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Cosmic rays with energies up to a few PeV are known to be
accelerated within the Milky Way">. Traditionally, it has been
presumed that supernova remnants were the main source
of these very-high-energy cosmic rays®*, but theoretically
it is difficult to accelerate protons to PeV energies®® and
observationally there simply is no evidence of the remnants
being sources of hadrons with energies above a few tens of
TeV’%, One possible source of protons with those energies is
the Galactic Centre region®. Here, we report observations of
1-100 TeV v rays coming from the ‘Cygnus Cocoon'°, which
is a superbubble that surrounds a region of massive star for-
mation. These y rays are likely produced by 10-1,000 TeV
freshly accelerated cosmic rays that originate from the
enclosed star-forming region Cyg OB2. Until now it was not
known that such regions could accelerate particles to these
energies. The measured flux likely originates from hadronic
interactions. The spectral shape and the emission profile of
the Cocoon changes from GeV to TeV energies, which reveals
the transport of cosmic particles and historical activity in the
superbubble.
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The High-Altitude Water Cherenkov (HAWC) observatory
is a wide field-of-view, very-high-energy y-ray instrument that
is sensitive in the energy range of 300 GeV to beyond 100 TeV. It
is uniquely suited to the study of extended emission regions that
contain bright background sources, as is the case for the Cygnus
superbubble. A bright source, named 2HWC J2031+415 in the
second HAWC catalogue'' and shown in the significance map in
Fig. 1, has been detected coincident with the superbubble. The loca-
tion of this y-ray emission overlaps with that of a known pulsar wind
nebula (PWN) TeV J2032+4130 (ref. 2). Both TeV J2032+4130 and
2HWC J20314415 are situated well within the extended region of
y-ray emission detected at GeV energies by the Fermi Large Area
Telescope (Fermi-LAT)". Another source, 2HWC J2020+403,
possibly associated with the y Cygni supernova remnant (SNR),
lies 2.36° from the centre of 2HWC J2031+415.

By using 1,343 days of measurements with HAWC, we success-
fully removed the contribution of the overlapping sources to the
TeV y-ray emission in the region of interest (ROI) shown in Fig. 1.
The 2HWC J20314+415 emission is well described by two sources:
HAWC J2031+415 (at right ascension (RA)=307.90°+0.04° and
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Fig. 1| Significance map of the Cocoon region before and after subtraction of the known sources at the region. a, Significance map of the Cocoon region.
The map is in Galactic coordinates, where b and | refer to latitude and longitude, respectively. It is produced as described in ref. . The blue contours are
four annuli centred at the OB2 association as listed in Supplementary Table 1. The green contour is the ROl used for the study, which masks the bright
source 2HWC J2019+4367. b, Significance map of the Cocoon region after subtracting HAWC J2031+415 (PWN) and 2HWC J2020+403 (y Cygni). The
light-blue, medium-blue and dark-blue dashed lines are contours for 0.16, 0.24 and 0.32 photons per 0.1° x 0.1° spatial bin, respectively, from Fermi-LAT
Cocoon'®. Both maps are made assuming a 0.5° extended disk source and a spectral index of —2.6 with 1,343 days of HAWC data.

declination (dec.)=41.51°+0.04°), which is a slightly extended
source with a Gaussian width of 0.27° and is possibly associated
with the PWN TeV J2032+4130 (refs. '>'¥), and HAWC J2030+409,
which is a very-high-energy counterpart of the GeV Cygnus
Cocoon' (Methods). The region after subtraction of HAWC
J20314+415 (PWN) and 2HWC J2020+403 (y Cygni) is shown
in Fig. 1b.

HAWC J2030+409 contributes ~90% to the total flux detected
at the ROI and is detected with a test statistic (equation (1), likeli-
hood ratio test), TS, of 195.2 at the position RA =307.65°+0.30°,
dec.=40.93°+0.26°. The extension is well described by a
Gaussian profile with a width of 2.13°+0.15° (stat.) + 0.06° (syst.).
The location and the Gaussian width of the source are consistent
with the measurements by Fermi-LAT from above 1 GeV to a few
hundred GeV.

The spectral energy distribution of the Cygnus Cocoon
has been extended from 10TeV in the previously published
measurement by the ARGO observatory' to 200TeV in this
analysis. The measurement above 0.75TeV can be described
by a powerlaw spectrum  dN/dE = Np (E/Eo)",  with
E,=4.2TeV being the pivot energy. The flux normalization is
No = 9.3705 (stat.) 799> (syst.) x107*cm=2s7' TeV~" and the spec-
tral index is I" = —2.64793 (stat.) T30 (syst.). The flux is compat-
ible with an extrapolation from the Fermi-LAT measurement at
1-300GeV (refs. ). Compared to I'=—2.1 in the Fermi-LAT GeV
data, a significant softening of the energy spectral density is evident
ata few TeV in the ARGO data' and persists beyond 100 TeV in the
HAWC data (Fig. 2a).

GeV y rays observed by Fermi-LAT can be produced either by
high-energy protons interacting with gas or by high-energy elec-
trons upscattering stellar radiation and dust emission'®. Above a few
TeV, the inverse-Compton process between relativistic electrons
and stellar photons is suppressed by the Klein-Nishina effect. If
produced by electrons, the y-ray emission is therefore not expected
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to be peaked toward the stellar clusters, but rather trace the dif-
fuse dust emission across the entire Cocoon. This adds difficulty to
the task of distinguishing the leptonic and hadronic origins of the
y-ray radiation. The measurements of the Cygnus Cocoon emission
above 10 TeV break the degeneracy of the two origins. As shown
in Extended Data Fig. 1, we find it unlikely that a single electron
population produces y rays from GeV to the highest energy by
inverse-Compton emission without its synchrotron radiation vio-
lating the flux constraints posed by radio'® and X-ray'” observations.
The leptonic origin of the y-ray radiation by the Cygnus Cocoon is
therefore disfavoured as uniquely responsible for the observed GeV
and TeV flux.

The cosmic ray energy density above a proton energy of 10 TeV
is calculated for four annuli up to 55 pc from Cyg OB2 (Fig. 2b). We
find that the cosmic ray energy density in all spatial bins is larger
than the local cosmic ray energy density of 10~ eV cm™ based on
Alpha Magnetic Spectrometer measurements'®. Therefore, as for the
GeV y rays', TeV y rays come from the freshly accelerated cosmic
rays inside the Cygnus Cocoon, rather than from the older Galactic
population.

The radial profile of the cosmic ray density yields information
on the mechanism that accelerates particles in the Cygnus Cocoon.
Assuming that a cosmic ray accelerator has been active in the cen-
tre of the region at a radius of r=0, roughly at the location of Cyg
OB2, a 1/r dependence of the cosmic ray density would imply that
the acceleration process has continuously injected particles in the
region for 1-7Myr. A continuous acceleration process, which can-
not be guaranteed by a single supernova explosion event, could be
produced by the combined and long-lasting effect of multiple pow-
erful star winds. Conversely, a constant radial profile would imply a
recent (< 0.1 Myr) burst-like injection of cosmic rays, such as from a
supernova explosion event. Although the measured cosmic ray pro-
file seems to agree with a 1/r dependence, a constant profile, namely
a burst-like injection, cannot be excluded. This is in contrast to the
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Fig. 2 | Spectral energy distribution of the y-ray emission and cosmic ray density at the Cocoon region. a, Spectral energy distribution of the Cocoon
measured by different y-ray instruments. Here, @, is the y-ray flux, which is given by E,* x dN/dE, and E, is the y-ray energy. Blue circles are the spectral
measurements for the Cocoon in this study. The errors on the flux points are the 1o statistical errors. At low TeV energy, HAWC data agree with the
measurements by the ARGO observatory shown in grey squares'. The red and grey circles are the Fermi-LAT flux points published in ref. > and ref. ',
respectively. The grey triangles are from the Fermi-LAT analysis in ref. . The grey solid and dashed lines are y-ray spectra derived from the hadronic
modelling of the region. (The leptonic modelling results are provided in Extended Data Fig. 1). b, Cosmic ray energy density profile calculated for four
rings (0-15pc, 15-29 pc, 29-44 pc and 44-55 pc) centred at the OB2 association. The green circles are the cosmic ray densities derived above 10 TeV
using HAWC y-ray data. The y errors are the statistical errors and the x error bars are the width of the x bins. The orange and blue lines are the 1/r profile
(signature of the continuous particle injection) and constant profile (signature of the burst injection), respectively, calculated by assuming a spherical
symmetry for the y-ray emission region and by averaging the density profile over the line of sight within the emission region. The black dashed line is the
local cosmic ray density above 10 TeV based on Alpha Magnetic Spectrometer measurements'®, The black triangles are the cosmic ray densities above

100 GeV from ref. °.

cosmic ray density profile above 100 GeV from ref. °, which clearly
favours the 1/r profile. Alternatively, the 1/r profile is less striking
for TeV cosmic rays because of their escape time.

The angular size of the Cygnus Cocoon is about 2.1°, which trans-
lates into a radius of r=>55pc at 1.4kpc. The size of the Cocoon is
similar in both the TeV and GeV energy range. Assuming a loss-free
regime, the particles from tens of GeV to hundreds of TeV diffuse
in the region over a time t given by t,=1*/(2D) (ref. °), where D
is the particle diffusion coefficient. If D(E") = D,(E"), where D,(E")
is the average diffusion coefficient in the Galaxy at a given energy E’
and f is the suppression coefficient, then at 10 GeV

taier(10 GeV)
R

= 15,000 x (%) X ( )_1yr.

The diffusion time (tys) of 10GeV particles detected with
Fermi-LAT needs to be shorter than the age of the Cyg OB2 associa-
tion t,,, that is, t;,;(10 GeV) <t~ 1-7 Myr (ref. *'), which yields
$>0.002. By contrast, the diffusion time of 100 TeV particles must
be longer than the light-travel time to the edges of the Cocoon,
b (100 TeV) > R/ c, where R is the diffusion radius and c is the
speed of light. With Dy(100 TeV) =3 x 10* cm?s~!, we obtain f< 1.
The combination of observations by the GeV and TeV instruments
provides unique insights to particle transport in the Cocoon super-
bubble. The ‘suppression of the diffusion coefficient’ (f) is found to
be 0.002 < < 1. This confirms that closer to particle injectors, high
turbulence is driven by the accelerated particles, and cosmic rays
are likely to diffuse more slowly than in other regions of the Galaxy.

As discussed in ref. ', although the PWN powered by PSR
J20214+4026 and PSR J2032+4127 cannot explain this extended
Cocoon emission, we cannot rule out that the emission could be
from a yet-undiscovered PWN. The nearby y Cygni SNR might
not have been able to diffuse over the Cocoon region because of
its young age'’. The y-ray emission measured from the Cocoon

Dy (10 Gev)
3x1028cm? s—1

Ryt
55 pc
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region over five orders of magnitude in energy is likely produced by
protons in the GeV to PeV range that collide with the ambient dense
gas. The spectral shape in the TeV energy range is well described by
a power law without an indication of a cut-off up to energies above
100 TeV. Therefore, it might be the case that the powerful shocks
produced by multiple strong star winds in the Cygnus Cocoon can
accelerate particles, not only to energies up to tens of TeV as previ-
ously indicated by the Fermi-LAT detection, but even beyond PeV
energies. However, the presence of a cut-off or a break in the GeV to
TeV y-ray spectrum at a few TeV, as evidenced in the measurements
of both ARGO and HAWC detectors, argues against the efficiency
of the acceleration process beyond several hundred TeV.

The break in the y-ray spectrum around a few TeV could be due
to either leakage of cosmic rays from the Cocoon or a cut-off in the
cosmic ray spectrum injected from the source. In the first scenario,
the y-ray emission is dominated by recent starburst activities less
than 0.1 Myr ago. The diffusion length in the Cocoon is 100-1,000
times less than that in the interstellar medium owing to strong mag-
netic turbulence'® that is plausibly driven by starburst activities. The
lower-energy cosmic rays are confined by the magnetic field of the
Cocoon, whereas higher-energy cosmic rays escape from the region
before producing y rays, which results in a spectral break from GeV
to TeV regime. An injection index of a = —2.1 for the cosmic ray spec-
trum is needed to explain the Fermi-LAT observation. Such a spec-
trum can be achieved by different particle acceleration mechanisms,
for example through shock acceleration. An example of the leakage
model is illustrated as the thick solid grey line in Fig. 2a. Assuming
a recent activity that happened 0.1 Myr ago and a gas density of 30
nucleons per cm® as suggested by H1 and Hi1 observations™, the
proton injection luminosity is found to be L,~4x 10" ergs™" above
1GeV (Methods). The data above 100 TeV suggest that the stellar
winds inject protons to above PeV with a hard spectrum.

In the second scenario, the y-ray emission is produced by contin-
uous starburst activities over the OB2 star lifetime, 1-7 Myr. In this
scenario, a hard cosmic ray spectrum of a = —2.0, depending on the

467


http://www.nature.com/natureastronomy

LETTERS

index of the turbulence, is required to meet the y-ray spectrum of
y~—2.1 at GeV energies. As illustrated by the dashed grey curve in
Fig. 2a, a cut-off in the injected proton energy around 300 TeV can
explain the change of spectral index from GeV to TeV regime. This
scenario requires a proton injection luminosity of L, ~7 X 10*ergs™"
above 1GeV.

The total mass of the OB2 association is 2-10 X 10* M, (refs. >>**),
and the wind mechanical luminosity is estimated to be ~1-2X
10¥ergs™ (ref. ). The stellar association therefore requires 4%
and 0.7% acceleration efficiency for the burst model and the steady
model, respectively. OB2 produces sufficient power to account for
the acceleration of cosmic rays that now make up the Cocoon.

The HAWC observation reveals the high-energy spectrum
of Cygnus Cocoon, a representative of one of the most plausible
Galactic cosmic ray source classes, at the highest y-ray energies.
The TeV measurements provide direct evidence that the Cygnus
Cocoon accelerates cosmic ray protons above 100 TeV. When we
compare with the GeV Cocoon measurements'’, we do not observe
a hard y-ray spectrum above 1TeV. Although the y-ray emission
of superbubbles turns out to be more complicated than previously
understood, we show that the Cocoon may still be a PeVatron
if the break in the energy spectrum is caused by the escape of
higher-energy cosmic rays. Our result suggests that Cygnus Cocoon
could also emit high-energy neutrinos that are created by the decay
of ions produced by hadronic interactions of the cosmic ray protons
with the gas density in the ambient region. Although these neu-
trinos have not been detected yet, they may be identified through
extended source analysis by IceCube and future neutrino experi-
ments*>*. The feasibility of these neutrino detections could be eval-
uated by using a hadronic y-ray emission template based on the TeV
Cocoon model. Future very-high-energy y-ray observations such
as SWGO* and LHAASO?* will provide more statistics that can be
used to resolve the contribution of other stellar clusters to Galactic
cosmic rays around the knee of the energy spectrum.

Methods

The HAWC Observatory. The HAWC y-ray instrument consists of an array of 300
water Cherenkov detectors at an altitude of 4,100 m in Sierra Negra, Mexico. It is
sensitive to y rays in the energy range of a few hundred GeV to beyond 100 TeV
(ref. ). Each water Cherenkov detector has four photomultiplier tubes at the
bottom that detect the Cherenkov light produced by air shower particles travelling
through the detector. Air shower events recorded by the detector are reconstructed
to extract shower properties. The hadronic cosmic rays that pass gamma/hadron
separation cuts during the reconstruction are the main background in the analysis
of y-ray sources™. The background is computed as in ref. .

HAWC data are divided into nine size bins according to the fraction of
photomultiplier tubes triggered in a shower event. Size bin 9 has the highest-energy
y rays and the best angular resolution of 0.17° (68% containment radius) or
better”. Each size bin is further subdivided into 12 quarter-decade energy bins
for a total of 108 bins (ref. ) by using the ‘ground parameter’ energy estimation
algorithm, which uses the charge density at 40 m from the shower axis*. The
results presented here are based on 1,343 days of data collected between June 2015
and February 2019 for events with energies that were reconstructed above 1 TeV by
the ‘ground parameter’ method”.

Model fitting at the Cocoon region. A model describing the sources in the
Cocoon region is fitted by using the maximum-likelihood code 3ML (ref. *'). This
method estimates the best-fit value for the parameters being fitted for the spatial
and spectral description of the model to maximize the likelihood of the model.
Given the model, the expected y-ray events and background events are calculated
by forward folding with the detector response. A test statistic (TS) of each source is
then defined as the log of the ratio of the maximum likelihood of the best-fit model
including the source L, in question to the likelihood of the best-fit model
without that source L, courcey*

TS = 21 —louree)

(no source)

(6}

The region of interest used for the fit is a disk of radius 6° centred at
RA=307.17° and dec.=41.17° with a 2° mask around the bright Cygnus region
source 2HWC J2019+367 (ref. ') (eHWC J2019+368 (ref. *)). The best-fit
description of the y-ray emission in the ROI includes three sources. Two sources,
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HAWC J2031+415 and HAWC J2030+409, together contribute to the emission
detected at the 2HWC J20314-415 region®. HAWC J2031+415 is possibly
associated with the PWN TeV J2032+4130, which is the first extended y-ray source
detected in the range of very high energies'”. After the discovery by HEGRA, the
detection has been confirmed by various observatories®-". The y-ray emission
is likely a PWN powered by PSR J2032+4127 (ref. ). HAWC J2030+409 is a
TeV counterpart of the Fermi-LAT Cocoon'’. The ROI also includes a nearby
third source 2HWC J20204403 (y Cygni), which is possibly associated with VER
J2019+407 (ref. **), enclosed within the radio shell of the y Cygni SNR. The three
sources account for all of the TeV emission observed in the ROI region. The
spectral fit results for these three sources along with the TS values are provided
in Supplementary Table 2. The profile of the emission centred at the HAWC
J2030+409 is given in Supplementary Fig. 1b, where the blue line represents the
model after subtracting PWN and y Cygni.

Different spectral models were explored for HAWC J20304-409 (HAWC
Cocoon), namely a power-law spectrum

dN EN"
— =Nyl — ), 2
(%) @
and a power law with an exponential cut-off
dN EN"
— =No| — —E/E,). 3
%= V(g) xew-mE) @

The pivot energy E, is fixed at 4.2 TeV for both equations (2) and (3). The
free parameters are N, and I". In addition, the Gaussian width is fitted. The two
equations (2) and (3) constitute nested models. With Wilks’ theorem™ to convert
ATS to a significance, there is no significant improvement in the TS value for
a spectral fit using equation (3) (TS=196.9) compared to using equation (2)
(TS=195.2). Hence, for the HAWC J2030+409 spectrum, there is no significant
preference for a cut-off in the spectrum in comparison to a simple power-law
spectrum. The TeV Cocoon spectrum is therefore described by a power-law
spectrum. The likelihood profile of the cut-off energy assuming a power-law
spectrum with an exponential cut-off for the Cocoon is shown in Supplementary
Fig. 1a. Ata 95% confidence level, the lower limit to a cut-off is obtained at 15 TeV.

The HAWC J2031+415 (PWN) is described by a power-law spectrum with
an exponential cut-off and Gaussian morphology. A power-law spectrum with
an exponential cut-off is chosen as it is preferred in our model in comparison to
a power-law spectrum by a ATS of 16.9 (~40). The TS values for the PWN for a
simple power-law spectrum and for a power law with an exponential cut-off are
281.6 and 298.5, respectively. The free parameters are flux normalization N, index
I’ and cut-off energy E, of equation (3), plus the Gaussian width. The 2HWC
J2020+403 (y Cygni) is described by a power-law spectrum with a disk radius
fixed at 0.63° based on the studies of ref. . The free parameters are N, and I" of
equation (2).

Residual significance distribution. The significance distributions in the ROI
before and after subtracting various sources are shown in Supplementary Fig. 2. If
the residual map obtained after subtracting the model contains only background
fluctuations, then the significance histogram should follow a normal distribution.
The dotted lines in the plots are the expected and the obtained distribution.

The significance map with the ROI circled in green is shown in Fig. 1. The
significance distribution obtained for the ROI (Supplementary Fig. 2a) is skewed
towards positive values owing to the presence of different y-ray sources. Because
of these sources, we see excess counts above background fluctuations. After
subtraction of the PWN and the y Cygni SNR, the skew is considerably reduced
(Supplementary Fig. 2b). The excess counts from the Cocoon source contribute to
this skew. Finally, when the Cocoon source in addition to the PWN and y Cygni
are subtracted, there are no longer significant excess counts over background
fluctuations (Supplementary Fig. 2c).

Energy range. A method similar to the energy range method in ref. ** is applied to
determine the energy range of y-ray emission from the TeV Cocoon. The best-fit
model (the power-law spectrum of equation (2)) is multiplied by a step function at
some value to simulate a sharp cut-off in energy. The free parameters are the strict
upper or lower cut-off for the energy in addition to the flux normalization and
index of the Cocoon. The energy value at which the log likelihood decreases by 1o
from the maximum log likelihood value in the nominal case (Supplementary Fig.
3) is then quoted as the lower limit to the maximum detected y-ray energy (when
the free parameter is a strict upper cut-off) or as the upper limit to the minimum
detected y-ray energy (when the free parameter is a strict lower cut-off).

Based on the energy range studies, the TeV Cocoon spectrum extends from
0.75TeV to 225 TeV. The TS values for the Cocoon in each median reconstructed
energy are provided in Supplementary Table 3. The TS above 100 TeV is about 6.

Cosmic ray density profile. The annular rings used in the density profile study

are similar to the annular bins used in ref. '°. The four rings 0-0.6°, 0.6-1.2°,
1.2-1.8° and 1.8-2.2° (corresponding to 0-15 pc, 15-29 pc, 29-44 pc and 44-55 pc,
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respectively), centred at the position of the OB2 association (308.3°, 41.3°), are
selected as illustrated in Fig. 1a. With the 3ML software®, the four rings are fit
simultaneously with the contributions from PWN and y Cygni. In total, this
six-source (four rings, PWN and y Cygni) model has 13 free parameters (flux
normalization and index of the four rings; flux normalization, index and cut-off
energy of the PWN; and flux normalization and index of y Cygni). With the
integral flux (I;,,) for each ring from ~1TeV to ~200 TeV, the total luminosity of
each ring is calculated as

Ly = 4nling X d°, (4)
where d is the distance to the OB2 association (1.4kpc (ref. *)). Gas mass (M) in
the region is also used as quoted in ref. "%, and the cosmic ray density w, can be
calculated by using the formula in equation (5) (ref. °):
—1L,(>1TeV M N\
wer(>10 TeV) = 1.8 x 10—2(1) Ly(z1Tev) eVem™?
1.5 103 ergs—! \ 10°M¢
(5)

7 accounts for the presence of the heavier-than-hydrogen nuclei and is taken
to be 1.5 (refs. *»**). Then, with equation (5), the density values w, above 10 TeV
are given in Supplementary Table 1. In Fig. 2b, the green circles represent cosmic
ray energy density against the distance from the centre of the OB2 association,
and the average cosmic ray density profiles over the line of sight are shown as
orange and blue lines. The reduced chi squared y* is 1.12 for a constant profile and
0.46 for 1/r profile. Owing to the large statistical errors, the study cannot provide
conclusive evidence of 1/r signature for continuous injection versus constant
profile for burst-like injection. According to ref. *, the systematic uncertainties
associated with the gas mass in the Cocoon region could be as high as 50%. Adding
the systematic error of +£50% in the gas mass does not alter our conclusion that
our study cannot claim a preference for continuous injection versus burst-like
injection.

Hadronic modelling. Protons interact with the ambient gas cloud and produce

7° which immediately decays into y rays. The expected y-ray flux from the parent
proton flux in the Cocoon are shown in Fig. 2a. We assume a 59.2mb cross-section
for the p-p interaction between a PeV proton and a rest-mass proton®. The gas
density of the Cocoon region is approximately 30 nucleons per cm?® (ref. »?).

Transient source. Here, we consider a starburst event at #, that injects particles
with rate Q(E, t) = S(E) 6(t — t,), where S(E) = SoE~“ exp(—E/Ecy:) depends only
on energy and « is the spectral index. The solution of the cosmic ray transport
equation applied to the Cocoon region is*

_ b(Ey)

nEnt—ty) = oE expl—r*/(44g)]

(411/1%) 3”2

S(Ey) , ()

where E, is the initial proton energy at t, and b(E) = dE/dt is the energy loss rate. 4,
is the distance travelled by the particle when its energy decreases from E, to E (or
from time ¢, to time #) and is a function of particle diffusion coefficient D(E):

B D(e) } 12
Ao = / de . (7)
’ [ O
Assuming that the proton density inside the Cocoon is from a source at the
centre, the total number of cosmic rays from a burst at , is
dN b(Eo)
—(t—t) = S(Eo) Fec (E, t 8
dE( 0) b(E) (Eo) Fee(E, to) (8)
EO —a
= fsOE exp (—E/Ecut) Fec(E t) 9)
where F.. depends on the radius of the Cocoon (R..=50pc) and the time of the
burst:
Rcc 1 Rcc 2 2
Foc = erf <%> - B /Toexp[—Rcc/(Mo)] . (10)

For the turbulent magnetic field in the Cocoon, D(E) =10%(E/1 GeV)**cm?s~!
is adopted. Fitting the function with the 4FGL Cocoon flux points'* and HAWC
data, the initial injection rate S, for f,=0.1 Myr obtained is ~9 X 10* ergs~'. We find
the best-fitted injected proton spectrum with spectral index @ =—2.13 with E
fixed at ~100 PeV. The result is insensitive to the value of E,
~1PeV.

The proton luminosity (L,) is then calculated as

cut

as long as it is above

cut

Ennax
L, = _/ QuE™ " exp(—E/Ecw) dE. (11)
E

‘min

For E,,=1GeV and E,,, = 1PeV, L, 4 X 10" ergs~".
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Steady source. If the source injects particles continuously in time with a temporal
profile Q(f), the cosmic ray flux sums the contribution from different injection
episodes.

dN w dN
FO= [ a0 Fe-wew 12)

where 7. is the source age. With 7..= 3 Myr, the initial injection rate Q(t,) obtained
is ~1 X 10*ergs™". The best spectral fit has a spectral index of @ =—2.0 and a cut-off
E.,, fixed at ~300 TeV. For the steady source, D(E) = 10*(E/1 GeV)"* cm?s is
adopted. With E,,,=1GeV and E,,,,=300TeV, L,~7 x 10* ergs™".

Assuming a 0.7% to 4% acceleration efficiency from the proton injection
luminosity obtained here for the two models, to generate 0.3-1 x 10* ergs™" power
to explain the energy density of Galactic cosmic rays*, ~10* Cyg OB2-like stellar
associations would be required. Currently, fewer than 100 OB associations (Cyg
OB2 being the most massive) have been identified in the 3kpc survey of our
Galaxy'®*.

Both of these models (transient source and steady source) adequately describe
the observed GeV to TeV data. Given the current statistical errors, we cannot
provide conclusive evidence that one model should be preferred over the other.

The y-ray flux produced by protons injected at t, is

E, 17 dN,
= (5m) g G- @

where F,(E,/E,, E,) is the spectrum produced by one proton with energy E, via z°
decay and ny, is the proton density. An analytical form of F, is presented in equation
(58) of ref. **. The transition of propagation regimes®™ may also lead to features in
ay-ray spectrum, but cannot explain the spectral change around 1 TeV observed
from the Cygnus Cocoon, as proton propagation at these energies is still in the
diffusive regime.

‘max

cny
- 2
4nDZ,

oo
dE, opp (Ep)
EY

O (Ey 1)

Leptonic modelling. The electron spectrum is computed by solving the following
transport equation:

on(E, r)
ot

where D(E) = D, E’ is the diffusion coefficient with §x0.33 for the Kolmogorov
turbulence, Q(E, t) = Q, E~* is the particle injection rate and b(E) = dE/dt is the
energy loss rate. Assuming that the turbulent magnetic field and gas density inside
the Cocoon are roughly constant over time, D and b depend only on energy. The
computation of the energy loss rate is described below. For selected parameter
values of D,, Q, and a, the gamma ray produced by the electrons are set to explain
both the spatial profile and the energy spectrum measured by HAWC.

Following ref. ', we consider three radiation fields for y-ray production:
intense stellar light fields surrounding Cyg OB2 and NGC 6910 (a stellar cluster
in the vicinity of OB2) and a more diffuse dust radiation field that spans the
entire Cocoon. We note that the stellar radiation fields are not important to TeV/
y-ray production. The energy of a stellar photon in the rest frame of an electron is
€'/(mec*) = 6 (Eo/1 TeV) (T/2 x 10* K) >> 1, where E, is the electron energy and
T is the temperature of the stars. The inverse-Compton emission at TeV is therefore
largely suppressed by the Klein-Nishina effect. By contrast, the dust radiation
field peaks at lower frequency and can be upscattered to TeV vy rays. The radiation
field is also more extended than the main clusters of Cyg OB2 and NGC 6910. The
extended distribution of y rays alone cannot reject a leptonic scenario in which y
rays are produced by electron-positron pairs.

We compare the synchrotron, Bremsstrahlung and inverse-Compton emission
of high-energy electrons with multi-wavelength observations of the Cygnus
Cocoon. We find it implausible that a single electron population explains both
the GeV to TeV flux and the spatial profile of the y rays simultaneously, while
not violating the X-ray and radio upper limits. Here, we presents a ‘minimum
leptonic model’ (Extended Data Fig. 1) where only y-ray emission above ~1TeV is
explained by electrons. The observed flux between 0.1 GeV and 100 GeV (ref. ')
is assumed to be produced by hadrons such that they do not contribute to
synchrotron radiation at lower energy. Extended Data Fig. 1 shows that even this
minimum model can hardly satisfy the constraints posed by multi-wavelength
observations.

Deep X-ray observations of the y-ray Cocoon in the 2-10 keV range'” and
radio flux averaged over the Cocoon from the Canadian Galactic Plane Survey'®
independently constrain the synchrotron emission by relativistic electrons.

In addition, relativistic electrons that may explain the HAWC observation
between 1TeV and 100 TeV would unavoidably overproduce a sub-GeV flux of
Bremsstrahlung radiation. We therefore conclude that the observed TeV vy rays

are more plausibly produced by hadrons. We focus on TeV y-ray observation in
this work, and refer to refs. ' for discussion about the origin of the observed
GeV 1y rays. Future hard X-ray and y-ray observations resolving subregions of the
Cocoon will allow further investigation of the y-ray production mechanism, which
in principle could be a combination of leptonic and hadronic contributions from
various stellar activities in the history of the Cocoon.

2 1b(E) n(E 1) = QB 1) 5(7)

— V[D(E) Vn(E, r)] — 3

(14)
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Summary of systematic uncertainties. The contribution to the systematic
uncertainties from the detector effects to the flux normalization of the TeV
Cocoon is about +7% of the nominal value. The index and Gaussian width of the
TeV Cocoon change by <2% because of detector systematics. These uncertainties
are determined as described in ref. ». Further systematic studies were done with

a larger ROI without masking 2HWC J2019+367. With a larger ROI, the TeV/
Cocoon flux normalization and the Gaussian width differ by <4%. The index

of the TeV Cocoon differs by <1%. To explore the possible contamination from
Galactic diffuse emission and unresolved sources, in addition to the three sources
mentioned, a large diffuse emission background is included. It is included in

the model either as a Gaussian (spatial morphology) distribution symmetrically
distributed about the Galactic latitude of 0° and infinitely extended along Galactic
longitude, or as a uniform background with a disk radius of 6°. In both cases, the
additional (Galactic diffuse emission and unresolved sources) component is not
significantly detected. However, its presence could decrease the Cocoon flux by
about 11%. The effects on the index and the Gaussian width are negligible (<2%).
In the GeV regime, we studied the Cocoon spectrum published in a 2011 paper',
the 3FHL catalogue® and the 4FGL catalogue'. The 3FHL and 4FGL catalogues
report 10-15% higher flux for the Cocoon compared to the published spectrum in
ref. 1. The results reported in this study are based on the measurements from the
4FGL catalogue®. Fitting the proton spectrum by using the flux points from ref. '°
and ref. *' and HAWC data results in no significant difference for the total energy
of the protons in the Cocoon.

Data availability
The datasets analysed during this study and the scripts used are available at a public
data repository (https://github.com/binitahona/Cocoon-paper).

Code availability

The study was carried out by using the Analysis and Event Reconstruction
Integrated Environment Likelihood Fitting Framework (AERIE-LiFF), the
Multi-Mission Maximum Likelihood (3ML) software and the HAWC Accelerated
Likelihood (HAL) framework. The code is open-source and publicly available

on Github at https://github.com/rjlauer/aerie-liff, https://github.com/threeML/
threeML and https://github.com/threeML/hawc_hal. The software includes
instructions on installation and usage.
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Extended Data Fig. 1| Leptonic modelling at the Cocoon region. Multi-wavelength observations of the Cygnus Cocoon (15; 17; 19) constrain the
Synchrotron and Bremsstrahlung radiation of relativistic electrons. The light grey curves correspond to a ‘'minimum leptonic model’, where only y-rays
above 1TeV are explained by electron emission. The electron population is assumed to follow a power-law energy spectrum dN/dE < E-2in a region with
magnetic field B= 20 pG and gas density n = 30cm= as in the Cocoon (10). The leptonic emission consists of the Synchroton radiation (solid, from radio
to hard X-ray), Bremsstrahlung emission (thick dash-dotted), and inverse-Compton scattering of the dust emission in the Cocoon (dashed) and the
radiation fields of the two stellar clusters, NGC 6910 (thin dash-dotted) and OB2 (dotted). Observations between 0.1-100 GeV are explained by hadronic
interaction (black dashed curve). The red points are the GeV flux points by Fermi-LAT and the blue circles are the HAWC flux points with 1o statistical
errors. The sum of the emission above ~ 0.3 GeV is indicated by the black solid curve. In the inner plot, the blue circles indicate the y-ray luminosity for the
four rings at the Cocoon region and the light grey solid curve is the TeV y-ray luminosity from the model.
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