PRL 109, 241104 (2012)

PHYSICAL REVIEW LETTERS

week ending
14 DECEMBER 2012

Strict Limit on CPT Violation from Polarization of y-Ray Bursts
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We report the strictest observational verification of CPT invariance in the photon sector, as a result of
vy-ray polarization measurement of distant gamma-ray bursts (GRBs), which are the brightest stellar-sized
explosions in the Universe. We detected y-ray polarization of three GRBs with high significance levels, and
the source distances may be constrained by a well-known luminosity indicator for GRBs. For the Lorentz-
and CPT-violating dispersion relation E3 = p? + 2£p®/Mp;, where *+ denotes different circular polar-
ization states of the photon, the parameter ¢ is constrained as |£| < O(10~!3). Barring precise cancellation
between quantum gravity effects and dark energy effects, the stringent limit on the CPT-violating effect
leads to the expectation that quantum gravity presumably respects the CPT invariance.
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Introduction.—Lorentz invariance is the fundamental
symmetry of Einstein’s theory of relativity. However, in
quantum gravity such as superstring theory [1], loop quantum
gravity [2], and Horava-Lifshitz gravity [3], Lorentz invari-
ance may be broken either spontaneously or explicitly. Dark
energy, if it is a rolling scalar field, may also break Lorentz
invariance spontaneously. In the absence of Lorentz invari-
ance, the CPT theorem in quantum field theory does not
hold, and thus CPT invariance, if needed, should be imposed
as an additional assumption. Hence, tests of Lorentz invari-
ance and those of CPT invariance can independently deepen
our understanding of the nature of spacetime.

If CPT invariance is broken then group velocities of
photons with right-handed and left-handed circular polar-
izations should differ slightly, leading to birefringence and a
phase rotation of linear polarization. Therefore, a test of
CPT invariance violation can be performed with the polar-
ization observations, especially in high frequency vy rays.

The purpose of this Letter is to report the strictest
observational verification of CPT invariance in the photon
sector, as a result of y-ray polarization measurement of
prompt emission of distant gamma-ray bursts (GRBs),
which are bright stellar-sized explosions in the universe.
We detected y-ray polarization of three GRBs with high
significance levels, and we can estimate lower limits on the
source distances for those bursts by a well-known lumi-
nosity indicator. For the Lorentz- and CPT-violating dis-
persion relation E2 = p? + 2£p® /My, where * denotes
different circular polarization states of the photon, the
parameter ¢ is strictly constrained. The data of one of those
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bursts, GRB 110721A, give us the strictest limit, |£] <
O(10™1). This is the strictest limit on the CPT invariance
violation posed by directly observing the photon sector, and
it is about 8 orders better than the previous limit |£] < 1077
[4]. (As explained later in the present Letter, we refute a
more recent limit claimed in Ref. [5].) Barring precise
cancellation between quantum gravity effects and dark en-
ergy effects, the stringent limit on the CPT-violating effect
leads to the expectation that quantum gravity presumably
respects the CPT invariance.

Observation and analysis.—Interplanetary Kite-craft
Accelerated by Radiation Of the Sun (IKAROS) is a small
solar-power-sail demonstrator [6], and it was successfully
launched on 21 May 2010. IKAROS has a large polyimide
membrane of 20 m in diameter, and this translates the solar
radiation pressure to the thrust of the spacecraft. Since the
deployment of the sail on 9 June 2010, IKAROS started solar
sailing towards Venus. The gamma-ray burst polarimeter
(GAP) [7] onboard IKAROS is fully designed to measure
linear polarization in prompt emission of GRBs in the energy
range of 70-300 keV. Its detection principle is due to anisot-
ropy of Compton scattered photons. If incident y rays are
linearly polarized, the azimuthal distribution function of
scattered photons should basically shape as sin’¢. The
GAP consists of a central plastic scatterer of 17 cm in
diameter and 6 cm in thickness and surrounding 12 CsI(T1)
scintillators. Coincidence events within a gate time of
5 w sec between the signal from any Csl and that from the
plastic scintillator are selected for polarization analysis.
The GAP’s high axial symmetry in shape and high gain
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uniformity are keys for reliable measurement of polarization
and avoiding fake modulation due to background vy rays.
The GAP detected GRB 110721A on 21 July 2011 at
04:47:38.9 (UT) at about 0.70 AU apart from Earth. The
burst was also detected by the Gamma-Ray Burst Monitor
[8] and Large Area Telescope [9] aboard the Fermi satellite.
Energy fluence of this burst is (3.52 = 0.03) X
1073 ergem ™2 in 10-1000 keV band, and the photon num-
ber flux is well fitted by a power law N, « v* with a =
—0.94 = 0.02 in the GAP energy range 70-300 keV [8]. We
performed polarization analysis for the entire duration of
GRB 110721A. We clearly detected a polarization signal
with a polarization degree of II = 84*18% and a polariza-
tion angle of ¢, = 160 = 11 degrees, and a null polariza-
tion degree is ruled out with 3.3 confidence level. The 2o
lower limit on the polarization degree is I > 35% [10].
IKAROS-GAP also detected y-ray polarizations of two
other GRBs with high significance levels, with IT = 27 =
11% for GRB 100826A [11], and IT = 70 = 22% for GRB
110301A [10]. The detection significance is 2.90 and 3.7 o,
respectively. The 2o lower limit on polarization degrees are
I > 6% and II > 31%, respectively. Therefore, we con-
clude that the prompt emission of GRBs is highly polarized.
Several of the emission mechanisms (e.g., synchrotron
emission) proposed for GRB prompt emission may pro-
duce linear polarization as high as IT ~60% [10,12].
Observed polarization degree and angle do not depend on
photon energy E significantly in such emission mecha-
nisms. In order to support this picture, we separately
analyzed the polarization signals for two energy bands,
70-100 keV and 100-300 keV, and actually confirmed that
the polarizations of GRB 110721A in the two bands are
consistent within the statistical errors (I = 71:%2% and
¢, =155+ 15 degrees for 70-100 keV and II =
100195% and ¢, = 161 = 14 degrees for 100-300 keV).
As we explicitly show in the next section, the reliable
observation of y-ray linear polarization reported here ena-
bles us to obtain a strict limit on CPT violation. In order to
do this, source distances of the three GRBs are required to
be estimated, but unfortunately their redshifts are not
measured. Instead, we use a well-known distance indicator
for GRBs, the E,., peak luminosity correlation, L, =
1052.43i0.33 X (Epeak/355 kev)1.60t04082 erg S_l, where

Epcqx 18 the peak energy in the source frame vF, spectrum
[13]. Once we measure the observer frame E,, and peak
flux we can calculate a possible redshift. This correlation
equation includes systematic uncertainty caused by the data
scatter. Possible redshifts are then estimated to be 0.45 <
7<3.12, 0.71 < z<6.84, and 0.21 <z < 1.09 with 20
confidence level for GRB 110721A, GRB 100826A, and
GRB 110301A, respectively. Hereafter, we use 20 lower
limit values for robust discussions for CPT violation.
Before going into the details of the limit on CPT viola-
tion, however, let us briefly mention that there are several
other works claiming detections of linear polarization with

low significance, but all of the previous reports are contro-
versial. Reference [14] reported detection of strong polar-
ization from GRB 021206 with the RHESSI solar satellite.
However, independent authors analyzed the same data, and
failed to detect any polarization signals [15]. In these cases,
the data selection criteria for the polarization signal was
remarkably different, and the latter two authors used more
realistic and reasonable ones. They concluded that the
RHESSI satellite has less capability to measure the y-ray
polarization from GRBs even if one of the brightest GRBs is
observed. Reference [16] reported detections of polariza-
tion with ~20 confidence level from GRB 041219 by
INTEGRAL-SPI, and [17] reported possible detections of
time variable polarization with INTEGRAL-IBIS data.
However, in Fig. 3 of Ref. [17], for example, all of the
data are not due to the Poisson statistics and also completely
acceptable to the nonpolarized model while they insist
detection of linear polarization. This is because the system-
atic or instrumental uncertainties for the polarization mea-
surement dominate the photon statistics in these systems.
Moreover, the results of SPI and IBIS for the brightest pulse
of GRB 041219 appear inconsistent with each other; i.e., the
SPI teams detected strong polarization of II = 98 * 33%
andII = 633(1)% with 2o statistical level [16], but the IBIS
team reported a strict upper limit of IT < 4% [17]. (But it
should be mentioned that their results for the other temporal
intervals are consistent.) Therefore, the previous reports of
the y-ray polarimetry for GRBs are all controversial and,
thus, the argument for the limit on CPT violation given by
Ref. [5] is still open to questions.

Contrary to those controversial previous reports, the
detection of 7y-ray linear polarization by IKAROS-GAP
is fairly reliable and thus can be used to set a limit on CPT
violation.

Limit on CPT violation.—Using these highly polarized
v-ray photons from the cosmological distance, we con-
strain the dimension-5, Lorentz violating (LV) operator
in the photon sector. Hereafter, Mp = (hc/G)"/? =
1.22 X 10! GeV is the Planck mass, and we shall adopt
the unit with 7z = ¢ = 1.

In the effective field theory approach [18], LV effects
suppressed by E/Mp, arise from dimension-5 LV operators.
In the photon sector they manifest as the Lorentz- and
CPT-violating dispersion relation of the form

E% =p*+—=p, (1)

where * denotes different circular polarization states and
¢ is a dimensionless parameter.

If ¢ # 0, then the dispersion relation (1) leads to slightly
different group velocities for different polarization states.
Hence, the polarization vector of a linearly polarized
wave rotates during its propagation [19]. The rotation
angle in the infinitesimal time interval dr is df =
(E, — E_)dt/2 = £p>dt/Mp,. Substituting p = (1 + 2)k,
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dt = —dz/[(1 + 2)H] and H? = H}[Q,,(1 + 2)* + Q,],
the rotation angle during the propagation from the
redshift z to the present is expressed as

kK*F(z)

MpHy’ 2)
2 (1+ Z)d7

0y, 0+27 +Q,

Ab(k, 7) = &

F(z) =

Here, k is the comoving momentum, H, = 1.51 X
10742 GeV, Q,, = 0.27, and Q, = 0.73.

If the rotation angle differs by more than 77/2 over arange
of momenta (E; < k < E,) in which a certain proportion of
the total number of photons in a signal are included, then the
net polarization of the signal is significantly depleted and
cannot be as high as the observed level. This is the case,
unless the momentum dependence of the intrinsic polariza-
tion direction of the source is fine-tuned to cancel the
momentum-dependent rotation of the polarization vector
induced by quantum gravity. Such an accidental cancella-
tion is rather unnatural, and thus we shall not consider
this possibility. Hence, the detection of highly polarized
y-ray photons by the GAP implies that |A6(E,, z) —
AG(E,, z)| = 7/2. In order to obtain an upper bound on
|£| from this inequality, we set E; = E,;, and determine
E, by fgjﬁn E“dE/fg“n‘j: E“dE =TI, where II is the net
polarization degree over the GAP energy range E,;, = k =
E .x and we have adopted the power law « k¢ with ¢ <0
for the photon number spectrum. This prescription for E| ,
corresponds to an ideal situation in which the detected
signal has 100% of the polarization degree and uniform
polarization direction over the range E;, = k < E,, but
has no polarization in the range E, = k = E,,,. With more
realistic momentum-dependencies of the polarization
degree and direction, £, would be higher and, hence, the
bound on [£]| would be tighter. Without specifying the
nature of the intrinsic polarization of the source, we adopt
the one that gives the weakest bound on |£| among those that
do not exhibit the accidental cancellation mentioned above.

For GRB 110721A, the 20 lower limits « > —0.98 and
IT >35% in the whole energy band (E.;, = 70 keV,
E . = 300 keV) lead to E, = 120 keV. Setting z > 0.45
in |AO(E,, z) — AO(E,;,, )| = /2, we obtain the con-
straint from GRB 110721A as |£] <7 X 1071,

More accurate constraints are obtained by requir-

ing that Q¥+ U?/N>II, where N = [{™ E“dE,
Q = [{m E°T1;cos[2A0(E, 2)], and U = [p E°TI; X
sin[2A0(E, z)] with the intrinsic polarization degree
IT, = 1. Using II > 0.35 and « > —0.98, we obtain the

constraint from GRB 110721A as
|¢] <2 X 1071, (3)

which is tighter than the above rough estimate.
Alternatively, we may assume that the intrinsic polarization

degree is not as high as 100% but given by the maximum
level in the synchrotron mechanism, i.e., Il; = —a/(—a +
2/3) with @« = —0.98. This leads to the more stringent limit
|£] <8 X 10716, Generically speaking, if we assume a
lower intrinsic polarization degree, then the bound on |£|
becomes tighter.

From the other GRBs, we obtain weaker constraints.
GRB 100826A has 20 limits as II > 6%, a > —1.41
[11], and z > 0.71. Setting II; = 1 (or I1; = —a/[—a +
2/3]), we obtain the constraint |£] <2 X 107! (or |&]| <
1 X 107'%). GRB 110301A has 20 limits as IT > 31%,
a > —2.8 [20], and z > 0.21. Setting I, =1 [or II; =
—a/(—a +2/3)], we obtain the constraint |&] <2 X
107 (or [£] <1 X 1071%).

One may consider a more direct constraint from the
difference of the polarization angles in the two energy bands
for GRB 110721A, say AO(E = 170 keV, z) — AG(E =
80 keV, z) < 64 degree at 20 confidence level. This pro-
vides |£] < 2 X 10713 If polarization angles are measured
more accurately as a function of energy for GRBs in the
future, a more stringent limit would be obtained.

Comparison with other limits.—Our bound (3) is the
strictest limit on the CPT invariance posed by directly
observing the photon sector, and it is about 8 orders better
than the previous limit |£] <1077 [4]. (As already
explained, we consider the limit claimed in Ref. [5] unreli-
able.) The constraint from nondetection of ultrahigh-energy
photons (E > 10" GeV), |£] < 1074 [21], appears to be
closer to our bound. However, the constraint from ultrahigh-
energy photons relies on the assumption that the dimension-5
LV operator in the electron sector is sufficiently suppressed
[22]. On the other hand, the previous bound in Ref. [4] and
our bound do not depend on such an assumption.

The dimension-5 LV operator in the photon sector indu-
ces dimension-3 CPT-odd LV operators in the fermion
sector by radiative corrections due to particle interactions.
Assuming supersymmetry [23] above Mg, (>TeV), the
radiatively generated dimension-3 CPT-odd LV operators
generically have coefficients of order b = Mfusy /Mp,.
Hence, existing experimental bounds on b can be reinter-
preted as bounds on ¢&. For example, the bound |b| <
10727 GeV from the Xe/He maser [24] implies |&] <
10~ ', Our bound (3) is slightly stronger than this. On the
other hand, the bound |b| < 10733 GeV from the K/He
magnetometer [25] corresponds to the stronger bound |£] <
10720, Note, however, that these bounds inferred from
radiatively generated dimension-3 CPT-odd LV operators
are indirect and rely on supersymmetry. Our bound (3), on
the contrary, does not rely on supersymmetry and is direct.

In the effective field theory approach [18], there is only
one operator that leads to a linear energy dependence of the
speed of light in vacuum, and it is the dimension-5
CPT-odd LV operator considered in the present Letter.
Constraints on the same operator from observation of
energy dependence of GRB light curves [26] are not as

241104-3



PRL 109, 241104 (2012)

PHYSICAL REVIEW LETTERS

week ending
14 DECEMBER 2012

significant as those from observation of polarization such
as ours. For this reason, once the stringent bound from the
latter type of observation is imposed on the unique
dimension-5 LV operator, it is natural to interpret the
former type of observation as limits on the dimension-6
LV operator. In this case, observation of GRB 090510 by
the Fermi satellite [27] leads to the lower bound on the
quantum gravity mass scale as Mg, > 10" GeV. This is
consistent with the natural expectation that the quantum
gravity mass scale is of the order of the Planck mass.

Conclusion.—In some quantum gravity theories such as
superstring theory [1], loop quantum gravity [2], and
Horava-Lifshitz gravity [3], Lorentz invariance may be
broken either spontaneously or explicitly. Dark energy, if
it is a rolling scalar field, may also break Lorentz invari-
ance spontaneously. Barring precise cancellation between
quantum gravity effects and dark energy effects, the strin-
gent limit (3) on the Lorentz- and CPT-violating parameter
& then naturally leads us to the expectation that quantum
gravity theory and/or state may break Lorentz invariance
but presumably respect the CPT invariance. The celebrated
CPT theorem in quantum field theory assumes Lorentz
symmetry and locality. In the absence of Lorentz symme-
try, the CPT invariance, if needed, should be imposed as a
part of the definition of the theory. In LV but CPT invariant
theories, the parameter ¢ exactly vanishes, and thus, all
existing limits on ¢ are trivially satisfied.

We thank the referee for useful comments to improve our
manuscript. K. T. and S. M. are responsible for the theoretical
discussions of this paper, and D. Y., T. M., and the IKAROS-
GAP team contributed to the observation and data analysis of
vy-ray polarization. This work is supported by the Grant-in-
Aid for Young Scientists (S) No. 20674002 (D.Y.), Young
Scientists (A) No. 18684007 (D.Y.), Grant-in-Aid for
Scientific Research No. 24540256 (S.M.), No. 21111006
(S.M.), Japan-Russia Research Cooperative Program
(S.M.), and Research Fellowships for Young Scientists
No. 231446 (K.T.) from the Japan Society for the
Promotion of Science (JSPS), and also supported by the
Steering Committee for Space Science at ISAS/JAXA of
Japan and the World Premier International Research Center
Initiative (WPI Initiative), MEXT, Japan.

[1] V.A. Kostelecky and S. Samuel, Phys. Rev. D 39, 683
(1989); M.R. Douglas and N.A. Nekrasov, Rev. Mod.
Phys. 73, 977 (2001).

[2] R. Gambini and J. Pullin, Phys. Rev. D 59, 124021 (1999);
J. Alfaro, H. A. Morales-Tecotl, and L.F. Urrutia, Phys.
Rev. D 65, 103509 (2002).

[3] P. Hofava, Phys. Rev. D 79, 084008 (2009); S.
Mukohyama, Classical Quantum Gravity 27, 223101
(2010).

[4] Y.Z. Fan, D.-M. Wei, and D. Xu, Mon. Not. R. Astron.
Soc. 376, 1857 (2007).

(5]

(6]

(71

(8]
(91
(10]

[11]
[12]

[13]

[14]
[15]

(17]
(18]
[19]

(20]
(21]

(22]

(23]

[24]

[25]

[26]

[27]

241104-4

P. Laurent, D. Gotz, P. Binétruy, S. Covino, and A.
Fernandez-Soto, Phys. Rev. D 83, 121301 (2011); F. W.
Stecker, Astropart. Phys. 35, 95 (2011).

J. Kawaguchi, O. Mori, Y. Tsuda, T. Yamamoto, R. Funase,
H. Sawada, Y. Kawakatsu, and M. Morimoto, in
Proceedings of the 59th International Astronautical
Congress, IAC 2008, Glasgow, Scotland, 2008
(International Astronautical Federation, Paris, France,
2008), p. 1658; O. Mori, H. Sawada, F. Hanaoka, J.
Kawaguchi, Y. Shirasawa, M. Sugita, Y. Miyazaki, H.
Sakamoto, and R. Funase, Space Technol. Jpn. 7, 87 (2009).
D. Yonetoku et al., Publ. Astron. Soc. Jpn. 63, 625 (2011);
T. Murakami et al., AIP Conference Proceeding No. 1279
(AIP, New York, 2010).

D. Tierney and A. von Kienlin, GCN Circular No. 12187
(2011).

V. Vasileiou, F. Piron, D. Tierney, A. von Kienlin, S.
Guiriec, and J. L. Racusin, GCN Circular No. 12188 (2011).
D. Yonetoku et al., Astrophys. J. Lett. 758, L1 (2012).
D. Yonetoku et al., Astrophys. J. 743, L30 (2011).

M.J. Rees and P. Meszaros, Mon. Not. R. Astron. Soc.
258, 41 (1992); T. Piran, Phys. Rep. 314, 575 (1999); D.
Lazzati, New J. Phys. 8, 131 (2006); K. Toma, T.
Sakamoto, B. Zhang, J.E. Hill, M.L. McConrnell, P.F.
Bloser, R. Yamazaki, K. Ioka, and T. Nakamura,
Astrophys. J. 698, 1042 (2009).

D. Yonetoku, T. Murakami, T. Nakamura, R. Yamazaki,
A.K. Inoue, and K. Toka, Astrophys. J. 609, 935 (2004); D.
Yonetoku et al., Publ. Astron. Soc. Jpn. 62, 1495 (2010).
W. Coburn and S. E. Boggs, Nature (London) 423,415 (2003).
R.E. Rutledge and D. B. Fox, Mon. Not. R. Astron. Soc.
350, 1288 (2004); C. Wigger, W. Hajdas, K. Arzner, M.
Gudel, and A. Zehnder, Astrophys. J. 613, 1088 (2004).
E. Kalemci, S.E. Boggs, C. Kouveliotou, M. Finger, and
M. G. Baring, Astrophys. J. Suppl. Ser. 169, 75 (2007); S.
McGlynn, D.J. Clark, A.J. Dean, L. Hanlon, S. McBreen,
D.R. Willis, B. McBreen, A.J. Bird, and S. Foley, Astron.
Astrophys. 466, 895 (2007).

D. Gotz, P. Laurent, F. Lebrun, F. Daigne, and 7Z. Bosnjak,
Astrophys. J. 695, L.208 (2009).

R.C. Myers and M. Pospelov, Phys. Rev. Lett. 90, 211601
(2003).

R.J. Gleiser and C. N. Kozameh, Phys. Rev. D 64, 083007
(2001).

S. Foley et al., GCN Circular No. 11771 (2011).

M. Galaverni and G. Sigl, Phys. Rev. Lett. 100, 021102
(2008).

L. Maccione and S. Liberati, J. Cosmol. Astropart. Phys.
08 (2008) 027.

S.G. Nibbelink and M. Pospelov, Phys. Rev. Lett. 94,
081601 (2005); P. A. Bolokhov, S.G. Nibbelink, and M.
Pospelov, Phys. Rev. D 72, 015013 (2005).

F. Cane, D. Bear, D.F. Phillips, M.S. Rosen, C.L.
Smallwood, R.E. Stoner, R.L. Walsworth, and V. A.
Kostelecky, Phys. Rev. Lett. 93, 230801 (2004).

J.M. Brown, S.J. Smullin, T.W. Kornack, and M. V.
Romalis, Phys. Rev. Lett. 105, 151604 (2010).

G. Amerino-Camelia, J.R. Ellis, N. E. Mavromatos, D. V.
Nanopoulos, and S. Sarkar, Nature (London) 393, 763
(1998).

A.A. Abdo et al., Nature (London) 462, 331 (2009).


http://dx.doi.org/10.1103/PhysRevD.39.683
http://dx.doi.org/10.1103/PhysRevD.39.683
http://dx.doi.org/10.1103/RevModPhys.73.977
http://dx.doi.org/10.1103/RevModPhys.73.977
http://dx.doi.org/10.1103/PhysRevD.59.124021
http://dx.doi.org/10.1103/PhysRevD.65.103509
http://dx.doi.org/10.1103/PhysRevD.65.103509
http://dx.doi.org/10.1103/PhysRevD.79.084008
http://dx.doi.org/10.1088/0264-9381/27/22/223101
http://dx.doi.org/10.1088/0264-9381/27/22/223101
http://dx.doi.org/10.1111/mnr.2007.376.issue-4
http://dx.doi.org/10.1111/mnr.2007.376.issue-4
http://dx.doi.org/10.1103/PhysRevD.83.121301
http://dx.doi.org/10.1016/j.astropartphys.2011.06.007
http://dx.doi.org/10.2322/tstj.7.Pd_87
http://dx.doi.org/10.1088/2041-8205/758/1/L1
http://dx.doi.org/10.1088/2041-8205/743/2/L30
http://dx.doi.org/10.1016/S0370-1573(98)00127-6
http://dx.doi.org/10.1088/1367-2630/8/8/131
http://dx.doi.org/10.1088/0004-637X/698/2/1042
http://dx.doi.org/10.1086/apj.2004.609.issue-2
http://dx.doi.org/10.1038/nature01612
http://dx.doi.org/10.1111/mnr.2004.350.issue-4
http://dx.doi.org/10.1111/mnr.2004.350.issue-4
http://dx.doi.org/10.1086/apj.2004.613.issue-2
http://dx.doi.org/10.1086/509227
http://dx.doi.org/10.1051/0004-6361:20066179
http://dx.doi.org/10.1051/0004-6361:20066179
http://dx.doi.org/10.1088/0004-637X/695/2/L208
http://dx.doi.org/10.1103/PhysRevLett.90.211601
http://dx.doi.org/10.1103/PhysRevLett.90.211601
http://dx.doi.org/10.1103/PhysRevD.64.083007
http://dx.doi.org/10.1103/PhysRevD.64.083007
http://dx.doi.org/10.1103/PhysRevLett.100.021102
http://dx.doi.org/10.1103/PhysRevLett.100.021102
http://dx.doi.org/10.1088/1475-7516/2008/08/027
http://dx.doi.org/10.1088/1475-7516/2008/08/027
http://dx.doi.org/10.1103/PhysRevLett.94.081601
http://dx.doi.org/10.1103/PhysRevLett.94.081601
http://dx.doi.org/10.1103/PhysRevD.72.015013
http://dx.doi.org/10.1103/PhysRevLett.93.230801
http://dx.doi.org/10.1103/PhysRevLett.105.151604
http://dx.doi.org/10.1038/31647
http://dx.doi.org/10.1038/31647
http://dx.doi.org/10.1038/nature08574

