 2.38

H0 value with SHOES calibration increases by 0.8% 
73.38 +- 1.66
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“Remember to look up at the stars, and not down at your feet”

-Stephen Hawking


