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connected to mergers of compact objects,
rather than to the collapse of massive stars.

On1lDecember2021, the Swift observatory
detected another bright, long y-ray burst with
high intensity at all wavelengths, the source
of which was a relatively close 350 megapar-
secsaway from Earth. The optical and infrared
light emitted far exceeded that expected from
the standard afterglow of the y-ray burst. This
afterglow is produced by a jet of relativistic
particles, which are particles travelling at close
tothe speed of light, interacting with the sur-
rounding medium. Trojaet al.and Rastinejad et
al.attribute this excesstoakilonova, becauseit
is consistent with theoretical models of merg-
ers, and its luminosity, duration and colours
are similar to those of GW170817. In fact, this
burstresemblesashorty-rayburstinallaspects
exceptits duration.

Thisdiscovery begs the question of how the
merger of two neutron stars could have given
risetosuchalongemission —apulse of13 sec-
onds, followed by a pulse of lower intensity
lasting another 55 seconds. One possibility is
thatacompactremnant of the merger (ablack
hole) powered ajet by accreting material from
atemporary disk of debris from the collision.
Butthelargerthedisk, thelongertheburst,and
neutron-star mergers produce small, compact
disksthatareunabletosustainy-rayburstslast-
inglonger than a second®.

Yangetal. propose that the duration of the
first pulseislongbecauseitisassociated with
alargeaccretion disk surrounding a spinning
neutronstar with a very strong magnetic field
(aproto-magnetar) that formed when awhite
dwarfmerged withaneutronstar. By contrast,
the extended emission shows a different spec-
trumthat suggests it was powered by arelativ-
isticwind that extracted therotational energy
of the proto-magnetar. This scenario is not
uncommonand hasbeen proposed to explain
the extended emission observed in asubstan-
tial fraction of short y-ray bursts™. Indeed,
the idea that a proto-magnetar is involved in
GW170817 has not been ruled out™*,

Previously, the only known electromagnetic
signature of akilonovawas the opticalinfrared
flash. But Mei et al. found that the kilonova is
also evident in the appearance of more pho-
tons than expected in the gigaelectronvolt
energy range. This excess is produced by the
same population of relativistic electrons that
emits the afterglow of the y-ray burst and that
boosts the optical photons of the kilonova at
high energies.

Other distinctive features of kilonovae
have been proposed in the past, but have so
fareluded detection. For example, ejectafrom
the merger are expected to produce shocks
whentheyinteract with the interstellar mate-
rial, leading to faint emissions at radio to X-ray
wavelengths that peak several years after the
merger'. Ongoing monitoring of GW170817
(ref. 14) with existing observatories and a
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sample of short y-ray bursts®” has not detected
such components. The low luminosity of the
expected emission would require obser-
vatories with improved sensitivity, such as
that promised by the Advanced Telescope
for High-ENergy Astrophysics (Athena), the
European Space Agency’s X-ray observatory
mission®®.

Future observatories might also reveal the
spectral features produced by the decay of the
radioactive nuclei thatare generated in merg-
ers'®’, Understanding the signatures of kilo-
novae at different wavelengths would enable
anincreaseinthe number of mergers detected
throughbothgravitational waves and electro-
magneticsignals.Suchjointeffortswould hone
the many merger models used to estimate the
mass, compositionand velocity of ejecta— data
that are key to theories touting neutron-star
mergers as the main source of heavy metals
inthe Universe.

Yang and colleagues’ proposed scenario
suggests that the kilonova emission is pow-
ered by a large amount of energy from the
proto-magnetar, because mergers between
neutronstarsand whitedwarfsarenotexpected
toyield much neutron-rich material'®. By con-
trast, a neutron-star merger requires limited,
ifany, energy from a magnetar’ It remains to
beseenwhichscenariois correct, butanyextra
energy should boost the long-termradio emis-
sion in a way that might soon be detectable®,
Another means of distinguishing the most plau-
siblescenarioinvolves the effectiveness of the
accretiondiskinsupportingalongy-ray burst,
because the disk associated with the merger
of awhite dwarfand ablack hole might not be
capable of doing s0®.

The nextcampaignfor the Earth-based gravi-
tationalwavelaboratoriesLaser Interferometer
Gravitational-Wave Observatory (LIGO), the
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Virgo interferometer and the Kamioka Gravi-
tational Wave Detector (KAGRA) is planned for
2023and 2026, andisexpectedto uncovertens
to hundreds of neutron-star mergers®. About
10% of these mergers could be associated’ with
thestrange hybrid y-ray bursts reported in the
four papers. Thiswould mean that these events
hadbeen detected by both gravitational waves
and electromagnetic emission, atleastin cases
inwhichthe progenitor comprisestwoneutron
stars. The gravitational-wave emission for the
merger of a white dwarf and a neutron star
wouldbetoo low for LIGO and Virgo to detect.
Butwith so many pieces of the puzzle coming
together, it won’t be long before the origin of
these peculiar flashes is revealed.
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A plastic container
for carbon emissions

Sangwon Suh & André Bardow

Modelling reveals that the carbon emissions associated
with plastics could be negative by 2100 under a strict set of
technological and socio-economic conditions — including
increased recycling and plant-derived production. See p.272

The direct effect of plastics on the marine
ecosystem has attracted global attention. How-
ever, the productionand disposal of plastics are
alsoaconcern, because these processesrelease
more climate-warming gases annually than
does global aviation'. And these emissions are
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increasing: the growing global appetite for plas-
tics is expected to result in a doubling of their
associated carbonemissions by 2050.Such an
increase would prevent us from achieving net-
zero emissions, a target that is widely held to
be necessary to protect the planet’s ability to



support life (see go.nature.com/3u7uiqc). On
page 272, Stegmann et al.? provide aroad map
foravoidingthisfuture by examining the entire
life cycle of plastics in the context of various
strategies for mitigating climate change.

The good news is that it is technically
possible to produce and dispose of plastics
with net-zero — or even negative — carbon
emissions, using technologies that already
exist**. However, the future deployment of
such approaches has not been modelled with
respect to socio-economic and technological
factors®, such as demography, income, the
prices of energy and carbon, and the efficien-
cies of recycling technologies. These factors
arecrucial, because they affect the economic
competitiveness of the technologies, as well as
their carbon balance.

Stegmannand colleagues’ study fills this gap
by modelling the future of the plasticsindustry
using abaseline ‘middle of the road’ socio-eco-
nomic pathway (see go.nature.com/3uvdbgs).
Their model then considers how specific
changes to this pathway could lead to plastics
having negative carbon emissions, while lim-
iting the global mean temperatureincrease to
2°Cbytheend of the century.

So how doesit work? The problem of global
climate changeislargely about where tostore
carbon among Earth’s four compartments:
the atmosphere, biosphere, hydrosphere and
geosphere. Storing carbonin the atmosphere
alone causes climate change. But thereis a
sizeable fifth compartment in which carbon
canbestored: the technosphere (comprising
allthetechnological objects manufactured by
humans, aswell as our social and professional
systems). Plastics are made mainly from car-
bonthatcomes fromcrude oiland natural gas,
butthey canalso be produced using biomass,
which draws carbon from the atmosphere.
Through the conversion of biomass to plastics,
thiscarbonistransferred fromthebiosphereto
the technosphere, whereitremainsforalong
time$, either in use (for example, in building
materials) or in secure landfill.

Therefore, Stegmannand colleagues demon-
strate that, by substituting oil with biomass as
afeedstock for plastics, and using our enor-
mousappetite for plastics’ to create avessel for
storing carbon, humans could use the global
production of plastics to remove carbon from
the atmosphere. They show that increased
recycling would further reduce thereliance of
future plastics on biomass feedstock, energy
and space for landfill.

The true value of the study lies in its abil-
ity to offer insights into the socio-economic
and technological conditions under which
plastics turn into a carbon sink. To achieve
this, theauthorsused aframework developed
previously by members of the same team?® to
model the life cycle of plastics, from produc-
tion to disposal. They first assessed how this
model behaved in the baseline scenario, and
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Figure 1| Carbon balance of the plastics industry.
Stegmann et al.> modelled the life cycle of plastics
(from production to disposal) in the context of
four scenarios for climate-change mitigation.

Their baseline scenario was a ‘middle of the

road’ socio-economic pathway (see go.nature.
com/3uvdbgs). They then examined the effects

of increasing the price of carbon emissions,
incentivizing recycling and renewable-energy use,
and prioritizing the use of biomass as a feedstock
for plastics production. In two of the four scenarios,
the plastics industry is forecast to have net negative
carbon emissions before 2100. (Adapted from Fig. 3
of ref.2.)

examined howitwould changewithanincrease
in the price of carbon emissions, eliciting a
global mean temperature increase of up to
2°C.They then looked at other changes that
promote circular-economy strategies, such as
recyclingand renewable-energy use, as well as
ascenario that prioritizes biomass use in this
circular economy.

Through their analysis, Stegmann et al. show
that plastics could achieve negative carbon
emissions by the end of the century (Fig.1), but
onlyunderacertainset of conditions —and they
aretoughtomeet. Theyincludeimplementinga
globally uniform carbon-pricing scheme; offer-
ing up to 30% subsidies for companies using
biomass to produce plastics; and mandating
thattheyields of key recycling technologies are
increased by upto20%.Each ofthese conditions
isatallorderonitsown.Inthatsense, morethan
anything else, the study highlights the magni-
tude of challenge that lies ahead.

As the authors point out, however, their
resultsshould beinterpreted with caution. For
example, their baseline scenario is intended
to represent a ‘business as usual’ pathway, in
which future behaviourslargely follow histor-
ical trends. But many of the conditions they
impose, including globally uniform carbon
pricing, fall along way outside this pathway.
Inour view, the friction between these two sets
of assumptions — that nothing will change and
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everything will change — limits the extent to
which policy-relevant interpretations can be
drawn directly from the authors’ results.

Future research will need to address the
unintended impacts of storing carbon as plas-
ticsinthe technosphere. The authors’scenario
assumes that plastics production will double
in volume by 2050, which will help to turn the
industry carbon negative by increasing the
carbon stock in the technosphere. Increased
throughput, however, might exacerbate other
problems, including the effect that plastics have
on marine life. The extra demand for biomass
could also escalate the competition for arable
land, whichis already stressed by the produc-
tion of feed, fuel and food, and could lead to
increased use of agrochemicals and fertilizer.

Finally, to make the authors’ recycling and
biomass goals attainable, materials and pro-
cesses willhave tobeimproved. Thisincludes
redesigning polymers to make them more
amenable to recycling than those currently
in use, and updating the processes for both
recycling and biomass conversion. Such
engineering-level details willneed tobe incor-
porated into future models.

Itseems plausiblethat plastics couldbecome
acarbon sink in future. But will they? In our
opinion, the answer hinges mainly on society’s
ability to create a socio-economic and political
landscape that facilitates the transition, rather
thanonthe development of necessary technol-
ogies. It remains unclear why global efforts can
facilitate the conditions necessarytoovercome
some global environmental problems, such as
ozone-layer depletion, but not others — yet.
What canscience doto help usunderstand the
barriersto creating such conditions? Answers
to these questions will be crucial for turning
possibility intoreality, and Stegmann and col-
leagues’ study is akey step in this process.
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