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Graphical abstract
Public summary

- Nonthermal X-ray emission is discovered from the SNR G106.3+2.7

- X-ray observations indicate a high velocity of the SNR shock in the tail region, which is expanding in a low-density
hydrogen cavity

- The high shock velocity enables the acceleration of PeV protons, which are also needed to interpret the multiwavelength
spectrum of the tail region

- SNR G106.3+2.7 is likely the long-sought source of Galactic PeV cosmic rays
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Supernova remnants (SNRs) have long been considered as one of the
most promising sources of Galactic cosmic rays. In the SNR paradigm,
petaelectronvolt (PeV) proton acceleration may only be feasible at the
early evolution stage, lasting a few hundred years, when the SNR shock
speed is high. While evidence supporting the acceleration of PeV pro-
tons in young SNRs has yet to be discovered, X-ray synchrotron emission
is an important indicator of fast shock. Here, we report the first discovery
of X-ray synchrotron emission from the possibly middle-aged SNR
G106.3+2.7, implying that this SNR is still an energetic particle acceler-
ator despite its age. This discovery, along with the ambient environ-
mental information, multiwavelength observation, and theoretical
arguments, supports SNR G106.3+2.7 as a likely powerful proton PeV
accelerator.

Keywords: cosmic rays; supernova remnants; nonthermal radiation

INTRODUCTION
Cosmic rays (CRs) are high-energy charged particles moving

through space at almost the speed of light. They serve as free exper-
imental samples (with a composition of 90% protons, 9% helium
nuclei, and 1% heavier elements) to study particle physics and high-
energy astrophysics. However, it is impossible to localize the origin
of CRs from arrival directions because they are charged particles
whose paths have been deflected by magnetic fields intervening be-
tween their sources and Earth. Where and how CRs are accelerated
remain open questions. The local CR proton spectrum roughly main-
tains a power law shape up to the so-called knee around 1 PeV ( =
1015eV), indicating the existence of powerful proton petaelectronvolt
accelerators (PeVatrons) residing in our Galaxy. However, despite de-
cades of efforts, no Galactic sources have been firmly identified as
proton PeVatrons except for the indication of a candidate at the
Galactic Center.1 In the supernova remnant (SNR) paradigm of the
origin of Galactic CRs, the maximum achievable particle energy is
sensitive to the speed of SNR shock. Thus, only SNRs younger than
a few hundred years old are considered capable of accelerating PeV
protons.2,3 However, observational evidence has yet to be discovered.

SNR G106.3+2.7 was originally identified in a radio survey of the Galactic
plane.4 As shown in Figure 1, it appears as a cometary structure with a
compact “head” of high surface brightness located in the northeastern part
of the system and an elongated “tail” of low surface brightness extending to-
ward the southwest.5 The northern part of the head region is associated with
the “Boomerang” pulsar wind nebula (PWN), which is powered by the ener-
getic pulsar PSR J2229+6114 with a high spin-down luminosity of 2:23
1037erg s�1. The pulsar’s characteristic age, i.e., 10 kiloyears (kyr), is usually
ll
considered as a representation of the system’s age,6,7 although the true age
of the pulsar could be younger (Figure S1). The PWN is enveloped by a small
H I shell, implying that the PWN is either pushing the H I gas outward or
ionizing the atomic hydrogen gas in its vicinity.8 A dense, shell-like H I struc-
ture is also present in the southeastern boundary of the head region, this is
likely caused by the encounter of the SNR shock with the dense ambient me-
dium. This scenario is supported by the shell-like enhanced radio emission in
the southeastern part of the head region. Based on the central velocity of the
H I emission, the distance of the system is considered as d =800 pc,8

whereas a larger distance is suggested by Halpern et al.9 In contrast, the
tail region appears to be expanding in a low-density hydrogen bubble that
may have been excavated by the stellar winds of the previous generation
of massive stars.8

In the last decade, this region has attracted a lot of attention from the
gamma-ray community.10–15 Milagro detected TeV emission up to 35
TeV with a large spatial uncertainty covering the entire system. VERI-
TAS12 and Fermi-LAT13 detected gamma-ray emission in the range of
0:9� 16 TeV and 3� 500 GeV, respectively, from the tail region. More
recently, the HAWC14 and Tibet ASg15 experiments extended the spec-
trum up to 100 TeV with consistent spatial position of the source from
the VERITAS and Fermi-LAT regions as shown in Figure 1. The ASg data
indicate that the measured emission centroid deviates from the pulsar’s
location, with a confidence level of 3:1s,15 although one cannot rule out
the possibility that a small fraction of the emission originates from the
PWN. Such measurements indicate that very energetic particles are pre-
sent in the tail region. In principle, both multi-hundred-TeV electrons and
PeV protons can produce hundred-TeV gamma-ray photons,12–16 but
the predicted X-ray emission is different in the leptonic and hadronic
scenarios.

RESULTS
The Boomerang Nebula is a bright point source surrounded by diffuse

emission in the X-ray band with a hard nonthermal spectrum of the photon
index 1:5.9,6 It shows a centrally peaked morphology in the X-ray band,
with 29% of the emission coming from PSR J2229+6114. The emission is
largely confined within a radius of 10000 , spatially coinciding with the shell
structure in the radio band, as revealed by an early research9,6 with
� 10 ks Chandra exposure, as well as by the observations of ASCA and
ROSAT. Currently, the X-ray data from the region of the SNR-PWN complex
are much more abundant (summarized in Table S1), with exposure of
more than 100 ks by Chandra, XMM-Newton, and Suzaku, respectively.

We analyze the X-ray data from these instruments in the relevant re-
gions as shown in Figure 2 and find the X-ray emission in all the regions
of the SNR dominated by a nonthermal component, with a spectrum
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Figure 1. Gas around SNR G106.3+2.7 The blue color represents the distribution of
H I gas, and red color shows the CO8 emission of a dense molecular cloud. The
green contours are the 1.4 GHz radio continuum of the SNR. The white plus marks
the PSR J2229+6114. The magenta ellipse, cyan circle, and orange circle represent
the gamma-ray emission detected by VERITAS, Fermi-LAT, and Tibet ASg,
respectively. The yellow cross shows the best-fit position of the HAWC source. RA
and Dec are in J2000.
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being consistent with a featureless power law function (see Figure S2
and Table 1). No convincing evidence of line features was identified in
the spectral data. The analysis of the Boomerang region in this study
(with ten times more Chandra exposure) confirms the results of the pre-
vious study, and detects fainter nonthermal X-ray emission permeating
the entire head region outside the PWN. Similar to the X-ray surface
brightness profile (SBP) inside the Boomerang Nebula that is within
2 The Innovation 2, 100118, May 28, 2021
10000 from the pulsar, the average radial profile of the extended compo-
nent in the SNR head decreases with the distance from the pulsar,
although in a shallower manner, and is accompanied by a gradual soft-
ening of the spectrum. Such features are also observed in other PWNs
in the X-ray band,17–20 suggesting that the extended X-ray emission in
the head region is related to the Boomerang Nebula and probably pro-
duced by the electrons escaping the PWN. The decline in the X-ray sur-
face brightness and softening in the spectral index are maintained
roughly until the boundary between the SNR head and the tail, as shown
by the orange dashed arc in Figure 2. They then become constant in the
tail region, as measured by XMM-Newton. The transition indicates that
the X-ray-emitting electrons have a different origin in the tail region
compared with those in the head region. Since the X-ray-emitting elec-
trons cool rapidly, these electrons in the tail region should be acceler-
ated in situ. The most plausible accelerator in the tail region is the
SNR shock. This scenario is corroborated by the fact that a decline in
brightness begins immediately outside the northwest boundary of the
SNR tail, as shown in Figure 3B (see also the intensity contrast of the
TX, TS1, and TS2 regions with the OX1 and OX2 regions in Table 1),
demonstrating that fresh X-ray-emitting electrons are produced inside
the SNR.

X-ray synchrotron emission has been widely considered as an important
indicator of efficient particle acceleration. Previous studies21–28 have demon-
strated that X-ray synchrotron emission only appears in young SNRs (a few
thousand years old) in which the SNR shock speed vs exceeds a few thou-
sand kilometers per second. From a theoretical point of view, the particle ac-
celeration timescale for a particle of energy E (predicted by the diffuse shock
acceleration theory29,30) strongly depends on the shock speed. It can be esti-
mated by31,32

tacc z
3D

v2s
= h�1

�rg
c

��c

vs

�2

x4h�1

�
E

1TeV

��
B

10mG

��1� vs
3000km s�1

��2

yr;

(Equation 1)

whereD=h�1rgc=3 is the spatial diffusion coefficient of the particle, rg is the
particle’s Larmor radius, c is the speed of light,B is themagnetic field near the
shock front, and hð%1Þ represents the deviation of the diffusion coefficient
Figure 2. X-ray images of SNR G106.3+2.7 Themajor panel
shows the combined Chandra and XMM-Newton images in
1�7 keV with instrumental background subtracted and
exposure corrected. The green curve outlines the SNR
observed by the 1.4 GHz radio continuum.5 The cyan circle
has a radius of 10000 centered at the position of PSR
J2229+6114, characterizing the boundary of the Boomerang
Nebula. The dashed orange arc marks the approximate
boundary between the head and the tail of the SNR in the
X-ray band, based on the SBP extracted from a series of
annular sectors centered at PSR J2229+6114 out to the
position marked with the solid orange arc (see Figure 3A).
The magenta box is the intensity extraction region that
shows the brightness change at the boundary of the SNR
(see Figure 3B). The three small panels show, respectively,
Chandra, XMM-Newton, and Suzaku images in 1–7 keV with
marked regions for spectral analysis in Table 1. H is short for
the head, T is for the tail, and O is for outside the SNR; C is for
Chandra, X is for XMM-Newton, and S is for Suzaku. The
same green contour outlines the SNR.
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Table 1. Spectral properties in different regions of SNR G106.3+2.7

Rega Power law index
Intensityb

(erg cm�2 s�1 arcmin�2) c2/DOF

PWN 1:7± 0:1 ð1:1 ±0:1Þ3 10�13 307.6/303

HC 1:9± 0:1 ð1:3 ±0:1Þ3 10�14 734.9/606

HX 2:2± 0:1 ð1:3 ±0:1Þ3 10�14 230.7/192

HS 2:0± 0:1 ð1:2 ±0:1Þ3 10�14 207.6/240

TX 2:4± 0:1 ð5:4 ±0:5Þ3 10�15 1122.0/892

TS1 2:0± 0:1 ð7:2 ±0:4Þ3 10�15 98.8/113

TS2 2:0± 0:1 ð5:7 ±0:3Þ3 10�15 181.5/166

OC 2:6± 0:5 ð1:3 ±0:9Þ3 10�15 399.6/364

OX1 4:5± 0:7 ð1:0 ±0:8Þ3 10�15 224.6/185

OX2 5:8± 1:2 ð1:9 ±1:8Þ3 10�15 156.9/134

BKG – ð5:6 ±1:0Þ3 10�15 –

aPWNrepresents theemissionwithin10000 of thepulsar butexcluding theemissionof
the pulsar itself. H stands for the head, T for the tail, and O for outside SNR; C stands
forChandra, X forXMM-Newton, andS forSuzaku. Thecorresponding spectral extrac-
tion regions are marked in Figure 2. BKG stands for sky background intensity.
bIntensity in 1–7 keV.
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from the “Bohm diffusion”. This study considers it as the acceleration effi-
ciency. The acceleration of electrons is generally limited by the cooling of syn-
chrotron radiation. Equating the acceleration timescale to the synchrotron
A

B

ll
cooling timescale, the maximum achievable electron energy in the cooling-
limited scenario is obtained and the synchrotron spectral cutoff energy is
subsequently derived,33,34 i.e.,

esyn;maxz7h
�
vs
�
3000km s�1

�2
keV; (Equation 2)

which is only dependent on the shock speed and h. The continuation of the
X-ray spectrum up to 7 keV without a clear spectral cutoff suggests
that the SNR shock in the tail region has a high speed, that
is vsR3000h�1=2km=s.

In general, the inferred high shock speed is unlikely for amiddle-aged SNR.
However, considering that the tail region is formed by the SNR shock
breaking out into a low-density cavity, it is possible that the shock is not signif-
icantly decelerated andmaintains a high speed. In otherwords, the SNR in the
tail regionmay not have entered the Sedov-Taylor phase. In addition, the pro-
jected length of the tail region is Ltx14ðd =800 pcÞ pc assuming that the
supernova explosion center is close to the position of PSR J2229+6114.8

Therefore, the mean projected shock speed in the tail region can be inferred
independently as vs � Lt=Tagex1500 km s�1ðd =800 pcÞðTage=10 kyrÞ�1.
This velocity is generally consistent with the estimate from the X-ray spec-
trum. Note that the true shock velocity can be several times higher since
the velocity inferred in this way is only the component projected on the plane
of the sky. In addition, if a shorter age and a larger distance of the system are
considered, a larger mean velocity may be obtained.

The high shock speed empowers the tail region to accelerate high-energy
protons. Unlike electron acceleration, the proton acceleration is age limited35

because the energy loss rate of protons is much slower than that of equal-
energy electrons. Substituting the formulae for the maximum synchrotron
Figure 3. X-ray surface brightness profiles (A) Radial pro-
files of X-ray surface brightness and the spectral index ex-
tracted from a series of annuli centered at PSR J2229+6114.
Vertical bars show statistical errors. The central bright point
source (i.e., the pulsar’s emission) has been subtracted. The
three segments of dotted lines represent a PWN component,
an escaping electron component in the head region, and an
SNR component in the tail region, respectively. The dashed
orange line marks the approximate boundary between the
head and the tail, corresponding to the position marked with
the dashed orange arc in Figure 2.
(B) A one-dimensional X-ray SBP inside the magenta rect-
angle is shown in Figure 2 after averaging over the short
edge of the rectangle. Vertical bars show statistical errors.
The dashedmagenta linemarks the boundary that separates
the SNR tail and the interstellar medium (ISM), correspond-
ing to the positionmarked also with the dashedmagenta line
in Figure 2.
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Figure 4. Modeling the spectral energy distribution of the tail region Since the
magnetic field is not clearly known, themagnetic fields of B = 20 mG (A) and B = 6 mG
(B) are considered. In both panels, the dotted blue curves represent the synchrotron
radiation, and the dashed blue curves represent the IC radiation of electrons. The
dashed red curves show the pionic gamma-ray emission from pp collisions of CR
protons while the dot-dashed red curves show the emission of secondary electrons
and positrons co-produced in the pp collisions. The thick solid black curves show
the sum of all these components. The green-yellow curves represent the expected
nm + nm flux assuming a flavor ratio of 1:1:1 after oscillation. Model parameters for
the case of B = 20 mG: total electron energy We = 33 1046ergs, electron spectral
break energy Ee;b = 5 TeV, the maximum electron energy Ee;max = 200 TeV, total
proton energyWp = 1047 ergs, proton spectral break energy Ep;b = 50 TeV, proton
spectral index before the break ap = 1:7, and the index change after the break
Dap = 0:5. Model parameters for the case of B = 6 mG:We = 2:33 1047ergs, Eb =
9 TeV, Ee;max = 400 TeV,Wp = 43 1046 ergs, Ep;b = 300 TeV, ap = 1:6, andDap =
0:7. For both these cases, the electron spectral index before the break is ae = 2:3,
the index change after the break is Dae = 1:4, and the maximum proton energy is
Ep;max = 1 PeV. The gas density for the hadronuclear interaction is assumed to be
50cm�3. The CGPS data follow Pineault and Joncas5. The Fermi-LAT data was
analyzed in Xin et al.13 The VERITAS data are taken from Acciari et al.12 and scaled
up by a factor of 1.7 to account for the spillover effects.14 The HAWC data are taken
from Albert et al.14 The Tibet ASg data are taken from the Tibet ASg Collabora-
tion.15 The X-ray bowtie is obtained in this work by multiplying the intensity (flux per
solid angle) of the TX region (Table 1) with a solid angle of approximately
600arcmin2 for the entire tail region. Vertical bars show statistical errors. For
reference, the 1-year point source sensitivity of LHAASO40 is shown with the solid
gray curve in (A).
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energy esyn;max or Equation (2) into the formula of the acceleration timescale,
themaximumproton energy achievable in the SNR shock of a dynamical age
of Tage can be given by

Ep;maxz3

�
Tage

10 kyr

��
B

10mG

��esyn;max

7 keV

�
PeV: (Equation 3)

In principle, the tail region may serve as a proton PeVatron as long as the
magnetic field is not too weak. Generally, the magnetic field in an SNR shock
is not expected to be weaker than that in ISM of a typical total strength of 5–
10 mG.36,37

On the other hand, the spectral energy distribution of the tail region
provides information on the magnetic field and even on the necessity of
the acceleration of PeV protons in the tail region. In the modeling of the
spectrum, d =800 pc and Tage = 10 kyr are employed as the fiducial pa-
rameters. For middle-aged SNRs, the emitting electron spectrum is
usually given by a broken power law function with a high-energy cut-
4 The Innovation 2, 100118, May 28, 2021
off.38,39 We followed this description and found that when the radio
and X-ray data in the tail region are well reproduced with the synchro-
tron radiation of electrons, the gamma-ray spectrum cannot be ex-
plained solely by electrons of the same population, and the GeV data
disfavor a magnetic field much weaker than B = 6 mG. As shown in Fig-
ure 4, the GeV-TeV gamma-ray emission may or may not be repro-
duced by the inverse Compton (IC) radiation of electrons, depending
on the assumed magnetic field. However, the spectrum beyond 30
TeV cannot be interpreted by the IC radiation, because the Klein-Nish-
ina effect suppresses the cross-section of IC scattering at high en-
ergies and softens the spectrum (Figure S3).

As a result, a hadronic gamma-ray component that arises from the inter-
actions between accelerated CR protons and gas must be introduced to
explain the spectrum of the tail region at least above 10 TeV, because there
are no other reasonable particle accelerators in this region. In this scenario,
the protons need to be accelerated to 1 PeV or higher to explain the detection
of 100 TeV photons. The tail region is spatially coincident with a dense mo-
lecular cloud (Figure 1) with an average atom density of 50cm�3 ,8,14 which
can serve as the target for the hadronuclear interactions of CR protons
escaping from the SNR. The gamma-ray spectrum can be interpreted well
with a proton spectrumof a broken power lawwith a high-energy exponential
cutoff. The spectral break may be caused by the CR confinement in the SNR
because lower-energy CRs are more difficult to escape. Therefore, the spec-
trum becomes harder than the one accelerated at the shock. In contrast, CRs
above a certain energy level can more easily escape the SNR, so the spec-
trum above the break energy is close to the theoretical expectation of shock
acceleration with a power law spectral index a2.29,30 The required total en-
ergy for escaping CRs that are interacting with the molecular cloud is less
than 1047 ergs. This is reasonable as it constitutes only a tiny fraction of
an SNR’s energy budget. The flux of co-produced (anti-)muon neutrinos in
the hadronuclear interactions would result in a detection of 0.4 track-like
events above 50 TeV for the 10-year operation of the IceCube neutrino tele-
scope. This is consistent with the non-detection of neutrino events from the
direction of the source.41

DISCUSSION
The results of this study indicate that the tail region of SNR G106.3+2.7 is

likely a long-sought source of PeV Galactic CRs. Even though it is probably
already in the middle-age stage, the nonthermal X-ray radiation from the
tail region indicates that its shock velocity still remains at several thousand
kilometers per second. This velocity is conducive to the sustained accelera-
tion of protons to PeV energy. The inferred high shock velocity is supported
by the expansion of the tail into a low-density cavity. This is consistent with
the elongated morphology of the tail. In addition, the multiwavelength spec-
trum data of the tail region further indicates the necessity of the hadronic
component produced by energetic protons with a spectrum extending up
to 1 PeV or beyond. This scenario is corroborated by the presence of a dense
molecular cloud that spatially coincides with both the tail region and the
centroid of the gamma-ray emissions. On the other hand, from a theoretical
point of view, SNRs expanding in stellar wind cavities have been suggested
as promising accelerators of PeV protons42,43 because a quasi-perpendicular
SNR shock may form in this environment, with an acceleration efficiency
comparable with that in the Bohm limit (i.e., h � 1). These various arguments
consistently support that the tail region of SNRG106.3+2.7 is likely a Galactic
proton PeVatron. In addition to the tail region, the highly asymmetric
morphology of the SNR also leaves a clue to study the co-evolution of the
SNR-PWN complex system. In-depth theoretical studies on the dynamics,
the particle acceleration, and transport processes would facilitate a compre-
hensive understanding of the system.

SNR G106.3+2.7 is peculiar. To date, it is probably the first and the only
middle-aged SNR detected with X-ray synchrotron emission. It is located in
a special environment that favors particle acceleration. Its shock velocity is
much higherwhen comparedwithothermiddle-agedSNRs, so a high particle
acceleration rate is expected. It has experienced amuch longer lifetimewhen
comparedwith youngSNRs of fast shock , offering sufficient time for theCRs
www.cell.com/the-innovation
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to be gradually accelerated up to PeV energies. This discovery challenges the
present SNR paradigm of CR origin. In the future, multiwavelength observa-
tions by high-performance instruments, such as LHAASO, CTA, and eROSITA
will largely promote the discovery and identification of more PeVatrons.
Hopefully, these observations will unravel the century-old puzzle of the origin
of Galactic CRs.
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