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The origin of Galactic cosmic rays is a century-long puzzle. Indirect evidence points to their
acceleration by supernova shockwaves, but we know little of their escape from the shock and
their evolution through the turbulent medium surrounding massive stars. Gamma rays can probe
their spreading through the ambient gas and radiation fields. The Fermi Large Area Telescope
(LAT) has observed the star-forming region of Cygnus X. The 1- to 100-gigaelectronvolt images
reveal a 50-parsec-wide cocoon of freshly accelerated cosmic rays that flood the cavities
carved by the stellar winds and ionization fronts from young stellar clusters. It provides an example
to study the youth of cosmic rays in a superbubble environment before they merge into the
older Galactic population.

I
sotopic and elemental abundances indicate

that ~20% of the cosmic-ray (CR) nuclei are

synthesized by massive Wolf-Rayet stars at

least 105 years before their acceleration, presum-

ably by a supernova shockwave (1–3). Massive

stars cluster in space and time (4). Their super-

sonic winds and explosions power fast shock-

waves and supersonic turbulence in the surrounding

medium; thus, particle confinement and reaccelera-

tion by repeated shocks can substantially modify

the CR properties before they diffuse at large in

the Galaxy (5, 6). This early diffusion can be fol-

lowed in g rays as the young CRs interact with the

gas and radiation surrounding stellar clusters.

The Cygnus X region boasts an abundance of

massive stars born in the past fewmillion years in

numerous associations (7), notably in themassive

Cyg OB2 cluster at a distance of 1.4 kpc (8, 9).

The bright clusters have sculpted their parent

molecular clouds over tens of parsecs (10, 11)

through ionization, radiation pressure, and ex-

pansion of the coalescing stellar winds, creating

lower-density cavities filled with neutral and ion-

ized hydrogen from photodissociated H2. The

compressed edges along the ionization fronts

shine brightly in midinfrared as photon-dominated

regions (PDRs) (Fig. 1). The presence of the g

Cygni supernova remnant in the region (12) and

the detection of diffuse TeVemission by Milagro

(13, 14) suggest the potential presence of young

CRs. We probed their properties with Fermi

Large Area Telescope (LAT) observations in the

0.1- to 100-GeV energy band at Galactic lon-

gitudes 72° ≤ l ≤ 88° and latitudes |b| ≤ 15°.

We modeled the spatial and spectral distribu-

tions of the interstellar radiation (15, 16) as a

linear combination of gas contributions from dif-

ferent clouds seen along the lines of sight in the

atomic, molecular, and dark neutral gas phases

(fig. S1).We added a contribution from the large-

scale Galactic inverse Compton (IC) emission, an

isotropic intensity for the instrumental and extra-

galactic backgrounds, and several noninterstellar

sources such as pulsars and supernova remnants.

In particular, we detected hard emission above 3

GeV from g Cygni (figs. S2 and S3), and the

extended source was added to the background

model (Fig. 2).

The 0.1- to 100-GeV data indicate that the 8

million solar masses of gas of the whole Cygnus

complex are, on average, pervaded by the same

CR flux and spectrum as near the Sun (15), to

within 20%. In the central regions, toward Cygnus

X, the molecular clouds may exhibit a slightly

harder spectrum above 10 GeV than the surrounding

atomic clouds, but the deviation significance is

<3s (15), so our background model assumes the

same spectrum in all gas phases unless otherwise

mentioned.

We find an extended excess of hard emission

above the modeled background (Fig. 2C). The

excess fades out below 1 GeV because of the

steep rise of the softer gas components (15). To

measure the significance and spectrum of the

excess, we fitted a Gaussian source with free

location and width. The best fit (l = 79.6° T 0.3°,

b = 1.4° T 0.4°, s = 2.0° T 0.2°) (fig. S4) yields a

10.1 s detection above 1 GeV. We get a com-

parable significance and consistent morphology
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when allowing the spectrum of the central mo-

lecular clouds to harden above 10 GeVor when

changing the HI spin temperature in the back-

ground model (16).

The zoom in Fig. 3A shows how the excess

emission relates to the interstellar structures in

Cygnus X. It stretches over ~50 pc between Cyg

OB2 and g Cygni, in the cavity fringed by PDRs.

The well-resolved morphology extends far be-

yond the sizes of Cyg OB2 and g Cygni, and it

differs from the spatial distributions of the var-

ious gas phases (fig. S1). It distinctly follows the

regions bounded by PDRs, as in a cocoon. The

emission peaks toward massive-star clusters

(NGC6910, the western part of Cyg OB2, and

associations circled in Fig. 1) and toward the

southernmost molecular cloud. Stellar clusters

can host g-ray point sources, but the smooth ra-

dial profile of the excess (fig. S5), the comparable

spectra obtained in different parts (fig. S6), the

poorer fit obtained with an ensemble of discrete

point sources (16) (fig. S4), and the spatial re-

lation with PDRs, all point to the diffuse, in-

terstellar origin of the excess emission.

Pulsar wind nebulae power extended g-ray

sources, but the young pulsars J2021+4026 in g

Cygni and J2032+4127 are unlikely to explain

the cocoon emission (16).We cannot rule out a yet-

undiscovered nebula, but the close relation between

the emissionmorphology and the interstellar struc-

ture in Cygnus X favors a CR origin.

The hard cocoon emission extends to 100 GeV

(Fig. 4). The flux of (5.8 T 0.9) × 10−8 cm−2 s−1 in

the 1- to 100-GeV band gives a luminosity of

(9 T 2) × 1027 W at 1.4 kpc, which represents

only ~0.03% and ~7% of the stellar wind power

in Cyg OB2 and NGC 6910, respectively (16).

The cocoon overlaps the source MGRO J2031+

41 (14), and the flux above 10 TeVappears con-

sistent with the extrapolation of the LAT data

(Fig. 4) (13).

Ionized gas was not part of the background

model and can be traced by free-free emission at

40 GHz (16). We derived N(HII) column den-

sities for a temperature of 104 K and different

electron effective densities neff (17). The cocoon
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Fig. 1. An 8-mm intensity map of the Cygnus X region from MSX (W m−2 sr−1, in log scale), outlining
the PDRs. Objects are noted with their names or numbers: Cyg X-3 and pulsars J2021+4026 and
J2032+4127 (magenta diamonds); the g Cygni supernova remnant (magenta circle); OB associations
[white or black circles (7)]; HII regions [white squares (10)]; and OB stars from Cyg OB2 and Cyg OB9
[white stars (8, 29)].
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encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses

of ionized gas at 1.4 kpc (fig. S1D). However, the

mass is an order of magnitude too low and the

“Local” CR spectrum (i.e., that near the Sun) is

too soft to explain the LAT data (Fig. 4). The

cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map

to the data in addition to the other interstellar

components. The template is significantly de-

tected, but at the expense of an unusually large

emissivity, much harder than in the other gas

phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).

Thus, overlooked gas in any state, illuminated by

the same CR spectrum as found in the rest of the

region, cannot explain the observed hardness

of the cocoon emission. It requires a harder CR

spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6Wm−2 sr−1white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rimof g Cygni 5000 years
ago is purely illustrative.
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To reproduce the LAT data with pure ha-

dronic emission (16), we need an amplification

factor of (1.6 to 1.8) × (E/10 GeV)0.3 of the Local

proton and helium spectra in the cocoon. It im-

plies a total CR energy of 1.3 × 1042 J above 2

GeV/nucleon and a volume energy density 50%

larger than that near the Sun.

We calculated an upper bound to the IC emis-

sion expected from CR electrons, with the Local

spectrum, upscattering the stellar light from Cyg

OB2 andNGC6910 (16). The enhanced, infrared-

rich, interstellar radiation field (ISRF) in the re-

gion (fig. S8) also provides hard IC emission in

addition to the cluster contributions and to the

Galactic component included in the background

model. We used radio to infrared maps, the Local

electron spectrum, and a 25-pc (1°) thickness

along the lines of sight to estimate the ISRF and

IC spectra in each pixel subtended by the cocoon

(16). We added stellar light fields to account for

the average abundance of stars outside Cyg OB2

and NGC6910. The total IC emission, integrated

over the cocoon directions, is too faint and too

soft to match the data (Fig. 4). An amplification

factor of 60 × (E/10 GeV)0.5 of the Local electron

spectrum can, for instance, account for the LAT

data without overpredicting the average synchro-

tron intensity we measured at 0.408 and 1.42

GHz in the cocoon. The synchrotron calculation

used a magnetic field of 2 nT deduced from

pressure balance with the gas. The amplified

electron spectrum gives a total energy of 4 ×

1041 J above 1 GeV.

Whether CR electrons or nuclei dominate

the cocoon g radiation, its hardness points to

freshly accelerated particles. TeVelectrons have a

20,000-year lifetime against synchrotron and IC

losses in the cocoon environment (with av-

erage magnetic and ISRF energy densities of

9.9 and 6.8 MeV m−3, respectively). A hard pion

spectrum indicates nuclei having recently left

their accelerator. After a travel time t, particles dif-

fuse to a characteristic length L2D= [4D(E) t]
1/2 for

an interstellar diffusion coefficient D(E) = 1024

(E/10 GeV)1/2 m2/s. They can flood the entire

cocoon in a few thousand years from a single

accelerator anywhere in Cygnus X, with higher-

energy particles reaching farther out (Fig. 3B).

The fact that we obtain consistent widths for the

Gaussian source in the 1 to 10 and 10 to 100 GeV

bands, however, suggests an efficient confine-

ment inside the cocoon.

We conclude that the cavities carved by the

young stellar clusters form a cocoon of hard CRs.

It provides evidence for the long-advocated hy-

pothesis that OB associations host CR factories.

Where is/are the accelerator(s)? g Cygni is a

potential candidate. Its relation to the Cygnus X

cavities is unclear. It expands in low gas densities

[0.3 cm−3 (18)], but a chance alignment in this

crowded direction is possible. g Cygni shelters

energetic particles shining in g rays (figs. S2 and

S3). We used the present expansion character-

istics of the 7000-year-old shockwave to follow

its past evolution and to evaluate the energy the

particles could reach by Fermi acceleration at the

end of the free expansion phase, 5000 years ago

(16). With CR pressure feedback on the shock

and magnetic amplification by the streaming

CRs, we obtain maximum energies of 80 to 300

TeV for protons and 6 to 50 TeV for the radiating

electrons (16). These values are high enough to

explain the LAT emission with nuclei and/or

electron emission after a few thousand years of

interstellar propagation, but not the Milagro flux

with pure IC emission. The anisotropy of the

emission around the supernova remnant chal-

lenges this scenario. The slightly foreground

molecular ridge extending southeast of the

remnant (along L889 and HII region 4) may be

too far to serve as a target mass (10). Another

option involves a champagne flow (19, 20) with

the shockwave breaking away into a cavity and

advecting particles out, independent of their en-

ergy, but there is no evidence that the shockwave

of g Cygni rushes out on its eastern rim (12). In

the absence of advection, the short diffusion

lengths expected in the turbulent medium of

Cygnus X (see below) may rule out the very

young g Cygni as the unique accelerator in the

cocoon.

OB associations are considered as CR accel-

erators from the collective action ofmultiple shocks

from supernovae and the winds of massive stars

[e.g., (5,6,21–23)]. The age ofCygOB2, spreading

from 3:5þ0:75
−1:0 million years in the core to 5:25þ1:5

−1:0

million years in the northwest (9), allows the pro-

duction of very few supernovae, if any. NGC6910

has a comparable age of 6 T 2 million years (24).

We applied the superbubble acceleration formal-

ism (5) solely to the termination shocks of ran-

dom winds in the high gas pressure (10−12 Pa) of

the cocoon (16). Their characteristic size and

mean separation of ~10 pc is taken as the energy-

containing scale of the strong magnetic turbu-

lence (16). It leads to diffusion lengths that are

shorter by a factor of 100 than in the standard

interstellar medium; thus, protons can remain

confined over 100,000 years in agreement with

the time scale implied by isotopic abundances

(1, 25). Their energy distribution peaks at 10 to

100 GeV and extends to 150 TeV, so their g

radiation in the ambient gas can explain the

hard cocoon spectrum (16). It is therefore

possible that the cocoon is an active CR super-

bubble. It provides a test case to study the

impact of wind-powered turbulence on CR

diffusion and its potential for acceleration, both

for in situ CR production and to energize

Galactic CRs passing in the tangled environ-

ment of star-forming regions. Small g-ray spectral

variations across the cocoon can point to a single

accelerator or to a distributed acceleration within

the superbubble.

A dozen outstanding stellar clusters, at least

as young and rich as Cyg OB2, are known in the

Galaxy [e.g., (9)]. The production and confine-

ment of fresh CRs in the Cygnus X cocoon pro-

vides an alternative scenario on the origin of the

TeVemission seen toward several of these clusters

[the Arches, Quintuplet, and Sgr B2 (26), West-

erlund 2 (27), and Westerlund 1 (28)].
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Fermi Detection of a Luminous g-Ray
Pulsar in a Globular Cluster
The Fermi LAT Collaboration*†

We report on the Fermi Large Area Telescope’s detection of g-ray (>100 mega–electron volts)
pulsations from pulsar J1823–3021A in the globular cluster NGC 6624 with high significance
(∼7 s). Its g-ray luminosity, Lg = (8.4 T 1.6) × 1034 ergs per second, is the highest observed
for any millisecond pulsar (MSP) to date, and it accounts for most of the cluster emission. The
nondetection of the cluster in the off-pulse phase implies that it contains <32 g-ray MSPs, not
∼100 as previously estimated. The g-ray luminosity indicates that the unusually large rate of
change of its period is caused by its intrinsic spin-down. This implies that J1823–3021A has
the largest magnetic field and is the youngest MSP ever detected and that such anomalous
objects might be forming at rates comparable to those of the more normal MSPs.

S
ince its launch in 2008, the Large Area Tel-

escope (LAT) on board the Fermi Gamma-

ray Space Telescope (1) has detected whole

populations of objects previously unseen in the

g-ray band. These include globular clusters (GCs),

which are ancient spherical groups of ∼105 stars

held together by their mutual gravity. As a class,

their g-ray spectra show evidence for an expo-

nential cut-off at high energies (2, 3), a charac-

teristic signature ofmagnetospheric pulsar emission.

This is not surprising because radio surveys have

shown that GCs contain large numbers of pulsars

(4), neutron stars that emit radio and in some

cases x-ray and g-ray pulsations.

The first GC detected at g-ray energies was 47

Tucanae (5), soon followed by Terzan 5 (6) and

nine others (2, 3). Even so, no individual pulsars

in these clusters were firmly identified in g-rays

(7). GCs are more distant than most g-ray pulsars

observed in the Galactic disk (8); thus, most pul-

sars in them should be too faint to be detected

individually. The Fermi LAT lacks the spatial

resolution required to resolve the pulsars in GCs,

which tend to congregate within the inner arc-

minute of the cluster. Hence, g-ray photons emitted

by all pulsars in a given GC increase the photon

background in the folded g-ray profiles of each

individual pulsar in that cluster.

One of the GCs detected at g-ray energies is

NGC 6624 (3), located at a distance d = 8.4 T

0.6 kpc from Earth (9). With a radio flux density

at 400 MHz of S400 = 16 mJy, J1823–3021A is

the brightest of the six pulsars known in the clus-

ter. It has been regularly timed with the Jodrell

Bank and Parkes radio telescopes since discovery

and with the Nançay radio telescope since the

launch of the Fermi satellite. The resulting radio

ephemeris (table S1) describes the measured

pulse times of arrival very well for the whole

length of the Fermimission, the root mean square

of the timing residuals being 0.1% of the pulsar

rotational period.

Thus, we can confidently use it to assign a

pulsar spin phase f to every g-ray (>0.1 GeV)

photon arriving at the Fermi LAT from the di-

rection (within 0.8°) of the pulsar. We selected

photons that occurred between 4 August 2008

and 4 October 2010 that pass the “Pass 6 diffuse”

g-ray selection cuts (1). The resulting pulsed

g-ray signal (above 0.1 GeV) (Fig. 1) is very

robust, with an H-test value of 64 (10), corre-

sponding to 6.8 s significance. The data are well

modeled by a power lawwith spectral index 1.4 T

0.3 and an exponential cut-off at an energy of

1.3 T 0.6 GeV, typical of the values found for

other g-ray pulsars [see supporting online ma-

terial (SOM)]. The two peaks are aligned, within

uncertainties, with the two main radio compo-

nents at spin phases f1 = 0.01 T 0.01 and f2 =

0.64 T 0.01 (Fig. 1).

The pulsed flux above 0.1 GeV, averaged over

time, isFg = (1.1 T 0.1 T 0.2) × 10
−11 erg cm−2 s−1,

where the first errors are statistical and the sec-

ond are systematic (SOM). The large distance of

NGC 6624 implies that J1823–3021A is one of

the most distant g-ray pulsars detected (8). This

makes it the most luminous g-ray MSP to date

(11): Its total emitted power is Lg = 4 pd2 fΩ Fg =

(8.4 T 1.6 T 1.5) × 1034 ( fΩ/0.9) erg s−1. We ob-

tained the statistical uncertainty by adding the

uncertainties of d and Fg in quadrature. The term

fΩ is the power per unit surface across the whole

sky divided by power per unit surface received

at Earth’s location; detailedmodeling of the g and

radio light curves provides a best fit centered at 0.9,

but with a possible range from 0.3 to 1.8 (SOM).

The LAT image of the region around NGC

6624 during the on-pulse interval (0.60 < f <

0.67 and 0.90 < f < 1.07) shows a bright and

isolated g-ray source that is consistent with the

location of J1823–3021A (Fig. 2); in the off-

pulse region (0.07 < f < 0.60 and 0.67 < f <

0.90), no point sources in the energy band 0.1 to

100 GeVare detectable. Assuming a typical pul-

sar spectrum with a spectral index of 1.5 and a

cut-off energy of 3 GeV, we derived, after scaling

to the full pulse phase, a 95% confidence level

upper limit on the point source energy flux of

5.5 × 10−12 erg cm−2 s−1. Thus, J1823–3021A

dominates the total g-ray emission of the cluster.

The combined emission of all other MSPs in the

cluster, plus any off-pulse emission from J1823–

3021A, is not detectable with present sensitivity.

No other pulsars are detected in a pulsation search

either.

Under the assumption that the g-ray emission

originates from NGC 6624, (3) estimated the to-

tal number of MSPs to be NMSP ¼ 103þ104
−46 .

*All authors with their affiliations appear at the end of the
paper.
†To whom correspondence should be addressed. E-mail:
pfreire@mpifr-bonn.mpg.de (P.C.C.F.); tyrel.j.johnson@
gmail.com (T.J.J.); dmnparent@gmail.com (D.P.); christo.
venter@nwu.ac.za (C.V.)
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