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ABSTRACT

The accelerating expatision of tlie universe is one of the most profound discoveries in modern cos-
wielogy, pointing too a8 universe in which 709 of the massenergy density hos on onlowwn form spresad
wntformly peross the universe, This result lins been well established nsing a8 combination of cosmo-
logieal probes {e.g, Planck Collsboration et all 2006), resulting {n o “standard model™ of modern
costnobogy that is o combinntion of o cesmologica] constant with cold dark matter and barvons. The
first compelling evidence for the accelevation came i the late 10900, when two independent teams
studying type T supernovae discovered that distant $¥e In were dinumer than expected. The combined
snalysls of modern cosmelogy experiments, including SNe Lo, the Hubble constant, bacyon aconstic
cacillations, aud the cosmic wicrowave backsronnd has now weasured the contributions of matter aod
the cosmological constant to the cnergy density of the universe to better tlean 001, providing s seeure
measurement of acceleration. A recent study (Trost Nielsen et al. 2013) has claimed that the evidence
for aceeleration from SNe Tods “marginal.” Here we demonstrate errors o that analysis which redues
tle aceeleration significance from SNe Ta, and further demonstrote that conservative constraints on
the curvature or matter density of the universe inerease the sipnificance even more. Analveing the
Joint Light-curve Analvsts supernova sample, we fnd 420 evidenee for aceeleration with SNe la alone,
and L1275 inoa Hat universe, Whh our improved supermovi analysis and by not rejecting all other
cosnobogicnl constraints, we find that neceleration s quite secure,

Subjeet headings: cosmology: observations, cosmology: cosmological parameters, rosmolomy: dark

CHETEY

INTRODUCT N

The discovery of the acoelerating universe by two teams
(Riess ot ol 1998 Perlmuiter ot al. 19959 i the lpte
19900s was one of the major breakthroughs in cosmology:
Using type-la supernovas (SNe Ia) as standard candles,
hoth teams independently determined that high-redshift
SNe were faloter than expected in o matter-dominated
universe, implving the need for o cosmologien] const oot
(or more geerolly, dark enerey | topccelerate the expan-
sion of the universe, increasing cosmological distance as
i Fametion of redshift,

SNe Ia ore not perfect standsrd condles, however.
Work leading up to the discovery (Phillips 1993, Kiess
etoal, L996; Hanmy et al. 1995; Perlmutter et al; 1997)
demonstrated the ueed for empirieal standacdization re-
lations. Peal absolute magnitudes correlate with the
width of the light curve (broader-light-enre SNe are
more luminons) and the color of the supernova (redder
SNe are loss luminous ). In the years sinee, other enpliri-
cal standardization relations ove been noted, nelnding
one related to host-galacoy stellar mass [Kelly ot ol 2080
Sullivan et al, 2000) (perhaps driven significantly by the
loeal star formption rate, Rigault et ol 2003),

The Sloan Digital Sky Survey (5155 and SuperNova
Legacy Survey [SNLS)} SN teams have completed the
Joint Light-enrve Analysis (JLA) (Betoule et ol 2004},
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This analysis' ineorporates a thoroagh recalibration of
both surveys (Betoule et al. 2013}, and the hll set of
spectroscopically confirmed SDSS SNe la (Sako et al
DAY W represents the most ap-to-date large SNe Ia
vompilation,” A recent elaim (Trost Nielsen et al, 2015,
herealter N16) was wnde that this dataset provides only
“uarginal evidence” for acceloration. We examine the
statistical model NIG used to make this claim. and find
it deficient for the task. o particnlar, o simple (aod
wirll-pastified ) update of the model to better aceount for
changes i the observed SN lght-curve parameter distri-
Iations with redshift significantly increases the statistical
strength of the acecleration wvidence,
THE STATISTICAL MODEL

In the case of JLA. the standardizadion relations em-
ployed are light-curve width (ry io the fremework of
SALT2. Guy et al. 2007). color (¢}, end hostgalnoe stel-
lar mass. The dependent variable is taken to be the rest-
Frivpe B-band mpgnitude (g} The ght-curw param-
eters are determined by comparing o rest-Irame spectral
energy distribution model to the observer-frame photom-
etry; similarly, the bost stellar mass is estimated from
broad-land photometry, The cosmological results rely
ou the ability of the statistical fronework to Bt tle stan-
dardization refations (in JLA, these are taken to be lin-
gar o vy and ¢, md a step function o host mass}, yet
the uncertainties (a general term that we take to inchades
nnesplained dispersion around the model) in the depen-
dent variable (g ) and independent variables (v, o host
mass) are of similar sige. The JLA analysis itself used a

b Currently, JEA ropresonts - 605 of the world eample of SN
. 50 we expect. constraings Lo continge Lo vspidly uprove.
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frequentist line-Atting procedure with only mwdest hinses
in its Teime of applicability [Mosher ot al. 2014),

In contrast, the statistical model from N1G uses a
Biyesinn Hierarchical Model {e.f, Gull 1050, Tn the X 16
wiodel, the latent | “true”) parameters for cach SN are
modeled with nuisance parameters, whicl are marginel-
iged over to ohtain inference on the global parameters,
The distribution of the latent paraneters must he ade-
quately deseribed by the prior. For example, st prioes
on the latent variables conse o bias in the o (Gull 1988),
Maoking the parameters of the prior ( “hyperparameters” |
part of the model avolds this bias ({his moalti-level patore
gives rise to the name “Hierarelieal” ).

The key shorteoming of the N6 model is that i as-
stumes redshift-independent distributions for @p and o
As shown in Figore 1, the observed distributions {plot-
ted points) are far from redshift-independent.  Two of
feets visible in the data—selection effects and the cor-
relation hetween older host galoxies and nparrower-light-
curve {lower ) SNe [Hanuy eb al, 1995)—result i a
more lnminens distribution of SNe as an incressing fone-
tion of redshift. The selection effects are particularly evi-
dent in color, where ouly bluer SNe (more negative ¢) are
ahove the completeness lmit for the high-redshift end of
eacl ground-hased sample, By ineorrectly treating these
distributions as redshift-independent, NG biased their
latent @y nnd ¢ towards the global mean, effectively re-
moving some of the standardization [Couley et ol 2007,
Wi |1|Ll-1'r1rl_‘if='l‘i.' ot al, 2007 Kill'[:i'hk,:: '_]'“]-Frjl.:_' The JLA
sumple was eorrected for selection bias in Betoule ot ol
(2014}, but only in the sense that SNe which are selected
to be more lnminots after standardizatun are adjusted
to be less laminonus, The hisg correction cannot cot-
peasate for o deficient standardization. as provided by a
comstaut-in-redshift model of the distributions.

REDSHIFT-INDEPENDENT IMSTRIBUTICINS

As o dtarting point, we performn s analveis similar
to that in N16, using Hamiltonian Monte Carlo to sam-
ple from the posterior {we deseribe the details in Ap-
penediz A We pssume a cosmelogical model with eold
watter and o cosmological constant {ACDM}, We make
four messurements: o ACDA nniverse allowed to have
spatial curvature (Le, £, + 0 = 1], and o flat ACDN
wpverse (the assamption of Hatness is dispuszsed more o
the dhscussion section}, each with both sets of model s
sumptions. We compute the deceleration parameter gy,
gy = — == i,=,"~ equal to £, /2 — 0, for w ACDM cos
mwiclogy |, We cviduate the statistical siputficanes of aceel-
eration (g, < 0) by comparing the Sl pereentile of the
posterior with the difference of the Hith pereentile and
thie 84th pereentile {taken as an estimate of Lo o the 4
direction), aud then rowmding to (. La, The statistical sig-
wificanee of the seceleration is 3. Lo with o constraint on
curvature, and 8.7 assuming o fat noiverse (see Figures
2, 4, lefr panels), The diference between this estimate
and one dedved from explicttly wneasuring the froction of
sunples with gy = 0 35 modest (G6 posterior samples ot
of GO000 have gy = 0).

TON1G elami their model i3 not Bayesian, and use frequontist
inforsnes for some sfoluel peranieters, ot the guerginalization o
thair Equation % o Bavesinn approach. The pricre-assumed this
affect the iuforones

REDSHIFT-DEPENDENT DISTRIBUTIONS

Next, we introduee a siniple medel of the observed dis-
tributions as o function of redshift. We pllow cacli sonree
of SN discovery (Nearbw, Sloan Digital Slky Survey, Sn-
perNowva Legacy Survey, Hubble Spece Telescope | to have
a Huear variation in the mean with redshift (for the Huf-
ble Space Telescope SNe. we use only o constant mean
in ruddshift, as this sample is too small to constrain any
variation ). This model is shown in Figure |; the varia-
ton with redshift is bighly stablstically significant, We
also try nomore Hexible model in redshift (Bobin et al.
2005), and it makes only o small difference (the only
requiretnent on the model is to be at least as flexible
in redshift as the cosmological model under considera-
tow, Rabin of al. 2005}, The statistical significanes of
tle acealeration inereases to 4,27, and 1] 27 assmming a
Hat universe (see Figures 2; 3, right panels), Again, the
difference between this estimate and one derived from
excplicitly messuring the fraction of saoples with gy = 0
is modest (only oue posterior sample out o GO,000 Las
i = ().

OTHER COSMOLOGICAL MODELS

For o result that relies ondy on kinematics, we also
commpute gy constraints using the Visser (2(H14) series
expansion of lminosity distanes g5 o function of red-
shift. We take the Hrst tloee terms (fncluding g and
jo = | _ )

—Eli
the third row of Figure 3, Even with Hat priors onog,
and gy (allowing the kinemistics to venture into regions’
of parampeter spoce that moy be hard to realize dymami-
cally ), we find 3.7¢ evidenee for acceleration (287 with
the NG model), SN data alone can be used to derdvwe con-
straints an the joint posterior of 1), and the dork energy
aquation of state parameter (w = Pne/pog ). asswmning
a fHat universe (Gamavich et al, 1988; Perhoutter et al.
L0849 ); we comprte constraints for this wwoedel as well. For
simplicity, we toke a Hat prior on botl £, and w, and
fined strong: evidence for gy < 0. as shown in the bottom
row of Figure 3. The constraints on g are non-Cianssion.
bt in both the X 06 model and ours, no samples (out of
GOLOMD ) have gy = (0.

We next project the constraints from each of our four
models to the go-[ — 2] plane, shown in Figure | (both
g and £ contribute lneacly at the same order o -
nosity distanese, so owe cannot distinpuish them in this’
plane), The constraints for 2D models (models other
than Aot ACDM) are similar. However, the high q/low
[40— 48] regiom is disfavored by the dynamical models, as
Q- cannot reach jy < —1/8, and even an empty uai-
verse | “Milne Model” Milne 1935) ondy has jp—8, = —1.

DISCUSSION

The gy constraints are illustrated on

. : PR I RE i
Our results (Hat-universe 11, = 02987107 ) are simi-

lar to the frequentist JLA analysis {Hat-universe 1, =
0295 £ 0.084).  This s msurprising; frequentist and
Buyesion anelyses will converge to exactly the same re-
sults under n set of assmpiions oot far from those
made here (Rubin et al. 2015},  We also note that
more advineed analyses can better toale loto aceount
statistical propertics of the data (modeling seleetion ef-
fects. non-linear standardization relations, n redshift-
dependent host-mass relation, outliers, and a model of
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EX S

unexplained dispersion eorporating ey and ) (Huabig
et ol 20015). N6 did not inchude the Lhost-mass stan-
dardization; excluding tlhis only has o small impact oo
onr results"  Howewver, we foens our attention on the
NG model of the #y and ¢ disteibations, as it §s this
mcde] thiag drives 1he difference from the JLA analyvsis.

While eonstraints: derived from SNo Ia alone recuire a
~ 0 Hatness constraint to push the supermova mea-
surcment of aceeleration above g, current experiments
lsave: constrained curvature to mnch better precision than
1% (Planck Collaboration ot al. 200161, Even constraints
on {1, {em, solavy clusters, Allen et ool 200]), which
impaly i&,,, = IJ.’j. cut off the tail of the SN-only pos
terior extending down to e Milue universe and gy > 0,

T For ACDM with curvature, the significenee of the secelération
clianges Iroun 4 30 with to 43 without the host-miss pelation

The top pancls show the G857 credible constraints on oo constant-in-redshitt model, as wos
Tho bottom ganelsshow our propesed revision. Failing-to model the drift in the mean observed distributions demonstrated
Iy thae Bottem punels will tewd 1o cnose high-redsbift S8e to appeer brighter on averege, therofore reducing the siguificancs

i pecelerating

allowing the acceleration to again reach fe confidenee.”
With the eombination of current experiments {SNe Ta,
baryvon acoustic oscillations, cosmic microwave hack-
gromil, and the Hubble constant), £14 is constrained to
bee (hBO11 £ (0062 (Planck Collaboration et al. 2016),
Iu ovder to cloim thot the evidenes [or aceeleration js°
“marginal,” it i neeessary to folly reject all measare-
wents of the ewrvature of the universe, the basic con-
straints on the matter density of the miverse, and other
cosmolopical datasets

Even withont external constraings, this work demon-

T M6 gomeralize the Milne model to mean apy universe with
g =0 at all times, rather than specifically an cmpby wniverse. (o
the gy-5Hy — 1] plane (Figure 0, it i clear why the distinetion
= impartadt: models that are corvatuve-dombnated allow low g, —
O, amel thus high g even wealk flatnoss constraints disfavor that
prrtion wl parameter space,
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lnderneath, wo plot all samples. The lelt

pangl shows the constrnints obtained with 1 and e distribotions that ave constant in redshift, ws in the N1G analysis; the right paost
shows the constraints from owd madel, The el sejiare amel bl cirele sliow tlee loeation of the median of the aatepsles froom Ehe pespective

st eriors,

strates that a more acenrate model for the supernova
annlv=is oraatly increasos the significanes of aceeleration.
We conclude that the analysis in N16G is both ineorrect m
its method and noreasonable noits assmiuptions, leading
flue parthors to guestion o resndt that is gquite sceunre when
acdilressed properly.
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APPENDIN
A SAMPLING FROM THE POSTERIOR

i

We sample from the posterior wsing Stan (Carpenter et ol 2006) through PyStan (https: //pystan. rendthedocs
io). Following Trost Nielsen ot al, (2015), we assume o priors oo all parameters, bt reqguire £ = 0. Our chinins are
2500 samples each (after warmup ), and show excellent convergenee (the diagnostic of Gebuan & Robin 1992 is smaller
than LO1), We run twenty four chains for the results with carvature, and edght chains for the Hstouniverse vesults.

Asin Rubin of ol (2015), in order to speed up sampling. we decompose the lght-curve fit covariance matrix nto its
enmervectors and sample over the projections onto these (this results in o covarianee matrix that has no correlations
hetween SNe), In addition to a fully Bayvesian apalysis, the ouly other chanee we make from W16 is to include the
host-mass standardization, as was done fn JLA. We make oar code avadlable {Babin 2016).



