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Astrophysical shocks at all scales, from those in the helio-
sphere up to cosmological shock waves, are typically ‘colli-
sionless’, because the thickness of their jump region is much 
shorter than the collisional mean free path. Across these 
jumps, electrons, protons and ions are expected to be heated 
at different temperatures. Supernova remnants (SNRs) are 
ideal targets to study collisionless processes because of their 
bright post-shock emission and fast shocks, but the actual 
dependence of the post-shock temperature on the particle 
mass is still widely debated1. We tackle this longstanding issue 
through the analysis of deep multi-epoch and high-resolution 
observations, made with the Chandra X-ray telescope, of the 
youngest nearby supernova remnant, SN 1987A. We intro-
duce a data analysis method by studying the observed spectra 
in close comparison with a dedicated full three-dimensional 
hydrodynamic simulation that self-consistently reproduces 
the broadening of the spectral lines of many ions together. 
We measure the post-shock temperature of protons and ions 
through comparison of the model with observations. Our 
results show that the ratio of ion temperature to proton tem-
perature is always significantly higher than one and increases 
linearly with the ion mass for a wide range of masses and 
shock parameters.

Shock waves are abrupt transitions between a supersonic and 
a subsonic flow which transform bulk kinetic energy into thermal 
energy by compressing and heating the medium2. In the Earth’s 
atmosphere, the width of a shock front is of the order of a few 
molecular mean free paths. In the rarefied astrophysical environ-
ments, however, particle–particle interactions (Coulomb collisions) 
are typically not sufficient to provide viscous dissipation, and collec-
tive effects, such as electromagnetic fluctuations and plasma waves, 
determine the amount of particle heating at the shock front3,4. These 
conditions derive from the mass, momentum and energy conserva-
tion across the shock and predict that the post-shock temperature 
T depends on the shock velocity vs as = ∕kT mv(3 16) s

2, where m is 
the particle mass. In a plasma with different particle species, it is 
still not clear whether a (partial) temperature equilibration between 
different species can be reached, or particles with different masses 
reach temperatures proportional to their mass as

=kT m v3
16

(1)i i s
2

where mi is the particle mass for the ith species. Collisionless 
shocks have been observed decades ago in the solar wind5, as well 

as on cosmological scales3. A post-shock temperature proportional 
to the particle mass is expected in the case of scattering isotro-
pization of the incoming particles by plasma waves. Nevertheless, 
partial equilibrium between different species is also possible and 
the applicability of equation (1) for all collisionless shocks is far 
from settled. Thus, the conditions of the post-shock plasma are still 
under debate.

Pioneering works have shown the importance of Balmer-
dominated shock fronts in SNRs as diagnostic tools6,7 and the study 
of the Hα  line profile is widely used to measure the electron to pro-
ton temperature ratio Te/Tp (refs. 1,]8). However, this ratio is typically 
much higher than the electron to proton mass ratio (me/mp) and 
can increase up to 1 in slow (vs ≈  400 km s−1) shocks9,10, showing 
a dependence on the shock velocity which has been modelled as 

∕ ∝ −T T ve p s
2. This can be explained if the immediate electron post-

shock temperature does not depend on the shock velocity11 (and is 
always kTe ≈  0.3 keV), while Tp varies as in equation (1). This behav-
iour can be associated with a mechanism of electron heating due to 
lower hybrid waves in a cosmic ray precursor12, although other sce-
narios have been proposed13. The general expectation is that there 
can be different plasma instabilities that can enhance Te/Tp above 
the expected value me/mp, and the electron heating processes in col-
lisionless shocks are different from those of ions3,14,15. Therefore,  
it is necessary to accurately measure the ion temperatures to test 
equation (1).

However, the measurement of the post-shock temperatures 
for different ions has produced different results8: the temperature 
of oxygen ions relative to protons was found to be less than that 
predicted by equation (1) in the analysis of ultraviolet observations 
of SN 100616, whereas it was found to be higher than equation (1) 
predicted in interplanetary shocks17. Recently, an important result 
has been obtained in SN 1006, with He, C and N ion temperatures 
being consistent with the mass-proportional scenario18. Stronger 
constraints need to be obtained by testing equation (1) over a wider 
range of masses, by inspecting elements heavier than N. To this end, 
the X-ray band is the ideal window in which bright emission lines 
of heavy ions are typically observed. Up to now, X-ray spectra have 
only been used in one case to measure a line broadening of the O vii 
line triplet, corresponding to an extremely high oxygen temperature 
(~300 keV) in an isolated ejecta knot of SN 100619,20.

SN 1987A in the Large Magellanic Cloud offers a unique oppor-
tunity of observing a nearby, young, bright SNR with high level of 
detail. SN 1987A was a hydrogen-rich core-collapse supernova dis-
covered on 1987 February 2321. Its evolution has been extensively 
covered by a wealth of observations in different wavelengths22,23 and 
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reveals a complex interaction of the blast wave with the surrounding 
inhomogeneous medium, characterized by a dense, clumpy ring-
like nebula, inside a more diffuse H ii region. The interaction with 
the nebula is best revealed in X-rays, and SN 1987A has been moni-
tored through dedicated campaigns of observations with XMM-
Newton and Chandra.

The series of X-ray observations encodes information about the 
physical properties of both the nebula and the stellar ejecta and 
requires a thorough data analysis: phenomenological models have 
only analysed single observations, regardless of the whole succes-
sion of data sets. In our new approach, a single 3D hydrodynamic 
model24 describes the evolution of SN 1987A from the onset of the 

supernova to the current age and accounts self-consistently for all 
the observations and for the evolution of the system. The reliability 
of the model has been tested and confirmed by synthesizing light 
curves, images and low-resolution (charge-coupled device, CCD) 
spectra from the hydrodynamic simulations. We found that our 
model self-consistently fits: (i) the bolometric light curve during 
the first 250 days of evolution, (ii) the soft (0.5–2 keV) and hard 
(3–10 keV) X-ray light curves in the subsequent 30 years, (iii) the 
evolution of the morphology of the X-ray emission, and (iv) XMM-
Newton EPIC and Chandra ACIS spectra at different epochs24. Here 
we use this forward modelling approach to obtain deeper insight 
into the physics of shock heating, through the detailed reproduction  
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Fig. 1 | Observed and synthetic maps and spectra of SN 1987A. Upper panels: observed and synthetic maps in the 0.5–2 keV band in 2007 (left) and 2011 
(right). Central panels: observed (black) and synthetic (red, with all sources of line broadening) spectra in the 0.8–2.5 keV band (MEG + 1 diffraction order 
of the Chandra HETG; error bars are at 1σ) in 2007 (left) and 2011 (right) with the corresponding residuals. Lower panels: close-up views of the central 
panels in the 1.25–1.4 keV band (in 2007, left) and 0.8–0.9 keV band (in 2011, right).
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of the multi-epoch, high-resolution grating X-ray observations of 
SN 1987A.

To synthesize the Chandra gratings spectra from the model, we 
included all the sources of line broadening, namely: (i) the bulk 
velocities of the different parts of the ring, (ii) the instrumental 
broadening (due to both line response function and X-ray source 
extension in the dispersion direction) and (iii) the thermal broad-
ening. To add the contribution of thermal heating in our synthetic 
spectra, we assumed the ion temperature to be mass-proportional 
with respect to the proton temperature. The latter is accurately fol-
lowed by our hydrodynamic code, which includes a detailed model 
of shock heating11 and post-shock evolution due to Coulomb col-
lisions between protons and electrons25 (see Methods for further 
details). We produced synthetic spectra either with or without ther-
mal broadening. By comparing the synthetic linewidths with those 
measured in the actual spectra, we were able to infer the role of ther-
mal broadening and its dependence on the ion mass.

We considered the two deepest observations of SN 1987A per-
formed with the Medium Energy Grating (MEG) spectrometer of 
the Chandra High Energy Transmission Grating (HETG). The two 
data sets mark two different evolutionary states and different condi-
tions in the shocked plasma: the first consists of a set of 14 expo-
sures performed between March and April 2007 (supernova days 
7,321–7,358, total exposure time of 354.9 ks) and corresponds to 
the initial phase of interaction between the blast wave and the cir-
cumstellar ring, whereas in the second one (four HETG exposures, 
March 2011, 178 ks) the shock has already crossed the bulk of the 
ring and the X-ray flux is about double that in 200726.

The hydrodynamic model simulates the evolution of the 
ring throughout this time range. Upper panels of Fig. 1 show the 
observed and synthetic X-ray images of SN 1987A in 2007 and 2011, 
while central panels show the comparison between the observed 
high-resolution spectra and the synthetic spectra derived from 
our hydrodynamic simulations including all the possible sources 
of line broadening. The model agrees closely with the observations 
and matches in detail the X-ray spectra in both epochs (reduced 
χ2 =  1.95, 1.21 with 2,109 degrees of freedom. in 2007 and 2011, 
respectively), where emission lines from Fe xvii and He-like and 
H-like ions of Ne, Mg and Si are visible.

The model reproduces even the significant line broadening of 
the single lines (lower panels of Fig. 1), which results from a com-
bination of bulk Doppler effects due to the bulk velocities of the 
approaching and receding parts of the ring, thermal broadening 
associated with the high temperatures of ions, and instrumental 

effects. Previous works neglected thermal broadening and used the 
linewidths to derive a posteriori the bulk velocity of the plasma27–29. 
Our model provides us with complete information to derive the total 
line broadening and its evolution in a self-consistent way: that is, 
all the hydrodynamics and thermodynamics, and the bulk motion 
of the shocked plasma at all times. In particular, the bulk Doppler 
broadening depends on the ring and clump densities (which affect 
the post-shock dragging) and on the density/velocity profiles of the 
outer ejecta; all these parameters are well constrained by our model. 
To highlight the contribution of thermal broadening, we compare 
in Fig. 2 the line broadening derived from the model (either with or 
without thermal contribution) with the observed linewidths for the 
two data sets. The figure clearly shows that the line broadening from 
the model without thermal contribution is large and changes from 
line to line and in time, as the shock expands through different parts 
of the ring. Nevertheless, it is always significantly smaller than the 
observed one—that is, the bulk motion of the gas is not sufficient to 
explain the observed line broadening.

The linewidths derived from the model by also including the 
thermal broadening are indicated by the red crosses in Fig. 2 and 
are in excellent agreement with those observed, for all the ions, and 
for the 2007 and 2011 observations. Figure 3 shows a close-up view 
of the Fe xvii line profile to highlight this point.

To quantitatively check whether equation (1) holds for the dif-
ferent ions, we derived the post-shock ion temperatures Ti (Ne, 
Mg, Si, Fe) through the difference between the observed linewidths 
and those predicted by the model considering only bulk Doppler 
broadening and effects of a spatially extended source (black and 
blue crosses in Fig. 2). The corresponding proton temperatures can 
be derived from our model. We found that the ion to proton tem-
perature ratio increases monotonically with the ion mass both for 
the 2007 and the 2011 data sets. Given that the two observations 
provide consistent results, we combined them, by also combining 
the results from different ionization states of the same elements to 
further reduce the error bars.

Figure 4 shows the post-shock Ne, Mg, Si and Fe temperatures 
normalized to the corresponding proton temperatures. We per-
formed a simple linear regression on the data points in the figure, 
finding that the ion to proton temperature ratio Ti/Tp increases with 
the ion mass A as Ti/Tp =  kA with k =  0.90 ±  0.12. Therefore, the ion 
post-shock temperature is consistent with being mass-proportional. 
This result is in agreement with predictions of hybrid simulations 
of collisionless shocks30. We therefore validate equation (1) over 
a wide range of masses probing the ion heating mechanism of  
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Fig. 2 | Line broadening for selected ions in the X-ray spectra of SN 1987A. Left panel, 2007; right panel, 2011. Black crosses show the observed values 
(MEG + 1 diffraction order of the Chandra HETG). Line broadenings synthesized from our model by considering both Doppler and instrumental broadening 
are indicated by the blue crosses. Synthetic line broadenings with Doppler, instrumental and thermal broadening are indicated by the red crosses. Error 
bars are at the 90% confidence level.
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collisionless shocks. By analysing multi-epoch observations per-
formed at different phases of the shock-ring interaction, we also 
showed that the mass-proportional heating mechanism holds for 
different shock parameters.

Methods
Proton and electron temperatures in the hydrodynamic model. The model 
adopted here relies on the combination of a 1D Lagrangian code of the supernova 
explosion, which simulates the bolometric light curve and time evolution of the 
photospheric velocity and temperature of SN 1987A during the first 250 days of 
evolution, and a full 3D hydrodynamic code, which reproduces the expansion 
of the remnant between days 1 and 15,000 after the supernova24. The model 
set-up, equations and implementation, as well as its capability of reproducing 
observables, have already been confirmed and discussed elsewhere24. We focus 
here on the treatment of the temperature evolution in the shocked plasma. The 
proton temperature in the immediate post-shock region is calculated through 
the canonical equation = ∕kT m v3 16p p s

2. Electrons are heated at the shock front 
up to kT ≈  0.3 keV (regardless of the shock Mach number), as suggested11 for 
shock velocities of the order of 103 km s−1, like those in our simulations (this is 
crucial, because a mass-proportional heating for the electrons does not allow us to 
reproduce the observed data with the adopted set-up). We calculate the evolution 
of proton and electron temperatures in each computational cell of the post-shock 
medium by considering the effects of the Coulomb collisions in the time Δ t =  t −  ts 
where t is the current time and ts is the time when the plasma in each cell was 
shocked (this is important also to account for the non-equilibrium of ionization 
effects; see next section). The electron to proton temperature ratio Te/Tp therefore 
depends on the shock velocity and on the time elapsed after the shock impact.

Supplementary Fig. 1 shows the distribution of the emission measure of the 
X-ray emitting plasma in the computational cells (all having the same volume) 
versus Te/Tp at t =  20 yr and t =  24 yr (after the explosion, corresponding to year 
2007 and 2011, respectively). The figure reveals the contribution of the dense 
clumps in the ring (where the shock velocity is relatively low and Te/Tp ≈  1), of 
the interclump medium within the ring (Te/Tp ≈  0.2–0.6), and of the hotter and 
relatively tenuous H ii region (high shock velocity and Te/Tp ≈  0.01–0.3).

Coulomb collisions can produce variations of Te from the immediate post-
shock value on a short timescale. On the other hand, the evolution of the proton 
temperature is much slower, and Tp always varies less than 10% with respect to the 
immediate post-shock values over the time spanned by our simulation. Therefore 
Tp as well as Ti reflects closely the immediate post-shock conditions in SN 1987A. 
Over the computational domain, Te ranges between ~3.5 ×  106 K and ~5 ×  107 K, 
while Tp is in the range 3.5 ×  106 to 8 ×  108 K.

Coulomb collisions between different ion species and between ions and 
protons are not included in our model. From the parameters of our simulations, 
it is possible to estimate the thermal equilibration timescale for ion and protons25. 
For the ion–ion interactions, the e-folding time for the temperature evolution is of 
the order of a century, which is much higher than the time elapsed after the shock 
impact (the shock reached the ring in 2001, and we are looking at the 2007 and 

2011 data), so this process is indeed negligible. For the ion–proton interactions, 
instead, the e-folding time is comparable to the time elapsed after the shock 
impact. However, for the very turbulent magnetic field that we expect in the post-
shock region31, the thermalization timescale increases32 by a factor of about 5, thus 
making this process negligible for our case.

The electron to proton temperature ratio has been measured at the reverse 
shock of SN 1987A by analysis of observations33 performed in 2011 (that is, at 
t =  24 yr) by the Cosmic Origins Spectrograph of the Hubble Space Telescope 
(HST-COS), showing that Te/Tp ≈  0.14–0.35 (this value can change slightly with 
different assumptions, but Te/Tp >  0.1 is always required to explain the data33). We 
calculated Te/Tp at the reverse shock from our hydrodynamic model at t =  24 yr 
(corresponding to 2011). We considered only those computational cells that 
were more than 99% filled with hot (kT ≥  0.3 keV) ejecta material. The ejecta 
material can be identified thanks to a passive tracer included in the calculation24. 
This selection allows us to isolate the shocked (high-temperature) ejecta in the 
immediate post-shock region (in the post-shock flow, the ejecta are rapidly 
mixed with the shocked circumstellar medium, and the percentage of ejecta in 
the computational cells rapidly drops below 99%), thus selecting a narrow sheet 
of plasma behind the reverse shock. We then computed the density-weighted 
average value of the electron to proton temperature ratio for these cells, finding 
Te/Tp =  0.155, in remarkable agreement with that inferred from the observations. 
This provides a further indication of the reliability of our model.

Synthesis of X-ray spectra. From the model results, we synthesized the Chandra 
HETG X-ray spectra from the values of Te, density and ionization timescale 
(computed on the basis of the plasma density and time elapsed after the shock 
heating) by adopting the ATOMDB V3.0.8 database. We adopted the VNEI model 
within XSPEC which requires, as input, Te and the plasma ionization timescale to 
compute the continuum and line emission, and followed the same approach as in 
previous studies24,34,35. The X-ray spectrum from each cell was filtered through the 
photoelectric absorption by the interstellar medium, with the appropriate column 
density36. All synthetic spectra are folded through the Chandra instrumental 
response. To synthesize the line profiles of the Chandra HETG spectra, we 
accounted for the three possible sources of line broadening, namely (i) the angular 
extension and morphology of the source, that is, the position of each X-ray 
emitting cell in the computational domain, given that the shape of the emission 
lines depends on the shape of the zero-order spatial structure convolved with the 
instrumental line spread function, (ii) the Doppler broadening, associated with 
the bulk velocity of the plasma, and (iii) the thermal broadening, due to the ion 
temperature, as explained in detail below.

SN 1987A is resolved by the mirrors of Chandra, which clearly show a ring-like 
morphology for the X-ray-emitting plasma that is very similar to that predicted 
by our model (see Fig. 1). The morphology of the X-ray emission results from a 
shocked circular equatorial ring whose symmetry axis is tilted with respect to the  
line of sight. In our simulation, we assumed the supernova explosion to be at 
the origin of a 3D Cartesian coordinate system, and the dense equatorial ring on 
the (x,y) plane. We then rotated the system about the three axes to fit the actual 
inclination of the ring as found from the analysis of optical data37, namely θx =  41°, 
θy =  8° and θz =  9°. The projected (in the plane of the sky and in the direction 
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of dispersion) angular distance of each X-ray emitting plasma element from 
the centre of the ring in the zero-order image determines a wavelength offset 
corresponding to Δ λ =  0.01112 Å per pixel, where the pixel size is 0.492″ , in the 
Chandra MEG spectra. We therefore included this effect in synthesizing the spectra 
from the model for each computational cell, by taking into account the actual roll 
angle of the Chandra observations, where the ± 1 arms of the dispersion axis are 
aligned approximately south/north, respectively. We note that the synthetic zero-
order images are about 10% smaller than those observed (Fig. 1) and we verified 
that this is not an issue for the spectra in the MEG + 1 diffraction order described 
here. In fact, if we artificially enhance the angular size of the synthetic maps by 
about 20% (that is, making them larger than those observed) and compute the line 
broadening accordingly, the width of the lines increases by < 1% for the + 1 order, 
thus not affecting our results and conclusions. Although MEG − 1-order spectra 
are more sensitive to this issue, the + 1-order spectra discussed here do not change 
significantly. This is because in the + 1 order, the effects of the angular extension of 
the source are partly counterbalanced by Doppler effects, as explained below.

We computed the effects of the bulk Doppler broadening associated with the 
bulk motion of the post-shock plasma in the computational cells by taking into 
account the inclination of the ring with respect to the line of sight. Supplementary 
Fig. 2 shows a slice of the plasma velocity along the line of sight, for the X-ray 
emitting plasma, in the plane identified by the line of sight and the north direction 
in the sky, at t =  20 yr and t =  24 yr. The two parts of the ring intercepted by the 
plane of the cut are visible as indentations with low velocity, in the upper left and 
lower right parts of the plot. Because the X-ray emission scales as the square of 
the particle density, we also plot the corresponding cuts of density to show the 
different weight (for the emerging spectrum) of the plasma velocities in different 
regions of the model. On changing the value of θx by ± 5° (that is, more than the 
observational uncertainty on this parameter37), the width of the synthetic lines 
changes only by < 0.5% in the + 1 order, thus leaving all our conclusions unaffected. 
Because of the inclination of the ring with respect to the line of sight, as the shock 
expands, the X-ray emission of the plasma in the northern part of the ring will 
be, on average, blueshifted, while that originating in the southern part of the ring 
will be redshifted. Since in the + 1 order the dispersion axis is pointing south, the 
effects of bulk Doppler broadening and of the angular extension of the source work 
in opposite directions, whereas they sum in the − 1 order (whose dispersion axis 
points north). Therefore, the combined effects of the source angular extension 
and of Doppler broadening make the emission lines broader in the − 1 order than 
in the + 1 order, as already pointed out27,28,38 for the analysis of the actual Chandra 
spectra. Because of this, the relative contribution of thermal broadening (which is, 
in absolute, the same in the ± 1 orders) to the total line broadening will be higher 
in the + 1 spectra.

As explained in the previous section of the Methods, we followed the evolution 
of Tp and Te in the post-shock flow. Electron temperature, together with ionization 
timescale, plasma density and bulk velocity, allow us to synthesize the emerging 
X-ray spectrum from each computational cell, while the local value of Tp allows us 
to derive the thermal line broadening, as explained below. To include the effects of 
thermal broadening, we consider the values of Tp in each cell and assume that ions 
with atomic mass A have temperature =T ATi

mod
p, as in equation (1). On the basis 

of our assumption, we can add in quadrature a Gaussian broadening with

σ = =E
kT
m c

E
kT

m c
(2)th

i
mod

i
2

p

p
2

where E is the energy of the emission line, k is the Boltzmann constant, and c the 
speed of light. In this way, from Tp we can synthesize from our simulations the line 
broadening expected in case of mass-proportional post-shock temperature. We 
then compare the synthetic line broadening with that observed to test the mass-
proportional assumption against actual observations (Sect. M4).

We fitted the synthetic line profiles with Gaussians to measure their widths. 
The widths for selected emission lines in the + 1 order spectra obtained either with 
(red crosses) or without (blue crosses) thermal broadening at t =  20 yr and t =  24 yr 
are shown in Fig. 2, while Supplementary Fig. 3 shows the widths for the − 1 order 
at t =  24 yr. As expected, the total line broadening is higher in the − 1 order, and 
this makes the estimate of ion and proton temperatures difficult when comparing 
models and observations (see ‘Diagnostics’ section below).

Data analysis. We analysed Chandra observations 7588–90, 8487, 8488, 8523, 
8537–9, 8542–6 (PI C. Canizares) performed between March and April 2007 with a 
total exposure time of 354.9 ks, and observations 12145, 12146, 13238, 13239  
(PI C. Canizares) performed on March 2011 for a total exposure time of 178 ks.  
All observations have pointing coordinates αJ2000 =  05 h 35 min 28.0 s, δJ2000 =   
− 69° 16′  11.0″  and were reprocessed with CIAO 4.9 and CALDB 4.7.3.

We extracted the MEG ± 1 spectra by producing the corresponding 
auxiliary response file, ARF (with the fullgarf script) and redistribution matrix 
file, RMF (with the mkgrmf script) files. We then combined all the 14 spectra 
of the same order for the 2007 exposures and the four spectra of the same 
order for the 2011 exposures by using the combine_grating_spectra script in 
CIAO, thus obtaining cumulative + 1 order and − 1 order MEG spectra for the 
two epochs.

Spectral analysis has been performed with XSPEC V12.9.1. We fitted the 
single lines in narrow bands by adopting Gaussian components plus a thermal 
bremsstrahlung component (to fit the continuum). We also included the 
interstellar absorption (TBABS model within XSPEC) in all the spectral fittings, 
by fixing the absorbing column density to NH =  2.35 ×  1021 cm−2, in agreement with 
previous works36. As explained above,we measure higher linewidths in the − 1 order 
than in the + 1 order. The best-fit parameters are shown in Supplementary Table 2.

Diagnostics from the comparison between models and observations. The 
procedure adopted to compare models and data is summarized in the flow chart 
shown in Supplementary Fig. 5 and described below. First, from our hydrodynamic 
simulations, we synthesize X-ray spectra without including the effects of thermal 
broadening and compare them against the Chandra data. These synthetic spectra 
severely underestimate the observed line broadening (both in 2007 and 2011), as 
shown in Fig. 2. This proves that bulk Doppler broadening and spatial extension 
of the source cannot reproduce the total observed line widths, and an additional 
source of broadening, associated with high ion temperatures, is necessary to 
explain the data. We therefore measure the ion temperatures in SN 1987A from 
the difference between the observed linewidths and those predicted by the model 
considering Doppler and spatial effects only (all the linewidth contributions are 
summed/subtracted in quadrature).

Then we checked whether the model reproduces the observed linewidths by 
including the effects of thermal broadening in the synthesis of emission. In doing 
this, we considered the values of Tp in each cell and assumed a mass-proportional 
ion temperature—that is, that ions with atomic weight A have temperature 

=T ATi
mod

p, as explained in the section ‘Synthesis of X-ray spectra’ above. Figure 2  
shows that the widths of the emission lines measured in the Chandra spectra 
(for both the 2007 and 2011 observations) are in excellent agreement with the 
predictions. It is worth noting that if we assume =T Ti

mod
p the model fails in 

reproducing the observed linewidths. The capability of our synthetic spectra 
to reproduce the multi-epoch line broadening both in the + 1 order (where the 
contribution of thermal broadening is higher) and in the − 1 order (where the bulk 
Doppler broadening dominates over thermal broadening; see ‘Synthesis of X-ray 
spectra’) indicates that we are correctly estimating the bulk Doppler broadening 
and that our results are robust.

The agreement between model predictions and multi-epoch observations 
strongly confirms the predictions of equation (1) and proves that ions are heated 
up to higher temperatures than protons, according to their mass. If ions were 
only heated to temperature Tp (that is, by assuming thermal equilibration between 
particle species at the shock front), the thermal width of their emission lines would 
not be enough to explain the observed broadening, being reduced by a factor 
ranging from ~4.5 (for Ne) up to ~7.5 (for Fe), as explained by equation (2).

To quantify the agreement between equation (1) and our joint modelling and 
data analysis of SN 1987A, we produced the plot shown in Fig. 4. To this end, 
we use the value of Ti deduced from the comparison between actual spectra and 
those synthesized from the model without including thermal broadening, and the 
corresponding proton temperature calculated from our hydrodynamic simulations, 
as explained below. The global X-ray spectrum of SN 1987A forms from a very 
broad distribution of emission measure versus temperature (see Supplementary 
Fig. 1), and different emission lines arise from plasma at different (electron and 
proton) temperatures. ‘Colder’ lines (for example Fe xvii and Ne ix) originate 
where the plasma temperature is lower (generally, behind slow shocks such as 
those propagating in the clumps), whereas ‘hotter lines’ (for example Si xiv) stem 
from high-temperature regions. This calls for the need to estimate the average 
emission-weighted proton temperature T l( )p  from the plasma contributing to each 
emission line (the index l runs over all the inspected lines). This is possible by 
comparing our synthetic spectra obtained with and without thermal broadening. 
In fact, the separation between red and blue crosses in Fig. 2 depends on Ti

mod 
and provides a measure of the emission-weighted average value (the average being 
calculated over all the domain) of ion temperature for each line, T l( )i

mod , and then 
on T l( )p  (through equation (2)). We thus obtain the proton temperatures listed 
in Supplementary Table 1 for each line in the + 1 order spectrum. The temporal 
evolution of the average Tp in the different emission lines is non-trivial, depending 
on the expansion of the shock (that is, contribution from newly shocked plasma), 
on the temporal evolution of Te and Tp due to the Coulomb collisions, on the 
mixing of different plasma components, and on the complicated evolution of the 
distribution of emission measure (and particle density) versus temperature and 
ionization timescale.

We then divided Ti (calculated by comparing observations and synthetic 
spectra without thermal broadening) by the corresponding Tp (inferred from the 
model as explained above) and obtained the results shown in Supplementary Fig. 4.  
For all lines, in both epochs, Ti is always significantly higher than the proton 
temperature, a result that is reliable as it depends on shock velocities and plasma 
densities that are well constrained by our simulation24. We then averaged the ion 
to proton temperature ratios for He-like and H-like ions of the same species and 
obtained the results shown in the right panels of Supplementary Fig. 4, for 2007 
(upper panel) and 2011 (lower panel). As the two epochs provide consistent results, 
we further reduced the error bars by combining them, thus obtaining the plot 
shown in Fig. 4.
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Data availability
The HD simulations adopted here are presented in detail in ref. 24. The Chandra 
dataset analysed are available in the Chandra Data Archive (http://cxc.harvard.
edu/cda/). Other relevant data are available from the corresponding author upon 
reasonable request.
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