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ABSTRACT

Hydrogen-rich Type II-Plateau supernovae (SNe) exhibit correlations between the plateau luminosity L, the
nickel mass My;, the explosion energy E.p, and the ejecta mass M. Using our global, self-consistent, multi-band
model of nearby well-observed SNe, we find that the covariances of these quantities are strong and that the
confidence ellipsoids are oriented in the direction of the correlations, which reduces their significance. By proper
treatment of the covariance matrix of the model, we discover a significant intrinsic width to the correlations
between Ly, Eexp, and My;, where the uncertainties due to the distance and the extinction dominate. For fixed Eeyp,
the spread in My; is about 0.25 dex, which we attribute to the differences in the progenitor internal structure. We
argue that the effects of incomplete y-ray trapping are not important in our sample. Similarly, the physics of the
Type II-Plateau SN light curves leads to inherently degenerate estimates of E., and M., which makes their
observed correlation weak. Ignoring the covariances of SN parameters or the intrinsic width of the correlations
causes significant biases in the slopes of the fitted relations. Our results imply that Type II-Plateau SN explosions
are not described by a single physical parameter or a simple one-dimensional trajectory through the parameter
space, but instead reflect the diversity of the core and surface properties of their progenitors. We discuss the
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implications for the physics of the explosion mechanism and possible future observational constraints.
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1. INTRODUCTION

The observed light curves and expansion velocities of
hydrogen-rich Type II-Plateau supernovae (SNe) can be used
to infer the properties of the explosions and progenitor stars.
Specifically, the duration and luminosity of the optically thick
“plateau” phase of nearly constant bolometric luminosity is
primarily set by the explosion energy E.,, and ejecta mass M,;
(e.g., Arnett 1980; Kasen & Woosley 2009). The subsequent
nearly exponential fading is powered by the thermalization of
radioactive fission products of 3°Niand the luminosity is thus
proportional to the nickel mass My; (e.g., Hamuy 2003).
Patterns in the distributions and the correlations between these
quantities can guide the stellar evolution and explosion models,
where many open questions persist (e.g., Prieto et al. 2008a,
2008b, 2008c, 2012, 2013; Pejcha & Thompson 2012, 2015;
Pejcha et al. 2012a, 2012b; Ugliano et al. 2012; Burrows 2013;
Holoien et al. 2014; Ertl et al. 2015). For example, it has been
proposed that the SN explosion energy is proportional to the
ejecta mass and therefore also the progenitor mass (e.g.,
Hamuy 2003; Utrobin & Chugai 2009; Poznanski 2013).
However, low-energy explosions might be an exception
signaling significant fallback in massive progenitors (e.g.,
Zampieri et al. 2003; Pastorello et al. 2004; Nomoto
et al. 2006). At the same time, direct progenitor detections
show significant scatter but little correlation between the
progenitor mass and My; (Smartt 2009).

Naturally, not all SN parameters can be inferred indepen-
dently. For example, quantities based on bolometric luminosity
such as My; or the plateau luminosity Ly are plagued by
systematic uncertainties in the distance or extinction. Similarly,
a simultaneous change in several parameters can result in
nearly identical light curves (Arnett 1980; Woosley 1988;
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Popov 1993; Kasen & Woosley 2009; Dessart et al. 2010;
Nagy et al. 2014).

Here, we evaluate whether or not the systematic uncertainties
and parameter covariances influence the significance of the
correlations between parameter estimates for Type II-Plateau
SNe. We focus on Ly, My;i, Ecxp, and M. To this end, we
employ the self-consistent global model of nearby well-
observed Type II-Plateau SNe that we developed in Pejcha &
Prieto (2015, hereafter PP15; see also Pejcha & Kochanek
2012), which simultaneously fits multi-band light curves and
expansion velocities and provides consistent distances, red-
denings, bolometric luminosities and, most importantly for the
present purposes, their covariances. In Section 2, we describe
how we estimate the SN parameters, the database of SN
observations and the estimates of uncertainties. In Section 3,
we investigate the systematic uncertainty due to distance and
discover a significant intrinsic width of the E..,—My; correla-
tion. In Section 4, we address the significance of the M. —Ecx,
correlation. In Section 5, we discuss the astrophysical
implications of our findings.

2. SUPERNOVA PARAMETERS DERIVED
FROM OBSERVATIONS

We calculate the bolometric luminosity of the optically thick
plateau phase L as

Ly = Lyol (t() + Atpl), (D

where Ly, is the bolometric light curve obtained by integrating
the spectral energy distribution from about 0.19-2.2 um and
extrapolating the Rayleigh—Jeans tail (PP15), and ¢, is the zero
point of our model fits, which coincides with the explosion
epoch for the purposes of this paper. The luminosity is
evaluated at a fixed interval At after the explosion epoch f.
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Following Hamuy (2003), our fiducial choice is Afy = 50
days, but we will investigate the sensitivity of some of our
results to At,. We estimate the nickel mass My; from the
exponential decay tail of the light curve after Hamuy (2003) as

My; = 7.866 x 10744Lb01(l0 + AlNi)
Aty; — 6.1 days ]M@’

T

X exp [ 2)
where 7 = 111.26 days. Our fiducial choice for the time elapsed
after explosion, where we estimate My;, is Afn; = 200 days.
The units on Ly, are ergs sh.

We estimate the explosion energy E., and ejected mass M,;
using linear relations of the form

Eexp b 3)
— | =« exp’
100 ergs Texp
M,
log vl B b+ ngs (4)

where b = (My, log tp, log v), and M, is the absolute
magnitude in the V band, fp is the duration of the optically
thick plateau phase measured at the midpoint of the drop to the
exponential decay phase,’ and v is the expansion velocity of the
photosphere in the units of 1000km s~ commonly measured
on the Fe 1 5169 A line. My and v are evaluated at the midpoint
of the plateau, corresponding to time ¢y, 4 #p/2. The coefficient
vectors & and (3 are typically obtained either from analytic
models of SN light curves (e.g., Arnett 1980; Popov 1993;
Kasen & Woosley 2009) or from the fits to the simulated light
curves and expansion velocities (e.g., Litvinova & Nadez-
hin 1983, 1985; Kasen & Woosley 2009). Here, we use
coefficients from the analytic model of Popov (1993),
a=(04,40,50), 8=(04,40,3.0), 7, = —3.311, and
Nej = —2.089, and the simulations of Litvinova & Nadezhin

(1985), « =(0.135,2.34,3.13), (B =(0.234,291, 1.96),
Nexp = —3.205, and 7 = —1.829. Litvinova & Nadezhin

(1985) claim that Equations (3) and (4) can reproduce their
numerical results to about 30% and their results have been
commonly used in the literature (e.g., Elmhamdi et al. 2003;
Hamuy 2003; Hendry et al. 2006; Bose et al. 2013). We
emphasize that the point of this exercise is not to compete with
detailed modeling employing sophisticated codes, but to
illustrate the limitations posed by the physics of the SN light
curves to the estimates of E.y, and M.;—the analytic results for
a and 3 of Popov (1993) already imply that the estimates of
E.p, and M, are highly correlated. We will show in Section 4
that similar degeneracy is present also in the more sophisticated
models.

To estimate the above parameters, we use the model and
database of observations from PP15. The light curves are
described by a set of phenomenological parameters @ obtained
by least-squares fitting of the data, which also provides the full
covariance matrix C* of our model. This allows us to properly
propagate uncertainties in @ to Ly, Myi, Ecxp, and M;. In this

5 The plateau duration #p should not be confused with the time, when the
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work, we employ a model fit with observational uncertainties
rescaled so that the final reduced 2 is unity, which increases
the values in C* relative to the unadjusted fit.° We use a subset
of the observational sample of PP15 that does not include
SN20070d, SN2006bp, and SN2002hh due to reasons men-
tioned in PP15. In addition, we include a recent Type II-P
SN2013am (Zhang et al. 2014), which we fit using the publicly
available version of our fitting tool.” For SN2013am, we find
an explosion epoch 7y = 2456373.0 + 2.4, total reddening E (B
-V) = 0.81 £ 0.02, and a distance modulus 29.2 £ 0.3 mag.
For every choice of Aty and Afy; we select a subset of SNe
with data before and after these dates to prevent extrapolation
of the model. Our fiducial choice of At and Aty; thus leaves
us with 19 SNe, which satisfy these constraints.

We calculate the covariance matrix C/  of
S =log(Lp, Myi, Eexp, Mej) using the standard procedure for
uncertainty propagation

o-EiE o
Oa Oa

The confidence ellipsoid for f is a quadratic equation in the
offsets §f

A = o (¢f) o (6)

where Ay? depends on the desired confidence level and the
number of variables. In the subsequent discussion, we will
exclusively focus on pairs drawn from f, (f;, f;), their 2 x 2

covariance submatrix C’%+i, and the 68.3% confidence level,
where Ayx? = 2.30 (Press et al. 1992, p. 697). For two
parameters at a time, Equation (6) can be solved to obtain the
positions on the confidence ellipsoid by transforming the pair
of variables of = (§f;, §f;) to polar coordinates, varying the
polar angle, and solving for the radial distance at each polar
angle. Note that the off-diagonal elements of C/ can be non-
zero even if C® is diagonal. In our covariance matrix, we
properly take into account the uncertainties in #y and their
associated covariances with the distance and plateau duration.

We model the dependencies between individual components
of f = log(Lp1, Mni, Ecxp, Mcj) with a straight line allowing for
an intrinsic width >. We use the likelihood function of Hogg
et al. (2010), which assumes that the observations are offset
from a linear relation by a Gaussian described by the
covariance matrix C/+i convolved with a Gaussian intrinsic
scatter with standard deviation X, which is perpendicular to the
linear relationship. We obtain the confidence intervals with the
MCMC sampler emcee (Foreman-Mackey et al. 2013). We
will quote median of the distribution for our best-fit parameters,
and 16 and 84 percentiles as their confidence intervals.

We quantify the significance of the correlations in the data
using two approaches. First, we calculate the Bayes factor B of
the linear fit relative to a model, which assumes no correlation

5 we repeated the analysis with unadjusted covariance matrix and found that
line slopes, intercepts and their uncertainties remain unchanged. The intrinsic
widths are about 20% higher when using the unadjusted full covariance matrix.
The Bayes factors B change by only about 20%, but R increases in all cases by
a factor of ~2.5. Finally, the unadjusted covariance matrix will yield smaller
confidence ellipsoids in the figures.

7 http://www.astro.princeton.edu/~pejcha/iip/
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Figure 1. Correlation between the plateau luminosity L, (Equation (1)) and the nickel mass My; (Equation (2)). The best-fit relation is shown with solid line and the
intrinsic width ¥ is indicated with dashed lines. Left: the relation as usually presented, treating the parameter uncertainties as if they are uncorrelated. We show one-
dimensional uncertainty projections and the correlation does not exhibit internal spread. Right: the full confidence ellipsoids for each supernova imply a significant
internal spread in the correlation. The arrow shows the direction of the covariance created by the distance uncertainty.

between the two variables. Specifically, we evaluate
1 /2
- f P(0)do
wJ—7/2

max[P(f = 0), P() = 7/2)]

B= @)

where 0 is the angle between the line and the x axis and P () is
the likelihood marginalized over the line intercept and intrinsic
width together with their priors; we assume flat prior in 6.
Taking the maximum of P(# = 0) and P(f = x/2) in the
denominator of Equation (7) ensures that B ~ 1 for
uncorrelated data when the scatter in the x and y directions
differs. Equation (7) is also insensitive to rescaling the
uncertainties of the data, because these enter in the same way
both in the numerator and the denominator. According to
Jeffreys (1983), B > 102 implies that the support for the
fitted line is “substantial,” and “decisive” if B > 102.

The employed likelihood model is only concerned with
displacements of the observations perpendicular to the fitted
line and provides no information on the distribution along the
line (Hogg et al. 2010). To give a quantitative measure of the
dynamic range of the data along the best-fit line, we project the
data and their confidence ellipsoids on the best-fit line and
calculate the weighted standard deviation of the data along the
best-fit line V and the median uncertainty along the best-fit line
W. We define

v
o

R ®)

In the case of one-dimensional data, R is a measure of the
intrinsic scatter, for example, R = 3 would imply approxi-
mately 30 significance of the intrinsic scatter. Here, the
information provided by R is complementary to the fitted slope
and its uncertainty. Very large values of R together with small
relative uncertainty on the slope and high B imply a strong
correlation. If the confidence ellipsoids are oriented along the
observed correlation and the off-diagonal elements of C/ are
ignored, R will be artificially higher and the observed
correlation will appear stronger. Unlike B, the parameter R
depends on the absolute values of data uncertainties.

3. INTRINSIC SCATTER IN THE Ly, Eeyp AND My;
CORRELATION

Significant off-diagonal terms in C/ occur when the
uncertainties are dominated by a single systematic uncertainty
Owst» typically in the distance or the extinction.® Quantities
linearly proportional to Ly, such as Ly and My are
particularly susceptible. In other words, a bias in the distance
will move Ly and My; in the same direction simultaneously by
the same amount, introducing a covariance in these two

parameters. Schematically, the covariance matrix of
log(Lpi, Myi) is
2 2 2
o Ogys 03
Clog Lpi,log Mni — pl + syst syst (9)
2 2 2 0
Osyst Otail + Osyst

where o, and oy, are the uncertainties in the observed
magnitudes during the plateau and the exponential decay tail,
respectively. Usually, oy, 0wl < 0gyse and the confidence
ellipsoid is strongly elongated in the direction of the systematic
uncertainty. If log L, and log My; are perfectly correlated,
neglecting the off-diagonal terms in Equation (9) will imply a
value of R that is twice the true value. Even if the full
covariance matrix is not available, an approximate covariance
matrix similar to Equation (9) can be constructed to properly
visualize the confidence ellipsoids.

In the left panel of Figure 1, we show the estimates of L
and My; with uncertainties simply represented by the diagonal
terms of Cf, as is commonly done (e.g., Hamuy 2003;
Anderson et al. 2014; Spiro et al. 2014). We would infer that

there is a linear correlation between log L, and log My; with a

slope of 1.51f8:}; and R = 4.2, implying a strong correlation.

More importantly, considering only the diagonal terms gives a
false impression that all the points are compatible with the best-
fit line given their uncertainties. Quantitatively, there is no
evidence for intrinsic scatter, with ¥ = 0.057003.

When the confidence ellipsoids are properly included as in

the right panel of Figure 1, the picture changes. The confidence

B . . .
Our distance estimates are compared to previous results and other

techniques (Cepheids, SNe Ia) in PP15 and yield generally good agreement.
Similarly good agreement is obtained for reddenings.
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with the confidence ellipses properly visualized. The colors of the individual supernovae are the

same as in the right panel of Figure 1. We use the scaling relations of Litvinova & Nadezhin (1985, left panel) and Popov (1993, right panel).

ellipsoids are significantly elongated, because of their mutual
dependence on distances, as indicated by the arrow.” The
correlation is noticeably less significant, R = 3.0, although
there is no doubt this correlation exists given the large dynamic
range of the parameters. The Bayes factor is B ~ 9 x 107
implying strong support for the correlation. More importantly,
we discover a statistically significant intrinsic width of the
relation ¥ = 0.127593, which implies a scatter of 0.2 dex in
My; for a fixed L. Furthermore, neglecting the off-diagonal
terms or the intrinsic width of the relation can bias the inferred
slope (e.g., Tremaine et al. 2002). Neglecting the off-diagonal
terms increases the slope by about 0.19 with a corresponding
change in the intercept. Not accounting for the intrinsic scatter
leads to slopes of 1.83700, and 1.56701{7 for the full and
diagonal covariance matrix, respectively.

Since L does not have an immediate physical interpreta-
tion, we show My; as a function of E, in Figure 2 for the
scaling relations of Litvinova & Nadezhin (1985) and Popov
(1993). The relative position of the majority of the data points
remains unchanged when compared to the right panel of
Figure 1, which indicates that L is a good proxy for E.,.
There are small differences between the two scaling relations,
but the relative positions of the majority of the points are
unchanged. For the Litvinova & Nadezhin (1985) coefficients,
we find that the E.,,—My; correlation is less significant than L
—My; with R = 2.8 and 3.7 for the full and diagonal covariance
matrix, respectively. The Bayes factor is B ~ 1.7 x 10°
indicating strong correlation, but weaker than L,—My;. The
inferred intrinsic width orthogonal to the line is slightly higher
than in the Lp—My; correlation but again statistically
significant, ¥ = 0.1470% or 0.25dex in My; for fixed Eexp.
The intrinsic width from the Popov (1993) calibration is
¥ = 0.1970%.

The intrinsic width of the E.,—M\y; correlation could be due
to the ~-ray trapping efficiencies A, varying among SNe with
the same E.,. Since the exponential decay luminosity is
proportional to [1 — exp(—Aq,/Atf,i)]exp(—AtNi/T) (e.g.,
Chatzopoulos et al. 2012; Nagy et al. 2014), where Azy; is

° Note that the uncertainties in absolute magnitude and expansion velocity

(e.g., Poznanski 2013) should not be very correlated, unless the velocities were
used for an estimate of the distance modulus, in which case there should be a
significant correlation.

the time elapsed since the explosion, SNe with significant y-ray
leakage not only appear fainter at any point of this phase but
also decay faster (Anderson et al. 2014), and their light curves
diverge from those of SNe with full ~-ray trapping over time.
Since our sample contains SNe with decay rates compatible
with full trapping as evidenced by the exponential decay slopes
(PP15), the 0.25dex difference in the inferred My; at
Atyni = 200 days should increase to about 0.7dex at
Aty; = 400 days, if the scatter is due to y-ray leakage in some
objects.

To test whether the late light curves of SNe in our sample
diverge with time due to incomplete y-ray trapping in some
objects, we show the weighted standard deviation of the
bolometric magnitude difference between the plateau and the
exponential tail as a function of the time elapsed since
explosion, Aty;, in the left panel of Figure 3. We see that the
bolometric magnitude dispersion increases from 0.37 mag at
Aty; = 200 days to 0.45 mag at Aty; = 400 days, much less
than what we would expect if some SNe showed full trapping
and some only partial. This means that the slopes of the
exponential decay are very similar among our objects and are
compatible with full y-ray trapping.

For the sake of completeness, we test what is the importance
of when is the plateau luminosity determined. We show the
weighted standard deviation of the bolometric magnitude
difference between the plateau and the exponential tail but
now as a function of At in the right panel of Figure 3. For
small Az, the dispersion is relatively high, presumably due to
differences in the properties of the shock-heated ejecta shortly
after shock breakout, but for Af, 2 40 days the dispersion
remains approximately constant. We conclude that the intrinsic
width of the E.,—My; correlation is robust with respect to
when exactly the plateau and exponential decay tail luminos-
ities are measured, and that it is not due to variations in the ~-
ray leakage.'’

19 An additional piece of anecdotal evidence against significant +-ray leakage
comes from comparing SN2013am and SN2005cs, which have nearly identical
luminosities for the first ~70 days. However, SN2013am has a noticeably
shorter 7p and a higher inferred My; than SN2005cs. This implies that
SN2013am has slightly smaller E.,, and significantly smaller M,; than
SN2005cs (Figure 4). If y-ray escape were important, we would expect smaller
inferred My; and faster exponential decay in SN2013am than in SN2005cs.
Yet, the exponential decay slope is almost the same in both objects (Zhang
et al. 2014) and SN2013am has higher inferred My;.
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Figure 3. Weighted standard deviation of the bolometric magnitude difference between the plateau and the exponential tail are shown with filled circles as function of
Aty (left panel) or Ary (right panel). There is little dependence on Ary; indicating that the different y-ray trapping efficiencies are not responsible for the intrinsic
width seen in Figures 1 and 2. In other words, the exponential decay is nearly parallel for stars in our sample. Open triangles indicate the mean uncertainty of the
individual measurements used. Only supernovae with data spanning At and Aty; are used.
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Figure 4. Explosion energy E., as a function of ejecta mass M. The colors of the individual supernovae are the same as in the right panel of Figure 1. We use the
scaling relations of Litvinova & Nadezhin (1985, left panel) and Popov (1993, right panel).

4. THE CORRELATION BETWEEN M. AND E,

Correlated uncertainties in f' = log(Lpi, Mni, Ecxp, M) can
also occur when some of the vectors Jf; /Ob are nearly parallel.
Equations (3) and (4) imply that the covariance of log M and
log Ecxp is

Clog Mejlog Eexp o - ﬁ
|al|B]

(10)

\/Clog Mej,log MeJClog Eexp,log Eexp

if the uncertainties in the individual components of b are
approximately the same. This is reasonable, because 5%—10%
uncertainties in the distance modulus, #p and v are expected. We
obtain a high correlation of 0.94 and 0.97 for the & and 3 from
Litvinova & Nadezhin (1985) and Popov (1993), respectively.
This degeneracy comes the physics of the Type II-Plateau SN
light curves, where higher kinetic energy makes the material
transparent earlier, which can be compensated for by increasing
ejecta mass to produce approximately the same plateau
duration and luminosity (e.g., Arnett 1980; Litvinova &
Nadezhin 1985; Kasen & Woosley 2009; Dessart et al. 2010,
2013). The degeneracies between parameters describing SN
light curves were also investigated by Nagy et al. (2014) using

semi-analytic models. As a result, inferences of E.,, and M,;
will be highly correlated in any technique based on light curves
and expansion velocities.

In Figure 4 we show M, and Ec, as inferred for our sample
and the two scaling relations. The uncertainty ellipsoids are
elongated along the correlation, as expected. We find
significant systematic offsets between the scaling relationships,
in particular Popov (1993) calibration produces smaller and
more realistic M, and smaller E,. The relative positions of
the individual SNe remains unchanged in most cases. For the
Litvinova & Nadezhin (1985) calibration, we find a relatively

high uncertainty for the slope 2.0970%¢ and a statistically
004 wo

significant intrinsic width to the correlation, > = 0.147 5.
find R = 2.0 and the Bayes factor of B ~ 200, which implies
that this correlation is much weaker than Ec.,—My;, albeit the
evidence is still “decisive” in the classification of Jeffreys
(1983). The results are similar for the Popov (1993)
calibration.

There are two outliers to the M.—FEcx, correlation: SN1995ad
and SN1980K. The Type II-Linear SN1980K has well-
constrained distance (PP15) and relatively good light curve
covering the transition to the exponential decay. Recent
investigations of large samples of hydrogen-rich SNe indicate
that there is a continuum of light curve shapes between Type II-
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Plateau and Type II-Linear (Anderson et al. 2014 and Sanders
et al. 2015, but see also Arcavi et al. 2012 and Faran
et al. 2014), suggesting that a larger unbiased sample of SNe
might fill the space between SN1980K and the rest of our
sample.

SN1995ad has distinctively shorter fp =~ 85 days than most
SNe in our sample, as found also by Inserra et al. (2013), which
is responsible for the outlying results. The explosion epoch of
Inserra et al. (2013) is about 12 days later than ours and their
adopted distance modulus is about 0.3 mag closer (although the
distances are compatible within their 1o limits) than what we
obtained in PP15. From radiation-hydrodynamical modeling
Inserra et al. (2013) found log(Eexp, Mej) ~ (0.3, 0.7) in the
units of Equations (3) and (4), while we find (0.4, 0.3) and (0.9,
0.8) using the relations of Popov (1993) and Litvinova &
Nadezhin (1985), respectively. Without the outlying SN1995ad
and SN1980K, the M.j—E., correlation exhibits a steeper slope

of 2.60704) (compatible with the result of Poznanski 2013),
significantly smaller intrinsic width ¥ = 0.05%0,07, and R = 1.9.
The Bayes factor increases to B ~ 1.8 x 10%, as expected when
outliers are removed.

Since we are not interested in the specific values of E;, and
M;, but rather in the process of their estimation, the results of
the analytic scaling relations of Equations (3) and (4) are only
approximate and must be confronted with more detailed
models. In Figure 5 we show fp and v of the radiation-
hydrodynamic models of explosions of non-rotating red
supergiant progenitors of Dessart et al. (2010) with information
on Ee, and M. encoded in symbols and their colors. The
models do not include heating by radioactive nickel and thus
underestimate tp. The coverage of the parameter space by the
theoretical models is not uniform, and in particular some
observed SNe fall in the areas where there are no models,
making interpolation in these theoretical models to estimate the
SN parameters difficult. More importantly, the bulk of the
observed SNe cluster at #p ~ 120 days and v ~ 3500kms',
and these parameters can be explained by a range of models
going from low explosion energy (Eex, = 0.1 x 10°'erg) and
low ejecta mass (M~ 6M;) to normal explosion energy

(Eexp = 1.0 x 10°"erg) and relatively high ejecta mass
(Mg 2 10My,). In other words, very different sets of theoretical
parameters will yield very similar observables, at least for #p
and v (and likely also Ly due to the observed L,-v
correlation), implying that also the more sophisticated models
are prone to the same degeneracy as the linear scaling relations.

5. DISCUSSIONS AND CONCLUSIONS

We show that the correlated uncertainties between para-
meters derived from SN light curves and velocities are strong
and are oriented along the parameter correlations. The
covariances between the quantities arise either due to
uncertainties in the distance affecting two quantities in the
same way (L and My;, Figure 1), or due to degeneracies
inherent to the physics of the SN light curves (Ee,(p and M,;,
Figure 4). As a result, the statistical significance of these
correlations is reduced, but the correlations cannot be fully
explained away by the covariances. The correlation of Mc; and
Ecxp is weaker than the other two correlations we investigated
(Lpi, Eexp» and My;) and its significance is sensitive to whether
SN1980K (Type II-Linear) and SN1995ad (Type II-Plateau
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Figure 5. Plateau durations and expansion velocities from the theoretical
models and the observations. The results of the theoretical non-rotating
progenitor explosions of Dessart et al. (2010) are shown with plus signs, stars,
diamonds and triangles for explosion energies of 0.1, 0.3, 1.0 and 3.0 x 10!
ergs. The color of the symbols indicate the ejecta mass. The observations are
shown with gray solid circles and their convex hull is marked with the gray
polygon. The typical parameters of Type II-Plateau supernovae (tp ~ 120
days, v ~ 3500 km s™") can be explained by a range of models going from low
E.yp and low M, to moderate E.y, and high M,;. Finer details of the light curves
and spectra need to be analyzed to break this degeneracy.

with short plateau duration) are included. Conversely, properly
characterizing the uncertainty ellipsoids reveals an intrinsic
width to the Ly—My; and Eq,—My; correlations (Figures 1 and
2). Now we explore the astrophysical implications of these
findings.

In studies of the neutrino mechanism, most of E., comes
from the neutrino-driven wind emanating from the nascent
proto-neutron star (e.g., Scheck et al. 2006; Ugliano et al.
2012; Pejcha & Thompson 2015). In a simple spherical picture,
the evolution of the neutrino-driven wind is determined by the
thermodynamic structure of the layers below the ejecta mass
cut (Pejcha & Thompson 2015), while the ejected mass of
Nidepends primarily on the mass of the shock-heated ejecta
exposed to sufficiently high temperatures (Weaver & Woos-
ley 1980; Woosley 1988; Thielemann et al. 1990). The intrinsic
scatter in the E.,—My; relation therefore implies that the
progenitor structure below and above the mass cut cannot be
fully described by a single parameter, such as the compactness
(O’Connor & Ott 2011, 2013; Nakamura et al. 2014; Pejcha &
Thompson 2015; Perego et al. 2015). Using the results of
Pejcha & Thompson (2015), we find a width of 0.1039! dex in
their E.,,—My; correlation, which is consistent with the results
presented here. The theoretical predictions of the correlation
slope (Pejcha & Thompson 2015) approximately agree with
the observations presented here, but disagree with the
inferences presented by Hamuy (2003). A similar conclusion
on the presence of multiple parameters determining the
properties of core-collapse SN light curves was reached by
Sanders et al. (2015), who quantified a dispersion in the decline
rate-peak magnitude relation of hydrogen-rich SNe.

Changes in the intrinsic width of the E.,—My; correlation as
a function of E.,, or other parameters can further constrain the
explosion physics. For example, the spread in My; at constant

Eexp could be caused by a varying amount of *°Ni fallback in
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different progenitors. We would expect that the fallback will be
generally less important at higher E.y, and the spread of My;
should thus increase as E.,, decreases. In principle, this is
testable given a large set of well-observed SN explosions. New
unbiased surveys of bright nearby SNe such as ASAS-SN
(Holoien et al. 2014; Shappee et al. 2014) are particularly
useful due to feasibility of detailed follow-up observations and
the exploration of new parts of the parameter space (e.g., low-
metallicity stellar environments).

Contrary to the common picture (e.g., Heger et al. 2003;
Nomoto et al. 2006; Utrobin & Chugai 2009, 2014), there is
little evidence from the parameterized studies of the neutrino
mechanism that the SN properties such as E.,, or My; will
strongly correlate with the mass of the progenitor (e.g.,
O’Connor & Ott 2011; Ugliano et al. 2012; Bruenn
et al. 2014; Nakamura et al. 2014; Ertl et al. 2015; Pejcha &
Thompson 2015; Perego et al. 2015), because the ultimate fate
of the star and the initiation of the explosion is set by the
physics and the thermodynamic structure on the inner ~2.5M,
of the progenitor, which is not monotonic with the initial mass,
metallicity or final hydrogen mass (Sukhbold &
Woosley 2014).

The degeneracy between M. and E.,, can be reduced by
modeling finer features in the light curve and spectra, such as
the O1 6303-6363 A line advocated by Dessart et al. (2010).
However, characterizing these features generally requires
substantial observational effort on nearby objects (for example
the O1 6303—-6363 A line fully develops only ~300 days after
explosion; Dessart et al. 2010), along with confidence in the
underlying physics and considerable effort in its numerical
implementation. Surveys focusing on bright, nearby SNe such
as ASAS-SN (Holoien et al. 2014; Shappee et al. 2014) could
be of help in this regard. It will be much harder to obtain such
detailed information in the future dominated by primarily
photometric discovery machines such as the Large Synoptic
Survey Telescope (e.g., Ivezic et al. 2014). As a result, reliable
recovery of SN parameters from light curves and (potentially
scarce) expansion velocities will only grow in importance,
mandating rigorous uncertainty analysis that consistently
include all relevant contributions to the final uncertainty
budget, as we have done here. Detailed investigations of the
SN parameter covariances, degeneracies and multiple solutions
based on detailed radiation hydrodynamic models is the next
logical step in the preparation for the upcoming surveys. The
understanding of the intricacies of the parameter recovery will
not only yield greater physical understanding of the SN
population, but can influence back the design and strategy of
the surveys currently in preparation.
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