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tackling this problem and showing how Stan can be a powerful tool to deal with such
complex model.

At maximum brightness the observed magnitude of an SN Ia can be connected to its
distance modulus pc through the expression

tltobs:t,L+M-qxtlfrc, (to.2r)

where mo6* is the observed magnitude, M isthe magnitude, and x1 and c arethe stretch and
color corrections derived from the SAUI2 standardization (Guy et a1.,2001), respectively.
To take into account the effect of the host stellar mass M* onM and B,we use the correction
proposedby Conley et al. (20ll):
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ffiffiffiffi

(10.22)

Considering a flat Universe, O6 : 0, containing dark energy and dark matter, the
cosmological connection can be expressed as

I u if M* < roloMgM:l
lu + tu otherwise

/.:5rogro (h)
c fz dz.+dHoJ, ua'

(10.23)

drk):0 (10.24)

E(z) : 9m0+d3+0 .13(1+w), (10.25)

where d7 is the luminosity distance, c the speed of light, 116 the Hubble constant, 9* the
dark-energy density, and w the dark-energy equation of state parameter.

In what follows we will begin with a simplified version of this problem and, subse-
quently, guide the reader through implementations of further complexity.

10.11.1 Data

We used data provided by Betoule et al. (2014), known as the joint light-curve analysis
(JLA) sample.27 This is a compilation of data from different surveys which contains 740
high quality spectroscopically confirmed SNe Ia up to redshift z - 1.0.

10.11.2 The Statistical Model Formulation

Our statistical model will thus have one response variable (the observer magnitude, zo6.)
and four explanatory variables (the redshift z, the stretch 11, the color c, and the host galaxy
mass M1ror1).

27 The complete data set is available at http://supemovae.in2p3.frlsdss-snlsz-f1a/ReadMe.html
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Our goal with this example is to provide a clean environment where the ODE solver role
is highlighted. A more complex model is presented subsequently.

Code 10.26 Bayesian normal model for cosmological parameter inference from type Ia
supernova data in R using Stan.
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ffi

1 ibrary ( rs tan )

# Preparation
# Set initial conditions
z0=0
E0=0

# physical constants
c = 3e5
H0 = 70

# initial redshift
# integral (1-/E) at- z0

# speed of light
# Hubble constant

# Data
# Read

# Remove
data2 <-

data
read. csv ( " -/data/Section*10p11/j 1a_lcparams. txL " , header-T)

repeated redshift
data[ !duplicated(data$zcmb) , ]

# Prepare data for Stan
nobs <- nrow(data2)
index <- order (data2$zcmb)
ObsMag <- data2$mbIindex]
redshift <- daLa2izcmbIindex]
color <- data2$coforIindex]
x1 <- data2$x1[index]
hmass <- data2$m3rdvar Iindex]

stan_data <- list(nobs = nobs,
E0 = array(E0,dim=l),
z0 = zA,
c = c,

# number of SNe
# sort according to redshift
# apparent magrnitude
# redshift
# color
# stretch
# host mass

H0 = H0,
obs-mag - ObsMag'
redshift = redshift,
x1 = x1,
color = co1or,
hmass = hmass)

# Fir
stan model="
functions {

* ODE for the inverse Hubble parameter.
* System State E is 1 dimensional.
x The system has 2 parameLers theta - (om, w)

* where

* om: dark matter energy density
dark energy equation of state parameter
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pars[1] = om'
Pars[2] = w'
ou = (c/HO);

Integral of L/E(z)
= integrate-ode-rk45(Ez, E0, 20, redshift, pars, x-r, x 1);

r (i in 1:nobs) {
dftil = ou * (1 + redshiftIi]) * oCli, 1l;
if (tmiass Ii] < 10) mag[i] - 25 + 5 * 1o910 (dl lil )

+ Mint alpha * xl[i] + beta
* colorIi];

magIi] 25+5*los10(d1[i])
+ Mint + deftaM - alcha * x1[il + beta * coforli];

)
]

# Priors and likefihood
siginL - ganma(0.001, 0.001);
Mint - normal (-20, 5. ) ;
beta " normal (0, 10) ;
alpha " normal(0, 1);
deftaM " normal(0, 1);

obs_mag " normal(mag, sigint)
]

# Run MCMC
fit <- stan(modef-code = sLan-mode1

data = stan-data,
"-t-,s eeu

chains = 3,
iLer = 15000,
cores = 3,
warmup - 7500

)

# Output

# Sunrmary on screen
print (fit,pars=c ( "om", "Mint", "alpha", "beta", "deItaM", "sigint" )

intervals=c(0.025, 0.915J, digits=3)
mean se_mean so 2.c% 25% 50ts '15% 97.5 n eff Rhat

om a.272 0.001 0.091 0.036 0 .L'12 0 .243 0 .300 0.380 "l 423 1

Mint -19.059 0.000 0.017 19.094 -19.071 19.059 -19.048 19.A21 8483 1

w 0.845 0.0A2 0.180 -L.23'7 0.960 -0.829 0.108 -0.5s6 1451 1

alpha 0.119 0.000 0.006 0.106 0.114 0.119 A .123 0.131 L6443 1

beta 2.432 0.001 0.071 2.292 2.384 2.432 2.48A 2.512 76062 L

deltaM -0.031 0.000 0.013 0.055 -0.039 0.031 -A.A22 0 006 11938 1

sigint 0.159 0.000 0.004 0.1s1 0 .156 0 .159 A .L62 0.168 L6456 1

The results are consistent with those reported by Ma et ol. (2016, Section 4), who applied
Bayesian graphs to the same data. A visual representation ofposteriors over Szitr and u: is
shown in Figure 10.23,left-hand panel.
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