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Measuring the Cosmic-Ray Acceleration
Efficiency of a Supernova Remnant

E. A. Helder,™ . Vink,* C. G. Bassa,>® A. Bamba,” J. A. M. Bleeker,? S. Funk,’ P. Ghavamian,®
K. J. van der Heyden,” F. Verbunt,* R. Yamazaki®

Cosmic rays are the most energetic particles arriving at Earth. Although most of them are
thought to be accelerated by supernova remnants, the details of the acceleration process and its
efficiency are not well determined. Here we show that the pressure induced by cosmic rays exceeds
the thermal pressure behind the northeast shock of the supernova remnant RCW 86, where the

x-ray emission is dominated by synchrotron radiation from ultrarelativistic electrons. We
determined the cosmic-ray content from the thermal Doppler broadening measured with optical
spectroscopy, combined with a proper-motion study in x-rays. The measured postshock proton
temperature, in combination with the shock velocity, does not agree with standard shock heating,
implying that >50% of the postshock pressure is produced by cosmic rays.

rays up to at least 10'> ¢V are shell-type
supernova remnants (SNRs), which are the
hot, expanding plasma shells caused by exploded
stars (supernovas). To maintain the cosmic-ray ener-
gy density in the Galaxy, about three supernovae
per century should transform 10% of their kinetic
energy in cosmic-ray energy. Indeed, ~10' ¢V elec-
trons have been detected at forward shocks (7, 2)
and possibly at reverse shocks (3, 4) of several shell-
type remnants by their Xx-ray synchrotron emission,
and particles with TeV energies have been detected
in several SNRs by Cherenkov telescopes (3, 6).
If SNRs transform a substantial amount of their
kinetic energy into cosmic rays, this should affect
the kinematics of the remnant. One imprint of ener-
gy losses by cosmic rays is a higher compression
factor of the postshock plasma (7), for which indi-
cations have been found in both the Tycho SNR and
SN 1006 (8, 9). Another signature of the energy
absorbed by cosmic rays is a lower postshock tem-
perature (/0—13). For shocks with conservation of
mass, momentum, and energy, in the absence of cos-
mic rays, the postshock temperature (7;) for species
with mass m; relates to the shock velocity (vs) as

(1)

The main candidates for accelerating cosmic
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in the case of no thermal equilibrium (i.e., the
several atomic species do not have the same
temperature), in which protons carry most of the
thermal energy. In the case of fast thermal equil-
ibration, this relation becomes k7" = ium vf =
0.6 for cosmic abundances). Indications for a lower
postshock electron temperature have been found in
the Magellanic Cloud remnant 1E 0102-72 (14),
which may constitute only a minor part of the
thermal pressure. Here we derive the postshock
proton temperature and the shock velocity of the
northeast rim of the shell-type SNR RCW 86
based on optical and x-ray observations.

44:00.0
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RCW 86 (15) was detected in TeV energies
by the HESS telescope (16) and is probably the
remnant of the supernova witnessed by Chinese
astronomers in 185 C.E. (17, 18). It has been sug-
gested that it evolves in a stellar-wind—blown cav-
ity, where the southwest corner has already hit the
cavity wall (/9). The northeast side still expands
in a less dense medium, and its x-ray spectrum is
dominated by synchrotron radiation, which is an
indication of efficient cosmic-ray acceleration.

The optical spectrum of the northeast rim of
RCW 86 is dominated by hydrogen lines, with
no [NII] line emission (20). The lack of [NII]
indicates that the hydrogen line emission is not a
result of strong cooling, but results from excita-
tion processes immediately behind the shock front.
The hydrogen lines from these shocks consist of
two superimposed Gaussian line profiles: One,
caused by direct excitation, has the thermal width
of the interstellar medium (ISM), whereas the
other is emitted after charge exchange between
hot postshock protons and cold incoming neutral
hydrogen and hence has the thermal width of
the postshock protons. Ho emission and efficient
cosmic-ray acceleration are likely to anticorrelate
because incoming neutral species are likely to damp
plasma waves, which are essential for shock ac-
celeration (27) and because cosmic rays escaping
ahead of the shock ionize the surrounding ISM
and decrease the amount of Ho emission. In RCW
86, the Ho: emission occurs all along the rim, in-
cluding, although with weak emission, the parts
coinciding with x-ray synchrotron emission, where
efficient cosmic-ray acceleration is likely to occur

Fig. 1. (Left) The eastern rim of RCW 86, as observed in 2007 with Chandra. Red indicates the 0.5- to
1.0-keV band; green, the 1.0- to 1.95-keV band; and blue, the 1.95- to 6.0-keV band. The northern part
has relatively more flux in the higher-energy bands, which is characteristic for synchrotron emission.
(Right) Blue is the broadband keV Chandra image; red is the image as observed with the VLT through a
narrow Ha filter. The regions (yellow and red) indicate where we measured the proper motion. In both
panels, the location where we took the optical spectrum is indicated with a white line.
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(Fig. 1). The only other remnant in which Ha
emission is seen all along the shell, including
regions with x-ray synchrotron emission, is the
SN 1006 SNR (22).

The right panel in Fig. 1 shows both the Ha
and the x-ray emission of the northeast rim of
RCW 86. The Ho emission marks the onset of
the x-ray synchrotron radiation, which indicates
that they are from the same physical system.

To measure the proton temperature, we used
long-slit spectra obtained with the visual and near
ultraviolet Focal Reducer and low-dispersion Spec-
trograph (FORS2) instrument on the Very Large
Telescope (VLT) (23). We first imaged the north-
east side of RCW 86, where the x-ray spectrum
is dominated by synchrotron emission. Using
this image as a guide, we pointed the slit at a
location where the Ha emission is bright (Fig.
1 and table S1).

The spectrum’s (Fig. 2) measured full width
at half maximum is 1100 + 63 km/s [see sup-
porting online material (SOM) for further details],
corresponding to a ¢, = 467 + 27 km/s and im-
plying a postshock temperature of 2.3 + 0.3 keV.

To measure the shock velocity of the north-
east rim of RCW 86, we observed it with the
Chandra X-Ray Observatory in June 2007 and
matched it with an observation taken in June
2004 (18). To make both observations as simi-
lar as possible, we used the same observation
parameters as in 2004 (table S2). We measured
the proper motion of the shock at the location of
the slit of the Ho spectrum by comparing the
positions of the shock in the two images (see
SOM for further details). A solid estimate of the
proper motion is 1.5 = 0.5” in 3 years’ time (Fig. 3
and fig. S1), implying a shock velocity of (6.0 +

2.0) x 10% km/s at a distance of 2.5 kpc (24, 25).
The statistical error on the measured expansion is
on the order of 0.2”. However, when calculating
the proper motions, we found that small details,
such as slightly changing the angle in which we
made the profile, tended to give a different proper
motion, with a difference larger than the 0.2"”
statistical error that we measured. However, in
none of the measurements did we find a proper
motion below 1.0"”. Because the proper motion is
higher than expected (1/8), we verified that it is
consistent with data taken in 1993 with the Posi-
tion Sensitive Proportional Counter (PSPC) on
board the Roentgen Satellite (ROSAT) compared
with the 2007 observation (Fig. 3 and fig. S1).
Although the proper motion, using the nominal
pointing of the ROSAT PSPC, is statistically
highly significant, the large pointing error of
ROSAT (~4") results in a detection of the proper
motion at the 2o level.

Compared to other remnants of a similar age,
the shock velocity is surprisingly high. Recent
models (26) predict vg ~ 5000 km/s after 2000
years for SNRs evolving in a wind-blown bubble
(27). This fits with the scenario in which RCW
86 is evolving in a cavity and the southwest cor-
ner, which has a slower shock velocity (28, 29)
and a mostly thermal (3) x-ray spectrum, has
already hit the cavity shell. Shock acceleration
theory suggests that only shocks with velocities
exceeding 2000 km/s emit x-ray synchrotron emis-
sion (18, 30), which is also consistent with ob-
servations (37).

An additional uncertainty in the shock veloc-
ity is in the distance to RCW 86, which is based
on converging but indirect lines of evidence.
RCW 86 was found to be in the same direction as
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Fig. 2. The Ho spectrum, with broad and narrow components (dotted lines). The best-fitting spectrum is
overplotted. The lower panel shows the residuals divided by the errors.

an OB association, at a distance of 2.5 kpc (32).
Because high-mass stars are often found in such
associations, the progenitor of RCW 86 may well
have formed in this one, provided that RCW 86 is
the remnant of an exploded massive star. Other
studies (24, 25) found a distance of 2.3 and 2.8
kpc, respectively, based on the line-of-sight ve-
locity of ISM swept up by the remnant, combined
with an observationally determined rotation curve
of the Galaxy (33). The third argument supporting
a distance of 2.5 kpc is the molecular supershell
seen in CO emission in the direction of RCW 86,
whose line-of-sight velocity agrees with that of
RCW 86 (34). In further calculations, we take the
distance toward RCW 86 to be 2.5 £ 0.5 kpc,
leading to a shock velocity of 6000 + 2800 km/s.

The relation between shock velocity and mea-
sured postshock proton temperature has been ex-
tensively studied (20, 29, 35-37), including the
cross sections for excitation and charge exchange
as function of v,. Although recent studies show
that there can be a substantial effect of cosmic
rays on the postshock proton spectrum (38), until
now, there was no need to include cosmic-ray
acceleration in the interpretation of the postshock
temperature, possibly because most of the Ho
spectra are taken from the brightest rims of SNRs.
Because Ho emission and efficient cosmic-ray
acceleration are likely to anticorrelate (27), these
rims probably have low cosmic-ray acceleration
efficiency. A possible exception is “knot g in the
Tycho SNR, where indications for cosmic-ray
acceleration in the form of a precursor have been
found (39—41). Additionally, for some SNRs
(22, 42), the distance has been determined by
using the postshock proton temperature in com-
bination with the proper motion, using theoretical
models that do not take into account energy losses
and cosmic-ray pressure. This procedure leads to
an underestimate of the distance if cosmic-ray
acceleration is present. Thus, unless the distance
is accurately determined in an independent way,
there will be no discrepancy between the pre-
dicted vg, based on k7T and Eq. 1, and the actual
shock velocity.

The shock velocity of the x-ray synchrotron
rim implies a postshock temperature of 70 keV
(assuming no thermal equilibrium) or 42 keV
(assuming equilibrium), whereas the measured
postshock temperature is 2.3 keV. This measure-
ment is at least a factor 18 less than the postshock
temperature estimated from the shock velocity,
which can now be used to constrain current theo-
retical shock-heating models (12, /3). Additionally,
this proton temperature is close to the electron
temperature at the same location (/8), implying
fast thermal equilibration between both species,
breaking the trend between the shock velocity
and the measure of thermal equilibrium seen in
previous observations (36, 37).

To translate this discrepancy into the energy
and pressure in cosmic rays, we followed the ap-
proach of (11), which is based on standard shock
equations for plane-parallel, steady-state shocks,
modified by additional pressure and loss terms [see
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also (7, 43, 44)]. The loss term is defined in terms

of the incoming energy flux: ecr = Fcr/ 2 Po"ga
where F g is the amount of energy flux in Cosmic
rays that escapes from the system and py is the
preshock density. The parameter that indicates the
fraction of the pressure induced by cosmic rays
in the total postshock pressure is wer [Wer =
Pnt/(Pr + Pnr)), where P is the pressure in
particles with a thermal and Pyt with a non-
thermal energy distribution (i.e., CRs). We plot
the modified equations (listed in the SOM) in
Fig. 4 and indicate the region where the com-
bination of kT and v, of the northern rim of RCW
86 resides for thermal equilibrium as well as for
no thermal equilibrium. As Fig. 4 shows, a post-
shock temperature and a shock velocity do not
give a unique solution for weg and ecr. However,
the cosmic rays significantly change the shock
dynamics, because the combination solution is far
away from wcr = 0 and ecg = 0 (Fig. 4).

There are two ways to further constrain wcg
and ecg. First, an additional estimate of the com-
pression ratio () of the postshock plasma would
exactly determine wcg and €cg. For certain SNRs
this is done by determining the distance between
the supemova ejecta and the outer shock; a higher
compression ratio implies that the swept-up ISM
forms a thinner shell and hence the ejecta will be
closer to the shock front (8, 9). However, ejecta
and swept-up ISM are distinguished only by their
thermal spectra, which is (almost) absent in the
x-ray synchrotron—dominated rim [~15% of the
total x-ray emission (/8)].

Another way is to invoke a dependency of wcg
on gcgr. According to nonlinear shock accelera-
tion theory (12, 45), ecr/Wcr = %(171/)()2, in
which y is the compression ratio of the post-
shock plasma and A = 1,2 indicates the (Wcg,Ecr)
relation for a cosmic-ray spectrum with f{p) o<
p>p >3, respectively, with p the momentum
of the cosmic rays. The A = 2 line gives an upper
limit to the energy losses, because it is valid for the
most efficient cosmic-ray acceleration by cosmic-
ray—modified shocks (46). For f{p) o< p *, A =
In(pmax/mc) (12), which can be large and does
not provide a lower limit to ecr. Taking the A =
2 line as an upper limit for ecr, we find a value
for wer of > 50%. One remaining question is

0.8
0.6

0.4 .

€cr

0.2k~

0.0 &

0.0

1.0

Wer

Fig. 4. Measurements of the shock velocity and postshock proton temperature for the northeast shock of
RCW 86 in terms of wcg and cg. The dark blue area is the area allowed according to the modified
equations, limited by full thermal equilibrium and no thermal equilibrium for the nominal values of kT =
2.3 keV, v; = 6000 km/s. The light blue area shows the area of the kT and v; with all uncertainties taken
into account. The thin lines indicate the compression ratio () of the postshock plasma. Within the allowed
region, A = 2 line provides an upper limit on ez and a lower limit on wcg.

whether we should include the effects of the
turbulent magnetic field. The average magnetic
field pressure in RCW 86 has been estimated to
be Py = B/8n = 23 x 107! dyn/cm2, for a
magnetic field of 24 uG (/8). This is an order of
magnitude below the thermal pressure, which we
estimate to be Py = nkT = 3.7 x 10~ '° dyn/cm?,
for n=0.1 (/8) and kT = 2.3 keV. In reality, the
magnetic field pressure may be higher if one takes
full account of its unknown, turbulent spectrum.
In summary, our observations show that the
postshock temperature of the northeast rim of RCW
86 is lower than expected from standard shock
relations using the measured shock velocity. The
high velocity (6000 + 2800 km/s) of the shock
implies a local low ISM density, which can be
expected in a cavity blown by a stellar wind.

Cosmic-ray acceleration decreases the postshock
proton temperature in RCW 86 by a factor of 18,
implying that >50% of the postshock pressure is
due to cosmic rays.
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Emulation of a Quantum Spin with a
Superconducting Phase Qudit

Matthew Neeley,* Markus Ansmann," Radoslaw C. Bialczak,* Max Hofheinz,* Erik Lucero,*
Aaron D. O'Connell,* Daniel Sank,* Haohua Wang,* James Wenner,* Andrew N. Cleland,*
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In quantum information processing, qudits (d-level systems) are an extension of qubits that
could speed up certain computing tasks. We demonstrate the operation of a superconducting phase
qudit with a number of levels d up to d = 5 and show how to manipulate and measure the qudit
state, including simultaneous control of multiple transitions. We used the qudit to emulate the
dynamics of single spins with principal quantum number s = 1/2, 1, and 3/2, allowing a
measurement of Berry’s phase and the even parity of integer spins (and odd parity of half-integer
spins) under 2nt-rotation. This extension of the two-level qubit to a multilevel qudit holds promise
for more-complex quantum computational architectures and for richer simulations of quantum

mechanical systems.

uantum computers are typically thought
of as being composed of qubits, or two-
level quantum systems (/). However, one
can also use qutrits (three-level systems)
or more generally qudits (d-level systems), which
can simplify some quantum computations (2, 3)
and improve quantum cryptography (4). The ad-
vantages of qudits are also evident when one
considers using a quantum computer not to per-
form computations but rather to emulate another
quantum system by the direct implementation of

Department of Physics, University of California at Santa
Barbara (UCSB), Santa Barbara, CA 93106, USA. *Depart-
ment of Physics and Astronomy, University of Georgia,
Athens, GA 30602, USA.

*To whom correspondence should be addressed. E-mail:
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an analogous physical Hamiltonian. This requires
a map between the Hilbert space and unitary oper-
ators of the emulator and the target system. If the
target system contains parts with ¢ > 2 levels, then
it maps much more naturally to a set of qudits,
making a qudit emulator potentially more efficient.

We describe the operation of a superconduct-
ing phase qudit with full unitary control and mea-
surement of the state (5, 6). This device, one of a
family of superconducting quantum information—
processing devices (7), is typically operated as a
qubit (8, 9) by restricting it to the two lowest-
energy eigenstates. By relaxing this restriction, we
can operate it as a qudit in which the number of
levels d can be chosen as desired, in this case up
tod=>5.

Emulation of spin, or intrinsic angular momen-
tum, naturally calls for qudits with d > 2. A spin

state is described by two quantum numbers (/0),
the principal quantum number s = 0, 1/2, 1, 3/2,...
and the azimuthal quantum number 1, limited to
thed=2s+ 1 valuesm=s,s— 1,...,—s. Fora given
s, the general spin states [y) = 3,,.c,.ls,m) span a
d-dimensional Hilbert space, so that although
qubits can be used to model spin-1/2 physics a
qudit allows one to model spins s > 1 (d > 3).

When rotated about a closed path (Fig. 1),
a spin state |s,m) acquires a phase factor exp(—im€),
where Q is the solid angle enclosed by the
path, as predicted by Berry (//-13). For a 2n-
rotation (€ = 2m), integer spins are unchanged,
whereas half-integer spins are multiplied by —1.
This parity difference leads to the symmetric sta-
tistics of bosons (or antisymmetric statistics of
fermions) under exchange, as described by the
spin-statistics theorem (74, 15). The effect of
2mn-rotations was first observed on spins s = 1/2
via neutron interferometry (6, /7) and later for
s =1 and s = 3/2 in nuclear magnetic resonance
(18). In superconducting qubits, the spin-1/2
parity (/9) and Berry’s phase (20) have been
measured. We measured Berry’s phase and spin
parity for spin-1/2, spin-1, and spin-3/2 at all
solid angles using our qudit emulation (27).

Our flux-biased phase qudit (Fig. 2A) is a
nonlinear resonator formed by a Josephson junc-
tion, inductor, and capacitor. Applied magnetic
flux produces a cubic potential as a function of
the junction phase 8, with barrier height AU that
can be tuned so as to change the number of
energy levels in the well (Fig. 2B). The cubic an-
harmonicity is crucial for qubit operation (22), al-
lowing microwaves at frequency w;o= (£, — Eo)/h
to drive transitions between |0) and |1) while
minimizing “leakage” to [2) and higher (23). For
measurement, a brief current pulse / D s ap-
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