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ABSTRACT
In classical P-Cygni profiles, theory predicts emission to peak at zero rest velocity. However,
supernova spectra exhibit emission that is generally blue shifted. While this characteristic has
been reported in many supernovae, it is rarely discussed in any detail. Here we present an
analysis of Hα emission-peaks using a dataset of 95 type II supernovae, quantifying their
strength and time evolution. Using a post-explosion time of30 d, we observe a systematic
blueshift of Hα emission, with a mean value of –2000km s−1. This offset is greatest at early
times but vanishes as supernovae become nebular. Simulations of Dessart et al. (2013) match
the observed behaviour, reproducing both its strength and evolution in time. Such blueshifts
are a fundamental feature of supernova spectra as they are intimately tied to the density distri-
bution of ejecta, which falls more rapidly than in stellar winds. This steeper density structure
causes line emission/absorption to be much more confined; italso exacerbates the occultation
of the receding part of the ejecta, biasing line emission to the blue for a distant observer. We
conclude that blue-shifted emission-peak offsets of several thousand km s−1 are a generic
property of observations, confirmed by models, of photospheric-phase type II supernovae.

Key words: (stars:) supernovae: general

1 INTRODUCTION

Type II supernovae (SNe II henceforth) are classified through the
presence of hydrogen Balmer lines in their spectra (see Minkowski
1941 for initial spectral classification of SNe, and Filippenko 1997
for a review). Spectral line formation occurring in optically thick,
rapidly expanding ejecta produce spectral features to appear with
a P-Cygni profile morphology. An observed P-Cygni profile is
characterised by an absorption feature which is blueshifted, and
an emission feature found closer to zero rest velocity. The blue-
shifted absorption feature occurs due to material moving towards
the observer which obscures continuum emission in the line of
sight. As line opacity acts in addition to continuum opacity, the
velocity at maximum absorption gives an estimate of the pho-
tospheric velocity. In classical P-Cygni theory (see e.g. Sobolev

⋆ E-mail: janderso@eso.org

1960; Castor 1970), the profile emission peaks at the rest wave-
length of the corresponding line, i.e., at zero Doppler velocity in
the rest frame. However, as first noted in the early-time spectra
of SN 1987A (Menzies et al. 1987), observations reveal emission
peaks that are often blue shifted, by as much as several thousand
km s−1 (also note that such blueshifts were briefly mentioned in
Chevalier 1976). To explain this property in SN 1987A, Chugai
(1988) presented a modified version of the standard model forline
formation which allowed for diffuse reflection of resonanceradia-
tion by the SN photosphere. This observation was further outlined
by Elmhamdi et al. (2003) for the case of the well-observed type II-
Plateau (II-P) SN 1999em, while similar blue-shifted features have
been discussed for SN 1988A (Turatto et al. 1993), and SN 1990K
(Cappellaro et al. 1995). More recently, this observation was re-
ported for the sub-luminous type II-P SN 2009md (Fraser et al.
2011).

While the above summary shows that blue-shifted emission
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peaks have been observed and documented in the past, it stillap-
pears to be a relatively unexplored feature in the SN community,
especially given the large number of individual SN II studies which
have now been published. Indeed, there are many cases where such
blueshifts are present, and seen to evolve in published spectral se-
quences; yet, little or no discussion is found in the respective pa-
pers (see e.g. Hamuy et al. 2001; Leonard et al. 2002a,b; Boseet al.
2013).

From the modeling point of view Dessart & Hillier (2005b)
presented a study of the formation of P-Cygni line profiles in
SNe II based on non-Local Thermodynamic Equilibrium (LTE)
steady-state radiative transfer models. In contrast to Chugai (1988),
these authors concluded that the emission-peak blueshift is inti-
mately related to the steep density fall-off of SN ejecta, caus-
ing strong occultation and optical-depth effects. Since the work
of Dessart & Hillier, CMFGEN has been augmented to incorpo-
rate time dependence in the radiative-transfer equation and in the
statistical-equilibrium equations, allowing a full time-dependent
solution for the SN radiation based on more physical models of
the progenitor star and its terminal explosion (Dessart & Hillier
2008, 2010; Hillier & Dessart 2012). As discussed below, theba-
sic conclusions and predictions on P-Cygni profile formation made
by Dessart & Hillier are confirmed by recent models of type II SNe
that include these upgrades (Dessart et al. 2013). The comparison
between such models and observed SN spectral features nourishes
the discussion presented in this paper.

We present a systematic analysis of the Hα emission peak
wavelengths for SN II, and discuss these observations in terms of
theoretical understanding and modeling of spectral line formation.
We do this to bring attention to the frequency of such observations,
and to outline how they may be used to foster a better understand-
ing of SN II progenitor and explosion physics.

The paper is organized as follows. In the next Section the
data sample used for analysis is discussed, together with a brief
overview of reduction and analysis processes. Then in§ 3 our re-
sults on the distributions and evolution of Hα P-Cygni emission
peak velocities are presented. In§ 4, we outline the theoretical
framework for understanding such features, and use numerical sim-
ulations to explain their measurement and observation. Thephys-
ical origin of these observations is discussed in§ 5, where we
also connect this property to other SN characteristics. Finally, we
present our conclusions in§ 6.

2 DATA AND ANALYSIS METHODS

The data sample was obtained through various SN follow-up cam-
paigns. These are: 1) the Cerro Tololo SN program (CT, PIs:
Phillips & Suntzeff, 1986-2003); 2) the Calán/Tololo SN program
(PI: Hamuy 1989-1993); 3) the Optical and Infrared Supernova
Survey (SOIRS, PI: Hamuy, 1999-2000); 4) the Carnegie Type II
Supernova Program (CATS, PI: Hamuy, 2002-2003); and 5) the
Carnegie Supernova Project (CSP, Hamuy et al. 2006, PIs: Phillips
& Hamuy, 2004-2009). An initial analysis of theV -band light-
curve morphologies of this sample has recently been published in
Anderson et al. (accepted), and we refer the reader to that paper for
in-depth description of SN light-curve parameter measurements. In
addition, an initial analysis of the spectral diversity of SNe II, con-
centrating on Hα profiles, was recently published in Gutierrez et al.
(accepted). The data taken from the above follow-up programs used
in the current analysis amounts to 646 optical wavelength spectra of
95 SNe II. From the above surveys, we excluded events classified

Figure 1. Hα spectral sequence of SN 2007X. The rest velocity of the SN
position, as measured from the host HII region narrow Hα emission, is in-
dicated by the short dashed blue line (i.e. at zero velocity). The long dashed
magenta line shows the evolution of the Doppler velocity of the emission
peak.

as type IIn, type IIb, and SN 1987A-like. Furthermore, we only
include in the current analysis SNe which have well-constrained
explosion epochs (see below), and more than two spectral obser-
vations during the photospheric phase. We note that the follow-up
surveys contributing to the current sample were magnitude limited.
Spectra were reduced and extracted in the standard way, and the
reader is referred to Folatelli et al. (2013) for a detailed outline of
the procedures employed (see also Hamuy et al. 2006). These are
analogous to those applied to the CSP SN Ia sample. In summary,
2d spectra were bias subtracted and flat fielded before 1d extrac-
tion using theapall task in IRAF. 1d spectra were then wavelength
calibrated through observations of arc lamps, and were finally flux
calibrated using observations of spectrophotometric standard stars.
The typical RMS of individual wavelength solutions less than 0.4
Å, hence this uncertainty brings negligible error into the velocity
estimations. The database of spectra were obtained with many dif-
ferent telescopes and instruments. Typically the extracted 1d spec-
tra have wavelength resolutions between 5–8Å, corresponding to
velocity resolutions of 230–370 km s−1. The S/N ratio of spec-
tra vary, depending on object brightness and distance from the ob-
server. In the majority of cases the S/N of the 1d spectra nearto the
Hα wavelength region of interest is more than 20.

To proceed with measuring the wavelength (and therefore ve-
locity) shift of Hα emission peaks, we take host galaxy heliocen-
tric recession velocities from NED1, and use these to place the ob-
served spectra on to the rest wavelength of the SNe. In addition,
many SNe II show the presence of narrow emission lines in their
spectra due to HII regions at the SN site. When available, these give
a more accurate Doppler velocity for the SN environment. Hence,
we measure the wavelength of these regions as a) a sanity check of

1 http://ned.ipac.caltech.edu/

c© 2012 RAS, MNRAS000, 1–10



Blue shifted emission peaks in SNe II3

Figure 2. Top:Histogram showing the velocity of the narrow peak emission
(associated with a coincident HII region) detected in each SN spectrum, and
given with respect to the host galaxy recession velocity.Bottom:Histogram
of the distribution of velocity offsets of Hα SN emission for the entire sam-
ple of type II SN spectra (corresponding to different post-explosion epochs).

host galaxy recession velocities, and b) to use these in place of host
galaxy recession velocities where measurements are possible (this
distribution is further discussed below, and is presented in Fig.2).

The emission peak wavelength of the SN Hα profile (and the
wavelength of the narrow host HII region) in each spectrum of the
sequence for each object is measured. This is done by employing
the splot routine in IRAF2. Within splot the ‘k’ measurement is

2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in As-

Figure 3. Histogram of the distribution of SN Hα emission velocity offsets
for observations at 30 d after explosion.

used to fit a single Gaussian to the emission part of the P-Cygni
profile. The presence of narrow Hα from an underlying HII region
can complicate the measurement of this peak. Therefore, in cases
where strong Hα emission dominates over the Hα from the SN we
do not include measurements from those spectra. Where narrow Hα
is present but weaker, then this is removed from the spectra by sim-
ply tracing a line across the base of its flux. Once the above has been
taken into consideration, we fit the emission multiple times, chang-
ing the wavelength range used, until a fit is found to be satisfactory
‘by-eye’ (i.e. that the peak of the Gaussian coincides with the peak
of the emission). Through this process measurements are obtained
using a wavelength window of around± 50–100Å, around the
wavelength of the peak emission. Once a peak wavelength is mea-
sured it is converted to a SN velocity using the inferred recession
velocity, as described above. When the host galaxy recession ve-
locity is employed, this brings a velocity error of≈ 200 km s−1 (in
extreme cases) due to the fact that recession velocities aremeasured
at galaxy centres, while SNe explode at a range of galacto-centric
distances, and hence due to galaxy rotational velocities, could have
rest velocities offset from those published in the literature (note,
this is a very conservative error estimate: see Fig.2). In addition,
from our experience measuring peak emission wavelengths, any
single spectral measurement has an error of several hundredkm
s−1 (due to the difficulty in defining the peak, together with the
spectral resolution of each observation). Hence, we assumea con-
servative error of 500 km s−1 on all SN velocity measurements.

An example spectral sequence is shown in Fig. 1, where there
is clear evidence for a significant blueshift of the SN Hα emission
peak with respect to the narrow line from a coincident HII region.
In addition, one observes a significant evolution of velocities with
time, in particular of the emission-peak offset.

Before continuing to our results, we note that while this work

tronomy (AURA) under cooperative agreement with the National Science
Foundation.
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concentrates on the observed wavelength/velocity of the Hα emis-
sion peak, significant velocity offsets are also found for the emis-
sion peaks of other spectral features. At early times one observes
very similar strength velocity offsets for the emission peak of Hβ.
However, after several weeks post explosion, an accurate measure-
ment becomes impossible because of the increased effects ofline
blanketing, in particular the overlap with neighbouring FeII lines.
Hence, one cannot follow the evolution of Hβ emission velocity
for more than a few weeks after explosion. Another complica-
tion is that some spectral features are absent at early times, and
so only appear when line blanketing and line overlap are strong.
This is for example a problem with the spectral feature at 4450Å
seen in the earliest spectra of SN 2006bp (Quimby et al. 2007)and
SN 1999gi (Leonard et al. 2002a), which indeed models predict to
be He II 4686Å but strongly blue shifted due to a very steep density
gradient in the photospheric regions at early times (Dessart et al.
2008). Hα is by far the strongest line in emission in SN II spectra,
and is present at all epochs. This line is thus ideally suitedfor the
study presented here, and we continue using Hα as the tracer of
velocity-shifted emission features for the remainder of this paper.

3 RESULTS

In Fig. 2 (top panel), the distribution of velocities of narrow Hα
emission (associated with the coincident HII region) with respect to
host galaxy recession velocities is presented. This distribution con-
tains 305 spectra for 72 SNe II in our sample, and the mean velocity
offset is 4 km s−1: i.e. essentially zero. The standard deviation of
this distribution is 162 km s−1. These values match expectations,
since published host galaxy recession velocities will generally be
velocities for the centre of each galaxy, whereas SNe will bedis-
tributed throughout the galaxy and hence will be found at velocities
with a distribution centred on zero and a standard deviationequal
to expected rotational velocities of spiral galaxies.

In Fig. 2 (bottom panel), we present the velocity offset distri-
bution of the (broad) SN Hα emission peaks forall SNe spectra
within our sample. It is immediately apparent that the distribution
is heavily offset to significant negative velocities. Indeed, only 4 %
of events have positive velocities (red-shifted emission peaks). The
mean velocity offset is –1464 km s−1 with a standard deviation of
1140 km s−1.

As noted above, when one observes spectral sequences of
SNe II, it is quite obvious that the blueshift of lines evolves signif-
icantly with time. In Fig. 1, this evolution is shown for SN 2007X.
To compare SNe in terms of absolute blue-shifted velocitiesone
needs to measure such a velocity at a consistent epoch. We adopt
a post-explosion time of 30 d, where explosion epoch estimates are
taken from Anderson et al. (accepted), and interpolate measured
velocities to this time. This early epoch is used because it corre-
sponds to times when the diversity of blue-shifted velocities is high
(see Fig. 4). It also allows a significant fraction of the SN sample
to be included, because numerous SNe in our sample lack spectro-
scopic data prior to a month after explosion. We note that thetypical
errors on our explosion epochs are± 6 days (taken from Anderson
et al. accepted). The epochs used to interpolate velocitiesto 30 d
are generally within∼ 5–15 days either side of this epoch. The
distribution of velocity offsets at 30 d post explosion is presented
in Fig. 3. The startling feature of this plot is that SNe have exclu-
sive blue-shifted velocities at this epoch. Indeed, the mean of the
distribution is –2001 km s−1 with a standard deviation of 810 km
s−1. The other interesting feature of the figure is the high velocity

tail out to∼4000 km s−1. The overriding conclusion from the dis-
tributions presented above is that significant blue-shifted emission
velocities on the order of several thousand km s−1 are a ubiquitous
feature in SN II spectra.

After presenting the distribution of the velocity offsets of Hα
emission peaks at a representative post-explosion epoch, we now
turn our attention to their evolution with time. In Fig. 4, this evo-
lution is displayed for all 95 SNe in our sample. While there is
significant scatter at all epochs, a number of interesting features are
observed. Firstly, the highest velocities are exclusivelyseen at early
times. Very few SNe show blue-shifted emission peaks higherthan
2000 km s−1 after 50 d post explosion, while at early times there is
a significant number of SNe with velocities in excess of 3500 km
s−1. Secondly, the dispersion in velocity appears to decrease sig-
nificantly with time.

In summary, significant blue-shifted velocities of severalthou-
sand km s−1 are a very common feature of type II SN spectra.
These velocities evolve in time quite uniformly between SNe, even-
tually nearing zero as they progress to the end of the photospheric
phase. In the following Section we discuss model spectra known
to match the basic properties of SNe II-P (Dessart et al. 2013), as
well as the theoretical framework for understanding the origin of
emission-peak blueshifts.

4 INSIGHTS FROM RADIATIVE-TRANSFER
SIMULATIONS

4.1 Previous studies with CMFGEN

As documented in the previous Section, the offset of P-Cygnipro-
file emission to the blue is a ubiquitous feature of all SNe II ob-
served during the photospheric phase. In this Section, we investi-
gate whether this generic property is also present in spectra pro-
duced by radiative-transfer simulations of SNe II.

Spectrum formation for SNe II has been studied previously
with CMFGEN. In Dessart & Hillier (2005a,b), steady-state non-
LTE simulations were used to discuss the physics of P-Cygni pro-
file formation in early time spectra of SNe 1987A and 1999em.
The peak blueshift is reproduced for both events prior to there-
combination phase, and a detailed discussion of the origin of this
property is given in§ 5 of Dessart & Hillier (2005a). Later, in
Dessart & Hillier (2008), the discussion is extended to moread-
vanced photospheric-phase epochs, when the photospheric layers
recombine, using a time-dependent solver for the non-LTE rate
equations. This study focused primarily on the importance of time-
dependent ionization, and in particular its role for producing a
strong Hα line at the recombination epoch — little emphasis was
put on the peak blueshift.

In Dessart et al. (2013), the radiative transfer inCMFGEN

was improved by combining non-LTE and time dependence (for
the non-LTE rate equations and the moments of the radiative-
transfer equation). In addition, the computation is then per-
formed on physically-consistent (although piston-driven) hydro-
dynamical explosions (see Hillier & Dessart 2012 for details and
Dessart & Hillier 2010 for an application to SN 1987A). Moreover,
these simulations cover a range of progenitor evolution andexplo-
sion properties for a 15M⊙ main-sequence star model and there-
fore allow one to inspect a number of dependencies on SN II-P
radiation properties.

In the present paper, we inspect the simulations of
Dessart et al. (2013), with a special focus on the evolution of line

c© 2012 RAS, MNRAS000, 1–10
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Figure 4. Evolution in time of the velocity offset of SN Hα emission peaks for the 95 SNe II in the current sample. Three events are shown: a sub-luminous
event, SN 2008bk; a prototype type II-P, SN 1999em; and a faster declining event, SN 2008if. A standard error bar for all measurements is given in black,
where the origin of the velocity error is outlined in§ 2, and the time error is based on average errors of estimated explosion epochs (see Anderson et al.
accepted, for a detailed description of that process).

profile morphology from early photospheric epochs to the onset of
the nebular phase. We focus on a representative sample of mod-
els, namely s15N, m15r1, m15r2, m15os m15mlt1, m15mlt3, m15,
m15e3p0, m15e0p6, and m15Mdot (see Dessart et al. 2013 for de-
tails; these models cover a range of properties for the same main-
sequence star mass but different initial rotation rate, mixing-length
parameter, core overshooting prescription, or explosion energy).
We also include model m15mlt1x3, which is evolved the same
way as m15 but with a mixing-length-parameter of 1.5 and a mass
loss enhanced by a factor of three compared to the standard red-
supergiant (RSG) mass loss rates provided by the ‘DUTCH’ recipe

in MESA. This produces a low envelope-mass RSG at the time of
explosion, which, when exploded to yield a 1.2 B ejecta kinetic en-
ergy, yields a Type II-Linear light-curve morphology (see Hillier et
al., in prep.).

4.2 Results for SN II-P simulations

The first important result is that the peak-emission blueshift,
observed in spectra of SNe II (see, e.g., Fig. 1) is also predicted
by simulations at all times prior to the onset of the nebular phase.
Figure 5 shows the evolution of the Hα region from 11 d until

c© 2012 RAS, MNRAS000, 1–10
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Figure 5. Evolution of the Hα spectral region from 11 d (bottom curve) until 138 d (top curve) after explosion in the SN II-P model m15mlt3 (Dessart et al.
2013). The abscissa is the Doppler velocity with respect to Hα. Individual times are color coded, and the time difference between consecutive models is
10%̇ of the current time. The two broken lines track the locationof maximum absorption and peak emission in Hα. The peak blueshift, strong at early times,
decreases as the spectrum formation region recedes, and eventually becomes zero at the end of the plateau phase (in this model at∼ 140 d).

138 d after explosion in model m15mlt3. This model matches well
the spectral and light curve evolution of SN 1999em, except for a
prolonged plateau phase of∼<150 d, which stems for the underesti-
mated RSG mass loss in theMESA model (see Dessart et al. 2013
for details). The evolution of the velocity offset of peak emission
agrees qualitatively and quantitatively with the observations.
Importantly, all the simulations presented in Dessart et al. (2013)
show the same behaviour, in agreement with observations (Fig. 6).
Typical peak blueshifts are on the order of−3200 km s−1 at 10 d
after explosion and steadily decrease in strength to eventually

reach zero at the end of the plateau, as observed.

5 DISCUSSION

In previous sections it has been shown that significant blue-shifted
velocities of Hα emission peaks are a common feature of both ob-
servationsandmodels of SNe II. Here we first discuss the physical
origin of these features and their diversity, before presenting two

c© 2012 RAS, MNRAS000, 1–10
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Figure 6. Evolution of the velocity offset of Hα peak emission with respect to rest wavelength for the large set of models presented in Dessart et al. (2013).
All models follow the same trajectory, except for models m15e3p0/m15e0p6 (3 and 0.6 B, respectively), which have a larger/lower ejecta energy than other
models (i.e., 1.2 B), and for model m15mlt1x3, in which the RSG mass loss was artificially increased by a factor of 3. [See text for discussion].

correlations of this property with other SNe II transient measure-
ments.

5.1 The physical origin of blue-shifted emission peaks

In contrast to Chugai (1988), the origin of peak-emission blueshift
seems to stem fundamentally from the steep density profile that
characterizes SN ejecta layers, which were originally partof the H-
rich envelope. In our simulations, this density distribution is well
represented above∼2000 km s−1 (which is roughly where the
outer edge of the former He-core lies in 1.2 B explosions of 15M⊙

RSG stars; Dessart et al. 2010) by a power lawρ(v) ∝ 1/vn, with
exponentn on the order of 8. As a consequence, line emission
tends to be confined in space, and subject to strong occultation ef-
fects for a distant observer. Instead of coming predominantly from
the regions with large impact parameterp relative to the photo-
spheric radiusRphot the bulk of the emission arises from rays with
p < Rphot, i.e. impacting the photo-disk limited byp = Rphot.
As explained in Dessart & Hillier (2005b), the line source function
tends to exceed the continuum source function at the continuum
photosphere, naturally leading to line emission above the contin-
uum flux level. Because electron-scattering dominates the opacity,
line photons have a relatively low destruction probabilityand we

can therefore see line emission from layers deeper than the contin-
uum photosphere.

Fig. 7 illustrates these effects for model m15mlt3 at 11 d (left
panel). As time progresses, the situation evolves significantly for
several reasons. The spectrum formation recedes to deeper layers
in the ejecta, where the density profile is flatter, favouringextended
emission above the continuum photosphere. The velocities are also
lower, so any velocity offset becomes less conspicuous. More-
over, time-dependent ionization exacerbates this effect by mak-
ing the line optical depth more slowly varying with radius/velocity
(Dessart & Hillier 2008), also favouring extended line emission. In-
terestingly, it is in part the increase in the extension of the spectrum
formation region that favours the rise of polarization at the end of
the plateau phase in SNe II-P (Dessart & Hillier 2011).

Departures from the mean trajectory of the peak location in ve-
locity space of emission peaks are visible for three models in Fig.
6. First, the two models with a lower/higher kinetic energies (mod-
els m15e0p6 and m15e3p0) show smaller/larger offsets, simply re-
flecting the contrast in ejecta velocity (same envelope massM , but
different kinetic energyE). In these, the peak blueshifts at 10 d af-
ter explosion are−2000 km s−1 and−3500 km s−1 respectively.
Second, model m15mlt1x3, which has a higher ejecta kinetic en-
ergy to ejecta mass (sameE of 1.2 B as the models of Dessart et al.

c© 2012 RAS, MNRAS000, 1–10
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Figure 7. Distribution of the quantityp× I(p), as seen by a distant observer at rest, versus Doppler velocity v and impact parameterp (lower panels). When
integrated overp, this gives the flux atv (upper panels). Here, we show a SN II-P model at 11 d (left) and138 d (right) after explosion. The grayscale maps
thus reveal the origin of the emergent radiation in different profile regions (Doppler velocity) along rays with different p. The main reason for the blueshift is
the confinement of emission within the column of material falling onto the ‘photo disk’. This disk is limited on the plane of the sky by an impact parameterp
on the order ofRphot. Because of obscuration effects, and the lack of line emission at large impact parameters, the emission comes primarilyfrom regions that
are blue shifted, and this naturally leads to peak-emissionblueshift. At late times (right panel), obscuration effects are still present, but there is now significant
emission at large impact parameters, which occurs symmetrically from approaching and receding regions. In fact, photon emission is more extended at all
wavelengths, stemming both the former He core and the H-richenvelope.

2013, but much lower H-envelope mass), shows a markedly differ-
ent trajectory for the peak-emission offset. Because the expansion
rate is much larger, the offset is large initially, but the reduced enve-
lope mass makes the transition to nebular phase earlier, andat such
times the offset is always found to be zero in our models. Thus, the
rate of change of this offset is much larger in model m15mlt1x3.
This is an interesting property which is also seen in observations.
Indeed, SNe with a highers2 parameter (i.e.,V -band light curves
with steeper decline rates) also have larger initial velocity offsets
(see Fig. 8).

5.2 Correlation with other SN properties

While a full investigation into how observations of blue-shifted
emission are related to other SN properties is beyond the scope of
this paper, in this Section we outline a couple of interesting corre-
lations that have been found, and suggest how these may be used
to further understand the nature of SNe II. In Fig. 8 the decline rate
during the ‘plateau’,s2 (which is a proxy for the degree to which
a type II SN could be classified as ‘Linear’: see Anderson et al.
accepted), is plotted against the SN emission peak velocityoffset
measured at 30 d post explosion (only SNe which have boths1 –
the initial decline from maximum– ands2 defined are included, see
Anderson et al. accepted for justification of this). A correlation is
found in that faster declining SNe show higher velocity offsets at

the same epoch as compared to smallers2 SNe. To test the signif-
icance of this correlation we employ a Monte Carlo application of
the Pearson’s test for correlations (following the procedure outline
in Anderson et al. accepted). A Pearson’s r-value of−0.75± 0.10
is calculated, which, forN = 24 equates to a lower limit signifi-
canceP = 6 × 10−4 (i.e. the probability of finding a correlation
by chance). It is interesting that in the synthetic measurements dis-
played in Fig. 6, the highest velocity offsets at around 30 d post
explosion are for the model (m15mlt1x3), which has a more ‘Lin-
ear’ light-curve morphology (i.e. a highs2). As discussed in Sec-
tion 4.2, model m15mlt1x3 is characterized by the same ejecta ki-
netic energy of 1.2 B as other models from Dessart et al. (2013),
but its ejecta mass is smaller. This translates to a higher expansion
rate and a shorter photospheric phase duration, hence a larger Hα
peak offset early on together with its more rapid decrease tozero.

In Fig. 9, SNe maximumV -band magnitudes are correlated
against SN emission peak velocity offsets measured at 30 d post
explosion. A strong correlation is found in terms of brighter SNe
showing higher velocity offsets (confirmed by a Monte Carlo ap-
plication of the Pearson’s test:N = 51, r = 0.75 ± 0.07
P < 2 × 10−8). The strength of this correlation is quite remark-
able given the uncertainties in measurements ofMmax (problems
in defining this epoch, issues with host galaxy extinction correc-
tions), the explosion epoch estimations (see discussion inAnder-
son et al. accepted), together with those of the velocity offsets.
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Here again, our more ‘Linear’ type II SN model m15mlt1x3 of-
fers a promising explanation (together with the possibility of di-
versity being related to explosion energy differences). Indeed, it
exhibits a much higher luminosity than other SNe II-P modelsin
Dessart et al. (2013), although it has the same explosion energy.
The difference here is that this energy is coupled to a smaller pro-
genitor envelope mass, leading to a higher energy per unit mass,
a higher luminosity early on with a larger expansion rate. Because
the ejecta mass is lower, the photospheric phase is shorter and so
the luminosity decreases earlier and faster until reachingthe nebu-
lar phase. In that context, this observation would support the notion
that the diversity of SNe II-P, in particular the smooth connection
to type II SNe with more ‘Linear’ light curves (Anderson et al.,
accepted, although see Arcavi et al. 2012 for claims of a distinct
separation between SNe II-P and SNe II-L), stems from a diversity
in progenitor envelope mass. This hypothesis is discussed at length
in Anderson et al. (accepted) with respect to the diversity seen in
the V -band light-curves of 116 SNe II. Of course, this does not
preclude the additional diversity stemming from varying explosion
energies.

In the context of the current analysis, the diversity of the ob-
served (and predicted) strength of blue-shifted emission velocities
can then be understood in terms of changes in the pre-SN envelope
mass and/or differences in explosion energy. As one decreases the
envelope mass (or increases the explosion energy), ejecta veloci-
ties increase due to the higher energy per unit mass. The strength
of the blue-shifted emission velocity is then directly linked to the
ejecta velocity. This energy increase also increases the early lumi-
nosity (hence a higherMmax, as observed in Fig. 9), while the faster
expansion leads to faster declining light-curves, and hence the cor-
relation observed withs2 in Fig. 8.

Finally, we note that the correlation presented in Fig. 9 implies
that measurements of the blueshift of Hα emission profiles could be
used to predict SN absolute magnitudes. In this sense, such acorre-
lation could be used as another SN II distance indicator method (to
complement other such methods: e.g. Hamuy & Pinto 2002). The
RMS scatter of the trend found in Fig. 9 is∼0.68 mag, however
one may hope to further improve this with a more detailed analysis
(e.g. better constraints on host extinction, the use of colour infor-
mation). As noted in§ 2, the follow-up surveys which contributed
to the current sample were magnitude limited in nature. Hence, if
the correlation presented in Fig. 9 holds, then surveys suchas the
CSP will preferentially follow SNe with larger blue-shifted velocity
offsets.

6 CONCLUSIONS

We have presented an observational analysis which shows that
blue-shifted emission peaks are seen inall spectral sequences of
SNe II. These blue-shifted velocity offsets are observed tobe
larger at early times and evolve to being consistent with zero once
SNe enter their nebular phase. Hence, peak-emission blueshifts
are generic properties of observed SN II spectra. In addition, we
demonstrate that emission-peak blueshifts are also a generic fea-
ture of photospheric-phase SN II spectra computed with the non-
LTE time-dependent radiative-transfer codeCMFGENand based on
physical models of the progenitor star and explosion. In fact, such
blueshifts occur not just in SNe II, but also in SNe Ia (Blondin et al.
2006), although line overlap complicates a clear identification of
such offsets. In SNe II, the velocity offset is best seen in Hα, be-
cause the line is strong, but also because one can track the velocity

Figure 8. s2 (the decline rate during the ‘plateau’) plotted against theve-
locity offset of SNe Hα emission peaks at 30 d post explosion.

Figure 9. Mmax (absolute magnitude at maximum light in theV -band) plot-
ted against the velocity offset of SNe Hα emission peaks at 30 d post explo-
sion.

offset from being large early on to becoming negligible whenthe
SN turns nebular.

In addition, we have shown that the diversity of blue-shifted
velocities found within a large sample of SNe II, can also be linked
to SN II light-curve diversity. SNe showing larger blueshifts are
also found to be brighter objects, and have faster declininglight-
curves. We speculate that this diversity and the trends observed be-
tween different parameters, can be most easily understood in terms
of differences in proegnitor envelope masses retained before the

c© 2012 RAS, MNRAS000, 1–10
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epoch of explosion.
Until now, measurements, analysis and discussion of these

properties for SNe of any kind have been scarce, despite the fact
that their presence is obvious and systematic. As our analysis and
discussion show, these features and their evolution systematically
change between SNe, and offer additional leverage to identify the
origin of the diversity in SN II observations, progenitors,and ex-
plosion.
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