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Recent observations of supernova remnants (SNRs) hint that they accelerate cosmic rays to energies
close to ~10" electron volts. However, the nature of the particles that produce the emission
remains ambiguous. We report observations of SNR W44 with the Fermi Large Area Telescope

at energies between 2 x 102 electron volts and 3 x 10** electron volts. The detection of a source
with a morphology corresponding to the SNR shell implies that the emission is produced by
particles accelerated there. The gamma-ray spectrum is well modeled with emission from protons
and nuclei. Its steepening above ~107 electron volts provides a probe with which to study how
particle acceleration responds to environmental effects such as shock propagation in dense clouds
and how accelerated particles are released into interstellar space.

alactic cosmic rays (GCRs) are thought
Gto be accelerated in the expanding shock

waves of supernova remnants (SNRs)
(1, 2), a conjecture that has been strengthened
by recent observations of young SNRs in x-rays
(3) and TeV gamma rays (4—6). Magnetic field
amplification is essential to make the maximum
particle energy attainable large enough to explain
the GCRs (7). It also implies that a large fraction
of the kinetic energy released by a supernova ex-
plosion is transferred to cosmic rays (8). If strong
magnetic fields are present in the gamma-ray—
emitting region, the TeV images of young SNRs

(4-6) are more likely to show the accelerated
protons and nuclei via their hadronic interactions
with the ambient gas and subsequent 7° decays
into gamma rays. However, the identification has
been inconclusive because high-energy electrons
can also shine in gamma rays via bremsstrahlung
and/or inverse Compton processes. Observations
in the GeV domain are necessary to disentangle
the emission mechanisms by means of spectral
differences in this energy band.

Environmental effects can complicate the in-
terpretation of the gamma-ray emission. For
instance, enhanced n’-decay emission can be
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expected in those SNRs interacting with a mo-
lecular cloud (9, 10) because of the higher gas
density, which makes the interactions between
cosmic-ray nuclei and the gas more frequent. Yet
the dense gas slows down the shock and the
overall acceleration efficiency, and the accelera-
tion rate can be much reduced because of inter-
actions between the shock and dense gas. Even
without strong shell-cloud interactions, the shock
is decelerated in the late stage of SNR evolution.
Such evolution of particle acceleration (17, 12)
can be probed with observations of GeV to TeV
gamma rays from SNRs.

Here, we report GeV observations of the
middle-aged (~2.0 x 10* years) SNR W44 with
the Large Area Telescope (LAT) on board the
Fermi Gamma-ray Space Telescope. W44 is
known to be interacting with a molecular cloud
on the basis of observations of lines of CO (/3),
OH masers (/4), and near- and mid-infrared (IR)
from shocked H, (75, 16). In the GeV domain,
the EGRET instrument aboard the Compton
Gamma Ray Observatory detected a source in
the vicinity of the SNR (77), although its asso-
ciation with W44 was not clear. The Fermi LAT
is a pair-conversion detector capable of measur-
ing gamma rays in the GeV domain (/8). We
analyzed the Fermi LAT data accumulated be-
tween 4 August 2008 and 13 July 2009 in the
region around W44. Details of event selections
for this analysis are summarized in the supporting
online material (SOM).

The gamma-ray emission spatially associated
with SNR W44 is visible in Fig. 1, well above the
GeV emission from the Galactic disc. The source
corresponds to OFGL J1855.9+0126 in the Fermi
bright source list (/9). A detailed analysis reveals
that the GeV emission is significantly extended
(see SOM) compared with that of a point source
case. Therefore, it is difficult to attribute most of
the gamma rays to the radio pulsar in W44, PSR
B1853+01 (20), or its pulsar wind nebula
(PWN), which extends only ~1’ to 2" in x-rays
(21) and radio (22). To extract the gamma-ray
morphology of the source, we applied an image
deconvolution technique (Fig. 2 and SOM). The
resemblance between the gamma-ray and infrared-
ring morphologies supports the inference that the
bulk of the emission comes from the SNR shell
rather than from the unresolved pulsar.

To test the source morphology and determine
its spectrum, we performed a maximum likeli-
hood analysis (23). The gamma-ray emission
model used in the analysis includes individual
sources detected in the 11 months, the Galactic
diffuse emission (resulting from cosmic-ray in-
teractions with interstellar medium and radiation),
and an isotropic component (extragalactic and
instrumental backgrounds). For the diffuse back-
grounds, we used models released by the LAT
collaboration (23). In order to quantitatively con-
firm that the gamma-ray emission is associated
with the SNR shell, we compared the likelihood
values obtained with the following source shapes:
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(i) a point source, (ii) a uniform flux within an
ellipse, (iii) a uniform flux within an elliptical
ring, and (iv) a uniform elliptical ring plus a
point source at the pulsar position (Fig. 2). The
single elliptical ring yields the best likelihood
and rejects the filled ellipse and point source
hypotheses at the >8 ¢ and >16 ¢ confidence
levels, respectively. The extended ring emission
is detected at the 62 ¢ confidence level above the
intense and structured Galactic background in
this direction. These results, together with the

Fig. 1. Fermi LATimage
(2 to 10 GeV) of the
region where SNR W44
is located. North is up
and east is to the left.
The color scale indicates
count per solid angle on
a linear scale. The dotted
green line corresponds to
the Galactic plane (b =
0°). The radio image of
W44 as seen in 20-cm
wavelength by the Very
Large Array (31) is over-
laid as the magenta con-
tours. (Inset) An image
of a simulated point
source. In the simulation,
spectral parameters of
the W44 emission are
assumed.

lack of detection of an additional point source at
the pulsar position in case iv, imply that the bulk
of the gamma rays comes from the shell, as
suggested by the deconvolved image. The 95%
upper limit to pulsar and/or PWN flux is 1.6 X
107 photons cm 2 s ' above 100 MeV. We also
searched for gamma-ray pulsation from PSR
B1853+01 by using ephemerides provided by
the Jodrell Bank and Nangay radio telescopes as
in (24) but valid through July 2009. However,
none was seen (H test < 5).
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The spectral energy distribution (SED) of the
source is seen to steepen toward high energies
(Fig. 3). To obtain general characteristics of the
spectrum, we fitted it with simple functions. For a
broken power law where the photon index is
abruptly changed at a break energy, the photon
indices are I'; = 2.06 + 0.03 [lo statistical error
(stat)] £ 0.07 [1o systematic error (sys)] at low
energy and I'; = 3.02 £ 0.10 (stat) £ 0.12 (sys) at
high energy with a break energy of Epeq = 1.9 +
0.2 (stat) £ 0.3 (sys) GeV. The likelihood-ratio
test between a broken and a single power law
disfavors the latter at the significance of 14 .
The resulting gamma-ray flux integrated above
100 MeV (25) amounts to Fiigg mev = [1.22 £
0.05 (stat) = 0.23 (sys)] x 10~® photons cm 2 s .

The shell-like morphology and spectral shape
of the GeV emission provide information about
its origin in the SNR. Most of the emission comes
from the SNR shell, which is known to interact
with molecular clouds. When high-energy par-
ticles interact with dense gas, two emission
processes become important: 7° decays and
electron bremsstrahlung. Simple model curves
with dominant n°-decay emission fit the data
reasonably well (see SOM for description of the
model). In the model, protons and electrons are
injected with the constant rate and fixed spectral
shape over the age of the SNR (2.0 x 10* years).
Although the age should include some uncer-
tainties, the results, particularly in the Fermi LAT
energy range, are insensitive to the assumed age.
The ratio of injected electrons to protons was
fixed at K, = 0.01 to be roughly consistent with
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the cosmic-ray composition observed at Earth,
where K, is defined as a ratio of particle num-
bers at p = 1 GeV/c. The ambient gas density was
assumed to be n = 100 cm >, which is the es-
timated averaged density in the molecular cloud

interacting with W44 (15). Both proton and
electron spectra have a spectral break at py,, =
9 GeV/e. The power-law indices are s; = 1.74
below the break, whereas the indices are s, = 3.7
above the break. The spectral indices below the
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Fig. 2. Close-up images (2 to 10 GeV) of the SNR W44 region obtained with Fermi LAT. (Left)
Count map. (Right) Deconvolved image that should be used to see the large-scale structure of the
source, not to discern small structures with angular scales of <10’, which can be affected by
statistical fluctuations. Such features should therefore not be taken as indicative of the true source
morphology. The black cross on each image indicates the location of a radio pulsar, PSR B1853+01,
which is believed to be associated with SNR W44 because its estimated distance of 3 kpc and
characteristic age of 2 x10* years are consistent with those independently obtained for the SNR
(20). The green contours represent the 4.5-um IR image by the Spitzer Space Telescope Infrared
Array Camera (16), which traces shocked H,. The magenta ellipses in the left image describe the
spatial models used for the maximum likelihood analysis. Uniform emission inside the outer ellipse
and uniform emission in the region between the inner and outer ellipses were among the models
considered for the spatial distribution.

Fig. 3. Fermi LAT spectral energy
distributions (SEDs) of SNR W44,
The gamma-ray flux of each point
was obtained by binning the
gamma-ray data in a range of
0.2 to 30 GeV into eight energy
intervals and performing a binned
likelihood analysis on each energy
bin. The source shape is assumed
to be the elliptical ring shown in
Fig. 2. The vertical red lines and
the black caps represent 1 o statis-
tical errors and systematic errors,
respectively. The SED is insensitive
to the choice of reasonable diffuse background models within the ~10% level. It is also insensitive to the
choice of the gamma-ray source shape between the elliptical ring and filled ellipse. Each curve
corresponds to contributions from each emission process: ©° decay (solid), electron bremsstrahlung
(dashed), inverse Compton scattering (dots), and bremsstrahlung from secondary electrons and positrons,
which are decay products of ©* produced by the same hadronic interactions as 7° production (thin dashed)
for a simple model in which most of the emission detected by the Fermi LAT is attributed to ©° decays. The
spectra of protons and electrons have a form of o<p™1(1 + p/py,)**—2. A magnetic field of B = 70 uG is
given from the radio flux, which is not shown here. In addition to the Fermi LAT data, currently available
upper limits in the TeV energies by Whipple (32) (blue), High Energy Gamma Ray Astronomy (HEGRA) (33)
(magenta), and Milagro (34) (green) are plotted. Because the Whipple and HEGRA upper limits are given
in flux integrated above their threshold energies, we converted them to energy flux assuming power-law
spectra with photon indices of 3.0.
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break were chosen to explain the observed radio
synchrotron spectrum with o =T"— 1 =0.37 (26).
In this model, the total kinetic energy of protons
and electrons integrated above 100 MeV amount
to W, =6 x 10* erg and W, =1 x 10*® erg. The
spectral index of s; = 1.73 deduced from the
radio index is harder compared with s; = 2.0
expected from the standard acceleration theory.
The flat radio spectrum might be due to processes
such as reacceleration of preexisting cosmic-ray
electrons (27). In such cases, spectral index of
protons could be different from that of electrons.
Assuming the standard value of s; = 2.0 yields
s, = 3.3 and py,, = 7 GeV/c for protons.

Instead, if one attempts to attribute the bulk of
the gamma-ray flux to electron bremsstrahlung,
the break in the Fermi LAT spectrum requires a
break in the parent electron spectrum. In order
to explain the power-law radio spectrum up to
10 GHz (26) at the same time, a strong magnetic
field more intense than ~100 uG is necessary to
have the corresponding break in the synchrotron
spectrum at a frequency higher than 10 GHz. In
this case, a high ambient density greater than
~1000 cm * is needed to explain the Fermi LAT
flux (see SOM for modeling details). A strong
magnetic field and high gas density are plausible
if the observed emission is radiated mostly from
the region where the shell is interacting with
dense gas (15). However, electron bremsstrahlung
can dominate over n’-decay emission in the GeV
band only with K., > 0.1, far greater than the
observed cosmic-ray composition ratio near Earth.

Although not necessarily relevant to the shell-
cloud interaction, another emission process, in-
verse Compton scattering of electrons, can in
principle produce gamma rays at GeV energies. In
the model shown in Fig. 3, the calculated gamma-
ray flux from inverse Compton scattering is ~1 X
103 ergem 2 s ! at ~100 MeV to 1 GeV when
the interstellar radiation field (28) at the loca-
tion of W44 is assumed as target photons for
electrons. The interstellar radiation field includes
optical radiation from stars with the energy den-
sity of 0.96 eV cm > and infrared radiation with
0.93 eV cm > in addition to the cosmic micro-
wave background at 0.26 eV ¢cm>. In order for
the inverse Compton emission to be enhanced to
the flux level of the Fermi LAT spectrum, total
energy in electrons is required to be as large as
~10°" erg, or the local soft photon field should be
denser at least by one order of magnitude than the
interstellar radiation field to reduce the total elec-
tron energy to <10 erg. SNR W44 itself is an
infrared radiation source and can provide addition-
al target photons for the inverse Compton process.
However, estimated energy density of infrared
photons from W44 is 0.69 eV cm > (29), which
is even lower than that of the interstellar radiation
field. Therefore, it is unlikely that the inverse
Compton scattering is the dominant emission
mechanism in the GeV band. For the same reason,
it is difficult to attribute the gamma-ray emission
to the PWN, from which inverse Compton rad-
iation is generally expected in the GeV band.
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Most plausible is that ©° decays are respon-
sible for the gamma-ray emission, although the
bremsstrahlung scenario cannot be ruled out com-
pletely. In order to fit the Fermi LAT spectrum
with n°-decay emission, a spectral break in the
proton spectrum is needed at fairly low energy,
around 10 GeV/c. One possible mechanism to ex-
plain the spectral break is that particles escape
from their acceleration sites, that is, the SNR
shells. Theories predict that very high energy par-
ticles above ~TeV can be confined only during
the early stage of SNR evolution (//, 12). Be-
cause W44 is a middle-aged SNR with estimated
age of ~2.0 x 10* years, most particles accelerated
up to higher energies in the past could have
escaped from its shell and cannot contribute to the
gamma-ray emission we are observing now.

In the case of W44, the effect of particle
escape can be enhanced because of the interac-
tion between the shell and the dense, largely neu-
tral molecular gas. Magnetic turbulence, which is
required to confine and efficiently accelerate
particles, is considered to be substantially
damped. Thus, particles can easily escape from
the shell at an earlier stage of SNR evolution (30)
compared with the case where an SNR is ex-
panding in a more rarefied medium. For W44,
parts of the shock are expanding into clumps
and interclump gas with densities of ~10 to
~100 cm > (/5). The Fermi LAT spectrum indi-
cates that the slow shock velocity (<500 km sh
and efficient damping can limit the maximum
particle energy to a few GeV. Our results for W44
demonstrate the capability of the Fermi LAT for
morphological and spectral studies of GeV emis-
sion from Galactic SNRs, which allow us to
study the escape of energetic particles from SNR
shells into interstellar space, the evolution of

SNR shocks during the age of the SNR, and the
impact of a dense environment.
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Ferroelectric Control of

Spin Polarization

V. Garcia,* M. Bibes,™* L. Bocher,? S. Valencia, F. Kronast,® A. Crassous,* X. Moya,*
S. Enouz-Vedrenne,” A. Gloter,? D. Imhoff,? C. Deranlot,® N. D. Mathur,* S. Fusil, ¢

K. Bouzehouane,* A. Barthélémy®*

A current drawback of spintronics is the large power that is usually required for magnetic writing, in
contrast with nanoelectronics, which relies on “zero-current,” gate-controlled operations. Efforts have
been made to control the spin-relaxation rate, the Curie temperature, or the magnetic anisotropy
with a gate voltage, but these effects are usually small and volatile. We used ferroelectric tunnel
junctions with ferromagnetic electrodes to demonstrate local, large, and nonvolatile control of carrier
spin polarization by electrically switching ferroelectric polarization. Our results represent a giant

type of interfacial magnetoelectric coupling and suggest a low-power approach for spin-based

information control.

ontrolling the spin degree of freedom by
purely electrical means is currently an
important challenge in spintronics (/, 2).
Approaches based on spin-transfer torque (3)
have proven very successful in controlling the
direction of magnetization in a ferromagnetic

layer, but they require the injection of high
current densities. An ideal solution would rely
on the application of an electric field across an
insulator, as in existing nanoelectronics. Early
experiments have demonstrated the volatile
modulation of spin-based properties with a gate

voltage applied through a dielectric. Notable
examples include the gate control of the spin-
orbit interaction in III-V quantum wells (4), the
Curie temperature 7 (5), or the magnetic
anisotropy (6) in magnetic semiconductors with
carrier-mediated exchange interactions; for ex-
ample, (Ga,Mn)As or (In,Mn)As. Electric field—
induced modifications of magnetic anisotropy at
room temperature have also been reported
recently in ultrathin Fe-based layers (7, §).
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