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I. PSR J0737-3039
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A fantastic system!

Binary neutron star systems are rare... only 6 systems 

PSR J0737-3039 is amazing since both neutron stars are radio pulsars

High orbital velocities 

       => the most relativistic system ever found



The double-radio pulsar

Discovered in 2003 (Burgay et al. 2003, Lyne et al. 2004) 

PSR B
Slower, young, 
«lazy» pulsar

P = 2.77 s
M = 1.2489(7) Msol

B = 1.2*1012 G
Erot=1.7*1030 erg/s

Age = 50 Myr

PSR A
Fast, mildly 

recycled, old pulsar

P = 22.7 ms
M = 1.3381(7) Msol

B = 6.3*109 G
Erot=5.9*1033 erg/s

Age = 210 Myr



Low orbital period: 2.4 hours

Discovered in 2003 (Burgay et al. 2003, Lyne et al. 2004) 

Kramer et al. 2008PSR A
Fast, mildly 

recycled, old pulsar

P = 22.7 ms
M = 1.3381(7) Msol

B = 6.3*109 G
Erot=5.9*1033 erg/s

Age = 210 Myr

The double-radio pulsar

800 000 km

Eccentricity e = 0.088

PSR B
Slower, young, 
«lazy» pulsar

P = 2.77 s
M = 1.2489(7) Msol

B = 1.2*1012 G
Erot=1.7*1030 erg/s

Age = 50 Myr



(Un)usual formation?

Different scenarios are proposed for the formation of DNSs
       (Smarr & Blanford 1976, Bhattacharya & van den Heuvel 1991)

The double pulsar shows different properties

       => low mass of PSR B, low eccentricity, etc

       => Probably a different evolution

PSR B progenitor : possibly an electron-capture supernova onto an 
O-Ne-Mg core, low kick velocity 

  
(Ferdman et al. 2013)



Kramer et al. 2008

birth

death

resurrection

HMXB

LMXB

Mildly recycled 
pulsars (P = 20-60 ms, 

B<1011 G)  

HMXB progenitors 

Fully recycled 
pulsars (P < 20 ms) 

LMXB progenitors

P - P diagram
.



A unique laboratory

Best timing test for general relativity in strong gravitational fields       
(Kramer et al. 2006)

Observed pulse arrival times modified by relativistic effects

      => 5 post-Keplerian parameters very well-determined



Post-Keplerian parameters

1)  Periastron precession

Advance of periastron:
ω = 17°/yr

ANRV352-AA46-14 ARI 25 July 2008 2:9

we review both the timing tests of GR and the observational evidence for relativistic precession
of the spin axes of the pulsars.

4.1. Tests of General Relativity and Alternative Theories
Performing a test of GR or any other theory of strong-field gravity requires a thorough and
precise description of the orbit of the pulsar(s) in a relativistic binary. This necessitates going
beyond the Keplerian orbital parameters, which describe the stellar motions as similar to those in
a spectroscopic binary, incorporating the orbital period Pb, the projected orbital semimajor axis
x, and the eccentricity e of the orbit, along with the longitude angle ω and epoch T0 of passage
through periastron (when the two stars approach each other most closely). It is important to note
that because the timing observations are only sensitive to the radial Doppler shift (integrated
to provide the changes in pulse phase with time), only the component of the orbital semimajor
axis a projected along the line of sight (a sin i ) is accessible. Thus, the Keplerian description
cannot provide either the inclination angle i of the orbit or the two stellar masses. However, these
quantities are related by the mass function f, here given for A:

fA =
(

2π

Pb

)2

x3
AT−1

" = (mB sin i )3

M2 , (1)

where T" ≡ GM"/c 3 = 4.925490947 µs is the mass of the Sun in units of seconds, M = mA +
mB, with both stellar masses measured in units of the solar mass M", and with xA measured in light
seconds. With this relation among i, mA, and mB, only two unknowns remain in the Keplerian
formulation; these are usually taken to be the two stellar masses.

For relativistic binaries, strong-gravitational-field corrections to the Keplerian orbit are
needed. In order to obtain the cleanest possible interpretation of the meaning of these corrections,
it is important to define the measurable parameters in a way that does not make assumptions about
the correct gravitational theory. This was accomplished to first post-Newtonian order for generic
gravitational theories by Damour & Deruelle (1985, 1986), who enumerated the following post-
Keplerian (PK) parameters that together with the Keplerian parameters describe the data: (a) the
orbital period derivative Ṗb, (b) the time-averaged rate of advance of periastron ω̇, (c) the combined
gravitational redshift and time-dilation parameter γ , (d ) the range r and shape s (s ≡ sin i ) of the
Shapiro delay, (e) the orbital deformation parameters δθ and δr , and ( f ) two aberration parame-
ters. Together these parameters provide a set of timing delays that may or may not be measurable
for any given binary; for example, accessing the Shapiro delay requires an orbit inclined close to
edge-on to the line of sight, whereas measuring the orbital period decay requires a combination
of a compact orbit and a long timing baseline (Taylor 1992, Damour & Taylor 1992). The double
pulsar is one of two systems for which the first five PK parameters are measured significantly; the
other is PSR B1534+12 (Stairs et al. 2002).

Although the PK parameters are measured in a theory-independent fashion, they can only be
interpreted within a theory of strong-field gravity. Specifically, each parameter can be written in
terms of the two stellar masses (which are unknown a priori) and the parameters of the theory. As
the simplest possible theory, GR provides the following relations, here given for pulsar A (Damour
& Deruelle 1986, Taylor & Weisberg 1989, Damour & Taylor 1992):

ω̇ = 3
(

Pb

2π

)−5/3

(T" M )2/3(1 − e2)−1 (2)
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2)  Orbital decay 

Rotational period derivative:
Orbital shrinking 7 mm/day

=> system expected to merge 
in 85 Myr (Burgay et al. 2003)

ANRV352-AA46-14 ARI 25 July 2008 2:9

γ = e
(

Pb

2π

)1/3

T 2/3
! M−4/3mB (mA + 2mB ) (3)

Ṗb = −192π

5

(
Pb

2π

)−5/3 (
1 + 73

24
e2 + 37

96
e4

)
(1 − e2)−7/2T 5/3

! mAmB M−1/3 (4)

r = T!mB (5)

s = x
(

Pb

2π

)−2/3

T−1/3
! M2/3m−1

B (6)

δθ = T 2/3
!

(
Pb

2π

)−2/3

M−4/3(3m2
A + 6mAmB + 2m2

B ) (7)

δr = T 2/3
!

(
Pb

2π

)−2/3

M−4/3
(

7
2

m2
A + 6mAmB + 2m2

B

)
. (8)

The parameter δr is thought to be unmeasurable because it is covariant with combinations of
orbital and spin parameters (Damour & Taylor 1992). It is clear that measuring any two PK
parameters will provide the two stellar masses, and each additional parameter measured will give
a self-consistency test for GR through overdetermination of the masses. Three or more measured
PK parameters can otherwise be viewed as setting constraints on the parameters of alternative
gravitational theories.

The double pulsar currently yields precise measurements of the first five PK parameters listed
above, with measurements of δθ possible in the future (Kramer et al. 2006a). The Shapiro delay
shape s is fit using the parameter zs = −ln(1−s) to better determine the uncertainties in the face
of the steep rise of the χ2 surface as s approaches 1 (Kramer et al. 2006a,b). The system provides
an additional (and completely unique) constraint on gravitational theories, because the projected
semimajor axes of both pulsar orbits are measured. Together these provide the mass ratio R =
xB/xA, which has the virtue of being equal to mA/mB to first post-Newtonian order in all theories
of gravity (Damour & Schäfer 1988, Damour & Taylor 1992). Thus, pulsars A and B can provide
5+1–2 = 4 separate timing tests of GR. The confluence of all these parameters in GR is illustrated
in Figure 9, which summarizes the beauty of this unique cosmic gravity laboratory. After only
three years of observations, more observational constraints have been measured for the double
pulsar than for any other system; as shown in Figure 9, these constraints meet in a single point.

To quantify the strength of the GR test, Kramer et al. (2006a) examined the two most precisely
measured parameters, ω̇ and s, with the theory-independent R. Using the measurement-error
ranges on ω̇ and R, and taking into account the uncertainty on the B mass function implied by
the uncertainty in R, Monte Carlo trials provided histograms of the most likely mA and mB masses
within GR. These mass distributions were then used to make predictions, again assuming GR, for
the value of s, along with the values of r, γ , and Ṗb. Each of these predictions agrees very well with its
corresponding measured value (Table 2). Specifically, the predicted and measured values of s match
to within 0.05%, making this comparison the most precise test of GR in strong gravitational fields.
Although less precise than certain recent tests of GR in the Solar System (see, e.g., Bertotti, Iess &
Tortora 2003), the pulsar test places unique constraints on alternate theories that can be constructed
to pass the Solar System tests while still differing sharply from GR in the strong field (Damour &
Esposito-Farèse 1998, Kramer et al. 2006a). An example based on initial timing (Lyne et al. 2004) of
how the double pulsar can constrain such alternate theories is given in a paper by Esposito-Farèse
(2005). The R− ω̇− s combination is also important in that, along with the test in PSR B1534+12

www.annualreviews.org • The Double Pulsar 559
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3)  Gravitational redshift and time delay

ANRV352-AA46-14 ARI 25 July 2008 2:9

γ = e
(

Pb

2π

)1/3

T 2/3
! M−4/3mB (mA + 2mB ) (3)

Ṗb = −192π

5

(
Pb

2π

)−5/3 (
1 + 73

24
e2 + 37

96
e4

)
(1 − e2)−7/2T 5/3

! mAmB M−1/3 (4)

r = T!mB (5)

s = x
(

Pb

2π

)−2/3

T−1/3
! M2/3m−1

B (6)

δθ = T 2/3
!

(
Pb

2π

)−2/3

M−4/3(3m2
A + 6mAmB + 2m2

B ) (7)

δr = T 2/3
!

(
Pb

2π

)−2/3

M−4/3
(

7
2

m2
A + 6mAmB + 2m2

B

)
. (8)

The parameter δr is thought to be unmeasurable because it is covariant with combinations of
orbital and spin parameters (Damour & Taylor 1992). It is clear that measuring any two PK
parameters will provide the two stellar masses, and each additional parameter measured will give
a self-consistency test for GR through overdetermination of the masses. Three or more measured
PK parameters can otherwise be viewed as setting constraints on the parameters of alternative
gravitational theories.

The double pulsar currently yields precise measurements of the first five PK parameters listed
above, with measurements of δθ possible in the future (Kramer et al. 2006a). The Shapiro delay
shape s is fit using the parameter zs = −ln(1−s) to better determine the uncertainties in the face
of the steep rise of the χ2 surface as s approaches 1 (Kramer et al. 2006a,b). The system provides
an additional (and completely unique) constraint on gravitational theories, because the projected
semimajor axes of both pulsar orbits are measured. Together these provide the mass ratio R =
xB/xA, which has the virtue of being equal to mA/mB to first post-Newtonian order in all theories
of gravity (Damour & Schäfer 1988, Damour & Taylor 1992). Thus, pulsars A and B can provide
5+1–2 = 4 separate timing tests of GR. The confluence of all these parameters in GR is illustrated
in Figure 9, which summarizes the beauty of this unique cosmic gravity laboratory. After only
three years of observations, more observational constraints have been measured for the double
pulsar than for any other system; as shown in Figure 9, these constraints meet in a single point.

To quantify the strength of the GR test, Kramer et al. (2006a) examined the two most precisely
measured parameters, ω̇ and s, with the theory-independent R. Using the measurement-error
ranges on ω̇ and R, and taking into account the uncertainty on the B mass function implied by
the uncertainty in R, Monte Carlo trials provided histograms of the most likely mA and mB masses
within GR. These mass distributions were then used to make predictions, again assuming GR, for
the value of s, along with the values of r, γ , and Ṗb. Each of these predictions agrees very well with its
corresponding measured value (Table 2). Specifically, the predicted and measured values of s match
to within 0.05%, making this comparison the most precise test of GR in strong gravitational fields.
Although less precise than certain recent tests of GR in the Solar System (see, e.g., Bertotti, Iess &
Tortora 2003), the pulsar test places unique constraints on alternate theories that can be constructed
to pass the Solar System tests while still differing sharply from GR in the strong field (Damour &
Esposito-Farèse 1998, Kramer et al. 2006a). An example based on initial timing (Lyne et al. 2004) of
how the double pulsar can constrain such alternate theories is given in a paper by Esposito-Farèse
(2005). The R− ω̇− s combination is also important in that, along with the test in PSR B1534+12
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Post-Keplerian parameters

Measure the range relative to 
the center of mass of the binary



4-5)  Shapiro Delay

ANRV352-AA46-14 ARI 25 July 2008 2:9

γ = e
(

Pb

2π

)1/3

T 2/3
! M−4/3mB (mA + 2mB ) (3)

Ṗb = −192π

5

(
Pb

2π

)−5/3 (
1 + 73

24
e2 + 37

96
e4

)
(1 − e2)−7/2T 5/3

! mAmB M−1/3 (4)

r = T!mB (5)

s = x
(

Pb

2π

)−2/3

T−1/3
! M2/3m−1

B (6)

δθ = T 2/3
!

(
Pb

2π

)−2/3

M−4/3(3m2
A + 6mAmB + 2m2

B ) (7)

δr = T 2/3
!

(
Pb

2π

)−2/3

M−4/3
(

7
2

m2
A + 6mAmB + 2m2

B

)
. (8)

The parameter δr is thought to be unmeasurable because it is covariant with combinations of
orbital and spin parameters (Damour & Taylor 1992). It is clear that measuring any two PK
parameters will provide the two stellar masses, and each additional parameter measured will give
a self-consistency test for GR through overdetermination of the masses. Three or more measured
PK parameters can otherwise be viewed as setting constraints on the parameters of alternative
gravitational theories.

The double pulsar currently yields precise measurements of the first five PK parameters listed
above, with measurements of δθ possible in the future (Kramer et al. 2006a). The Shapiro delay
shape s is fit using the parameter zs = −ln(1−s) to better determine the uncertainties in the face
of the steep rise of the χ2 surface as s approaches 1 (Kramer et al. 2006a,b). The system provides
an additional (and completely unique) constraint on gravitational theories, because the projected
semimajor axes of both pulsar orbits are measured. Together these provide the mass ratio R =
xB/xA, which has the virtue of being equal to mA/mB to first post-Newtonian order in all theories
of gravity (Damour & Schäfer 1988, Damour & Taylor 1992). Thus, pulsars A and B can provide
5+1–2 = 4 separate timing tests of GR. The confluence of all these parameters in GR is illustrated
in Figure 9, which summarizes the beauty of this unique cosmic gravity laboratory. After only
three years of observations, more observational constraints have been measured for the double
pulsar than for any other system; as shown in Figure 9, these constraints meet in a single point.

To quantify the strength of the GR test, Kramer et al. (2006a) examined the two most precisely
measured parameters, ω̇ and s, with the theory-independent R. Using the measurement-error
ranges on ω̇ and R, and taking into account the uncertainty on the B mass function implied by
the uncertainty in R, Monte Carlo trials provided histograms of the most likely mA and mB masses
within GR. These mass distributions were then used to make predictions, again assuming GR, for
the value of s, along with the values of r, γ , and Ṗb. Each of these predictions agrees very well with its
corresponding measured value (Table 2). Specifically, the predicted and measured values of s match
to within 0.05%, making this comparison the most precise test of GR in strong gravitational fields.
Although less precise than certain recent tests of GR in the Solar System (see, e.g., Bertotti, Iess &
Tortora 2003), the pulsar test places unique constraints on alternate theories that can be constructed
to pass the Solar System tests while still differing sharply from GR in the strong field (Damour &
Esposito-Farèse 1998, Kramer et al. 2006a). An example based on initial timing (Lyne et al. 2004) of
how the double pulsar can constrain such alternate theories is given in a paper by Esposito-Farèse
(2005). The R− ω̇− s combination is also important in that, along with the test in PSR B1534+12
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Pulses => Demonstrate the curvature of space-time

(Kramer et al. 2006)

Post-Keplerian parameters

Orbital longitude (deg)O
bs

-p
re

di
ct

ed
 p

ul
se

 a
rr

 ti
m

e

90°: PSR A’s superior conjunction
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Figure 9
Mass-mass diagram of the double-pulsar system summarizing the observational constraints upon the masses
mA and mB. The colored regions are those that are excluded by the Keplerian mass functions of the two
pulsars. Further constraints are shown as pairs of lines enclosing permitted regions as predicted by general
relativity: the measurement of the advance of periastron ω̇ (dashed purple line), the measurement of the mass
ratio R ≡ mA/mB = xB/xA (solid dark-blue line), the measurement of the gravitational-redshift/time-dilation
parameter γ (dashed-dotted light-blue line), the measurement of Shapiro parameter r (solid green line) and
Shapiro parameter s (dotted green line), and the measurement of the orbital decay Ṗb (dashed-dotted black line).
Inset: An enlarged view of the square encompassing the intersection of the tightest constraints. The
permitted regions are those between the pairs of parallel lines. There is an area that is compatible with all
constraints, delineated by the solid small solid red region.

(Stairs et al. 2002), it does not involve gravitational radiation, thus making it complementary to
the ω̇ − γ − Ṗb test in the Hulse-Taylor system PSR B1913+16 (Taylor et al. 1992).

The extremely good agreement of Ṗb with its GR-predicted value is worth special mention.
First, it is notable that the measurement precision reached 1.4% in under three years of study
(Kramer et al. 2006a), compared to more than a decade for the Hulse-Taylor pulsar B1913+16
(Taylor & Weisberg 1989). Furthermore, the set of corrections to the observed value required
to account for the acceleration of the pulsars’ binary center of mass relative to the Solar System
barycenter (Damour & Taylor 1991) is very small (Kramer et al. 2006a). This is in contrast to both
the Hulse-Taylor system, where uncertainties in the galactic acceleration now limit the usefulness
of the Ṗb GR test (Damour & Taylor 1991, Weisberg & Taylor 2005), and the PSR B1534+12

560 Kramer · Stairs
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Kramer et al. 2008

Most precise measurement of the masses

MA = 1.3381(7) Msol

MB = 1.2489(7) Msol



A unique laboratory

Equation of state of superdense matter

Interactions between the magnetospheres and relativistic winds of the 
two pulsars

Orbital inclination angle i = 89° => edge-on

- eclipses of 30 sec

- Shapiro delay



II. Multi-wavelength observations

16



17

PSR A: a double signal, always visible (Ferdman et al. 2013) 

Radio
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Radio

PSR B: disappears in 2008... (Perera et al. 2008)
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Gamma-rays
Fermi LAT: gamma-ray pulsations from PSR A  (Guillemot et al. 2013)

=> first mildly recycled ms pulsar detected in GeV

PULSED GAMMA RAYS FROM PSR J0737!3039A 3

FIG. 1.— Radio and γ-ray light curves for PSR J0737!3039A. Bottom
panel: 1.4 GHz radio profile based on observations made with the Green
Bank Telescope. Upper panels: Fermi LAT profiles in different energy bands,
obtained by weighting each event by its probability to have been emitted by
PSR J0737!3039A. Photons with probabilities smaller than 0.05 were ex-
cluded. Horizontal dashed lines indicate the estimated background levels (see
Guillemot et al. (2012b) for the determination of these lines). The γ-ray pulse
profiles have 40 bins per rotation. Two rotations are shown for clarity.

note that PSR J0737!3039A has the lowest value of the mag-
netic field at the light cylinder of any recycled pulsars de-
tected in γ rays, BLC ∼ 4.97× 103 G (see Equation 3.22 of
Lorimer & Kramer 2005).
None of the different attempts to model the spectrum of

PSR J0737!3039A presented above yielded satisfactory mea-
surements of its photon index, Γ. In all cases, a small value
consistent with 0 was favored. This is likely a consequence of
the cutoff energy Ec being too low to reliably determine the
photon index Γ. Limits on the other spectral parameters can
thus be placed by repeating the analysis using a value for the
photon index which is representative of the Γ values observed
for other MSPs. Table 1 lists the results obtained by fixing Γ
at 1.3, this value being the average photon index measured for
the strongest MSPs in 2PC. The spectral parameters quoted in
parentheses represent canonical values, arising from the lack
of constraints on Γ.
The tool gtsrcprobwas finally used to assign each event

a probability that it originated from PSR J0737!3039A based

on the fluxes and spectra obtained from the likelihood anal-
ysis. The integrated pulse profile of PSR J0737!3039A over
0.1 GeV and for probabilities larger than 0.05 is shown in
Figure 1. The zero of phase is defined by the maximum of
the first Fourier harmonic of the signal transferred back to the
time domain. We find a weightedH-test parameter of 41 (Kerr
2011a; de Jager & Büsching 2010), corresponding to a signif-
icance of ∼5.4σ.
As can be seen from Figure 1, the γ-ray profile comprises

two peaks, with indications for additional complexity. We fit-
ted the profile above 0.1 GeV with Lorentzian functions and
found the peak positions and full widths at half-maxima for
the first and second γ-ray peaks as listed in Table 1. Defin-
ing δ1 and δ2 as the separation between the γ-ray peaks and
the maxima of the closest 1.4 GHz radio peaks, respectively
at Φr,1 ∼ 0.24 and Φr,2 ∼ 0.79, we find δ1 = 0.20± 0.01 and
δ2 = 0.13± 0.01. The uncertainty on δ1 and δ2 caused by
the error on the dispersion delay is ∆(DM)/(k f 2), where
∆(DM) = 5× 10!3 pc cm!3 is the uncertainty on the disper-
sion measure (DM) reported in Kramer et al. (2006), k is the
dispersion constant (see Lorimer & Kramer 2005) and f = 1.4
GHz, is found to be ∼ 5× 10!4 in phase, and can thus be ne-
glected. The γ-ray emission from PSR J0737!3039A is thus
offset from the radio emission, suggesting distinct origins in
the magnetosphere of the pulsar. This also holds for the X-ray
peaks detected by Chatterjee et al. (2007) in Chandra HRC
data, which are likewise aligned with the radio peaks.
Finally, we have searched the OFF-pulse fraction of the

data for modulation at the orbital period, caused by the col-
lision of the particle winds from the pulsars, and we have also
searched the ON-pulse signal for attenuation of the emission
from pulsar A around conjunction, caused by, e.g., photon–
light-pseudoscalar-boson oscillation in the magnetosphere of
B, as proposed by Dupays et al. (2005). In both cases, we
observed only steady emission as a function of orbital phase.

3. CONSTRAINING THE VIEWING
GEOMETRY OF PSR J0737!3039A

We can place constraints on the magnetic inclination α and
viewing angle ζ by modeling the radio and γ-ray light curves
and the radio polarization. For all models we assume the
vacuum, retarded-dipole magnetic field geometry (Deutsch
1955). The emission is assumed to originate in the open
zone, determined by field lines that do not close within the
light cylinder (at RLC = c/Ω = cP/2π), traced to foot points
on the star surface at RNS (radius of the neutron star), which
define the polar cap. The computation and fitting procedure
are described in Watters et al. (2009), Venter et al. (2009),
Romani & Watters (2010), and references therein.
In two of the prevalent models of γ-ray emission, uni-

formly emissive zones of the magnetosphere stand in for more
physical models. The first is the outer gap picture (OG;
Cheng et al. 1986; Yadigaroglu & Romani 1995) in which ra-
diation is emitted between the null charge surface where
Ω ·B = 0 and RLC. The second is the two-pole caustic model
(TPC; Dyks & Rudak 2003), which we take to be a geomet-
ric realization of the slot gap model (Muslimov & Harding
2004). In the original TPC model emission extends from the
surface to 0.75 RLC. In both geometries the γ-ray emission is
confined toward the edge of the open zone coinciding with the
last open field lines, in a “gap” idealized as a region of width
wem, interior to an accelerating layer of width wacc. In the OG
model the γ-ray emission originates from a thin layer on the

Different origin from radio 
emission ?

=> slot/outer gap?

shift in freq, phase?



X-rays

To understand the physics of the magnetospheric emissions and 
their interactions

ANRV352-AA46-14 ARI 25 July 2008 2:9

3. APPLICATIONS I: LESSONS FOR PULSAR ASTROPHYSICS
The double pulsar is a unique cosmic laboratory for a wide range of fundamental physics and
astrophysics. In addition to its applications in gravitational physics (see Section 4), it is also a
superb testing ground for expanding our understanding of pulsars and their magnetospheres.

3.1. Wind Balance
The observation of the strong modulation of B’s emission with orbital phase (see Section 2.2.2),
as well as the duration of the rather short 27-s eclipse of A’s emission at superior conjunction (see
Section 2.4), strongly suggests that the magnetosphere of B deviates from the standard configura-
tion. As already described in the discovery paper of B (Lyne et al. 2004), based on the spin-down
energy loss Ė = 4π2 Ṗ/P3, pulsar A is expected to emit a powerful wind that interacts with the
magnetosphere of B. Computing the energy densities of the relativistic winds of A and B at the
light cylinder radius of B, one finds that the energy density of A’s wind is about two orders of
magnitude greater than B’s; this observation has led to the expectation that the wind from A pene-
trates deep into the magnetosphere of B, hence modifying B’s magnetospheric structure. Lyutikov
(2004) and Arons et al. (2005) suggested that the interaction of A’s wind with B’s magnetosphere
might resemble the interaction between the Solar wind and the magnetosphere of the Earth. The
result is a bow shock that forms in the wind from A that is separated from the magnetosphere of
B by a sheath of shocked material (see Figure 8).

On the downstream side (facing away from A), pulsar B forms a magnetotail, but on the lee-
ward side (facing A), the dynamic pressure of A’s wind confines B’s magnetic field to within a
radius of less than 5 × 107 m (Lyutikov 2004, Arons et al. 2005). This is much smaller than
B’s light cylinder radius of RLC = 13 × 107 m, and it agrees very well with the initial esti-
mate by Lyne et al. (2004) of 40% of RLC for the size of B’s magnetosphere. As discussed in
Section 2.1.1, this leads to a spin-down torque that differs significantly from the simple vacuum-
dipole formula.

Magnetosheath

To EarthMagnetosphere of B

Wind from A

B

Figure 8
Illustration (not to scale) of the interaction of the relativistic wind from pulsar A with the magnetosphere of
pulsar B. The collision of A’s wind and B’s magnetosphere creates a magnetosheath of hot, magnetized
plasma surrounding the magnetosphere of B. The rotation of B inside this sheath modulates A’s eclipse.
Figure provided by Maura McLaughlin.
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X-ray observations

Chandra : first X-ray observation, 10 ks, 80 photons
=> spectrum poorly constrained, quite soft

XMM-Newton : 50 ks, 800 photons 
      => confirmation soft spectrum : phabs*pl or phabs*bb

=> first timing analysis

Chandra : HRC-S in timing mode + ACIS-S, 90 ks + 80ks, 400 + 500 photons
       (Chatterjee et al. 2007, Possenti et al. 2008)

=> double-peaked pulses at the PSR A period, similar to radio pulses
=> very soft spectrum dominated by the pulsed emission from PSR A

(Pellizzoni et al. 2004, Campana et al. 2004)



Two large XMM-Newton programs

2006 : 26 revolutions of the binary system (120 ks + 115 ks) => 235 ks
       (Pellizzoni et al. 2008)

2011 : 41 revolutions (130 ks + 130 ks + 107 ks)  => 367 ks 

Cameras’characteristics

Mode Time res Filter

PN small window 5.67 ms medium (2006) 
thin (2011)

MOS small window 0.3 s medium (2006) 
thin (2011)



III. 2006: First large XMM-Newton program
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Data reduction

EPIC/pn pattern = 0 (single events) for the spectral analysis

High particle background screening : soft proton flares

      => threshold at 5 sigma from the quiescent rate (De Luca & Molendi 2004)

light curve 10-12 keV



Data reduction

EPIC/PN EPIC/MOS

Source extraction radius: 18’’ Source extraction radius: 15’’



Data reduction

EPIC/PN EPIC/MOS

Source extraction radius: 18’’ Source extraction radius: 15’’



Data reduction

EPIC/PN EPIC/MOS

pattern = 0-12
threshold 5 sigma

pattern = 0
threshold 5 sigma



Pulsations from PSR A: P = 22.6993787(5) ms

Timing analysis

0.15Y4 keV. To calculate the pulsed flux, we considered all the
counts above the minimum of the light curve, using the expres-
sion PF ! Ctot " nNmin and its associated error !PF ¼ (Ctot þ
n2!2

Nmin
)1/2 ’ n(Nmin)1/2, where Ctot are the total counts, n is

the number of bins in the light curve, andNmin are the counts of
theminimum. The expression (Cmax " Cmin)/(Cmax þ Cmin) used
by Chatterjee et al. (2007) does not account for the pulsed flux
associated with secondary peaks; nevertheless, their pulsed frac-
tion value is in agreement with our result within 1 !. Both meth-
ods are ‘‘bin dependent,’’ but reasonable different choices of the
number of bins (i.e., n > 10) do not significantly affect the re-
sults. Note that the pulsed fraction upper limit of 60% obtained
in the short 2004 XMM-Newton observation referred to a sinu-
soidal profile (Pellizzoni et al. 2004), and therefore, it is not in-
consistent with the present result.

A simple hardness ratio analysis, based on the soft (S: 0.15Y
0.3 keV) and hard (H: 0.8Y3 keV) energy ranges,6 indicates a

softer spectrum in correspondence to the minimum in the folded
light curve (see bottom panel of Fig. 1). To investigate the en-
ergy dependence of the pulsed fraction in more detail and as a
cross-check of complementary phase-resolved spectral studies
discussed below, we produced the folded light curves for four
different energy ranges (0.15Y0.3 keV, 0.3Y0.5 keV, 0.5Y0.8 keV,
and 0.8Y3 keV) providing 800Y900 source counts each (Fig. 2).
The corresponding pulsed fractions, plotted in Figure 3, increase
from 50% to 90% from lower to higher energies. These values
have a probability smaller than 1% of deriving from an energy-
independent distribution.
We searched for possible flux and pulse profile variations

due to the pulsars’ mutual interaction as a function of the or-
bital phase. For example, if there is a bow shock structure as
that described in Lyutikov (2005) associated with an unpulsed
variable component (see x 5), we would expect variations in
the total flux correlated with changes in the pulsed fraction. In
Figure 4 (top) we report the pulsed fraction and total flux ob-
tained from the folded 0.15Y3 keV light curves integrated in four
orbital phase intervals. The pulsed fraction varies in the 50%Y
80% range with the minimum corresponding to the superior
conjunction of A (when A is occulted by B; dotted line). How-
ever, the values are consistent at the 5.5% level with a uniform
distribution, and there is no corresponding change in the total
flux. A similar analysis dividing the orbit in eight parts (Fig. 4,
bottom) gave only marginal evidence of a %15% variability
(null hypothesis probability =1.5%) in the pn flux.
To calculate upper limits on orbital flux modulation, we

considered the fraction of the counts above the minimum of the
light curve with error evaluations similar to those described in
this subsection. For timescales of %15 min (10 bins) the 1 !
upper limit on variability (pn+MOS data) is of 11.5% for the
0.15Y4 keV range and<20%Y30% for the selected bands men-
tioned above. Longer timescales of 0.5Y1 hr imply upper lim-
its &10% on all energy selections. The search for orbital and
aperiodic variability, even when selecting the time intervals cor-
responding to theminimum in the PSRA folded light curve, does
not improve the above upper limits.

3.2. Pulsations from PSR J0737"3039B

We searched for pulsations from PSR B using the same
method and radio ephemeris reference as for PSR A (Kramer
et al. 2006), but in this case, owing to the longer pulse period,
we could also use the lower time resolution MOS data. The ex-
pected pulsar period at the epoch of our observation is P radio

B ¼
2:7734607024(7) s, with an uncertainty orders of magnitude
smaller than the intrinsic pulse search resolution of our data
set, 12P

2
B/Tobs ’ 1:4 ; 10"5 s. Thus, if the rotational parameters

of the neutron star are stable (as suggested by radio ephemeris), a
single-trial pulse search at PB is appropriate. However, since we
cannot in principle exclude that (unlikely) glitches and/or sig-
nificant timing noise occurred in the time between the radio and
X-rays observations, we also performed a search in a range of
periods around P radio

B . In any case, no significant pulsations were
detected in the whole energy range nor in our canonical bands
(0.15Y0.3 keV, 0.3Y0.5 keV, 0.5Y0.8 keV, and 0.8Y3 keV) pro-
viding 1200Y1400 source counts each. The upper limit on the
pulsed flux fraction is of 40%.
Since the radio flux of PSR B is strongly modulated as a

function of the orbital phase and is nearly disappearing for most
of the orbit (Lyne et al. 2004; Burgay et al. 2005), we also per-
formed an orbital phase-dependent pulse search. We folded the
counts at P radio

B for four orbital phase intervals around the pulsars’
conjunctions (!" ¼ ½0:16; 0:41( and ½0:66; 0:91() and quadratures

Fig. 1.—Background-subtracted pn light curve of PSR A in the 0.15Y4 keV
energy range folded at periodPbest

A ¼ 22:6993787(5) ms (top) and corresponding
hardness ratio curve based on the soft (0.15Y0.3 keV) and hard (0.8Y3 keV) en-
ergy ranges (bottom). The dashed lines indicate the three phase intervals (A, B,
and C) used for the phase-resolved spectroscopy.

6 The hardness ratio is defined as (H " S )/(H þ S ), where for each phase bin
H and S are the background-subtracted count rates in the hard and soft ranges.
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Phase1 20.5 1.5

Light curve 0.15-4 keV 
folded at period P

Pellizzoni et al. 2008 



Pulsations from PSR B 

Timing analysis

further analysis with the Z2
n test supports the detection; with the

number of harmonics n being varied from 1 to 5, we found a
statistically significant signal for n ¼ 4 (Z2

4 ¼ 34:55, 4.2 !) and
5 (Z2

5 ¼ 35:48, 3.8 !). No significant detections are obtained for
the other orbital phase intervals ("2

r < 1:4, 19 dof ).
We tried to better constrain the orbital phase interval corre-

sponding to a positive detection of PSR B by shifting and /or

shortening the orbital phase intervals of the period search. How-
ever, we did not findmore significant detections, and considering
the low-statistics pulsed data, we cannot derive tighter constraints.
As mentioned above, the stability of the timing parameters of

this neutron star is likely, but not guaranteed. Thus, in principle,
a strict single-trial search at the predicted value P radio

B might not
be the optimal strategy. Furthermore, a blind search in period is
an important cross-check to claim a robust pulsed detection. We
therefore also searched for other peaks in the Z2

n distributions
around P radio

B . We did not find more significant detections apart
from values close (within the pulse search resolution) to P radio

B
(Fig. 5). The best-fit pulse period is P best

B ¼ 2:773459(4) s, pro-
viding a probability of only "10#6 (Z2

4
¼ 42:63, 4.9 !) that we

are sampling a uniform distribution.
The resulting pn light curves for the four phase intervals con-

sidered are shown in Figure 6. The pulse profile appears highly
structured and with a pulsed flux fraction of 35% $ 15% in the
energy range 0.15Y3 keV.
The detection of PSR B in MOS data is only marginal, and

the analysis of mergedMOS and pn data does not provide better
detection significance (even when selecting counts which are in
the lowest emission bins of the pulse profile of PSR A), prob-
ably because the 0.3 s time resolution of the MOS dilutes the
sharp peaks of the light curve. Furthermore, the poor effective
area of the MOS at low energies (i.e., negligible in the 0.15Y
0.3 keV band) is not efficient for pulse searches in sources with
very soft spectra. In fact, although PSR B is also marginally
detected at E > 0:5 keV ("2

r ¼ 2:1, 19 dof ), most of the flux
contributions to the main peaks of its light curve come from
the low-energy band.

Fig. 5.—Distribution of the Z2
4 statistics for the pn data of PSR J0737#3039

during the orbital phase interval !# ¼ ½0:41Y0:66& (see x 3.2 for details). The
vertical dashed line indicates the PSR B period expected from adopting the radio
ephemeris of Kramer et al. (2006).

Fig. 6.—Light curves of PSR B folded at period Pbest
B ¼ 2:773459(4) s as a function of the orbital phase. The pulsar is detected at the 4.9 ! level around the ascending

node (orbital phase interval 0.41Y0.66).

PELLIZZONI ET AL.668 Vol. 679

Distribution of  the Z2 
statistics for the pn data

Dashed line: PSR B period
from radio ephemeris

=> small shift

Pellizzoni et al. 2008 



Different models were tested (modified by the photoelectric absorption):

- 1 single component: pl or bb => failure 

 - 2 components (pl + bb) or (bb + bb)

Spectral analysis

=> (pl + bb)     Chi2r = 0.92 (96)      

=> (bb + bb)     Chi2r = 1.00 (96)  

kTBB = 114 +/- 10 eV, RBB_2 = 210 +/- 40 m  

 = 3, kTBB = 150 +/- 20 eV, RBB = 80 +/- 30 m  

kTBB = 290 +/- 40 eV, RBB_1 = 20 +/- 8 m  



0.15Y4 keV. To calculate the pulsed flux, we considered all the
counts above the minimum of the light curve, using the expres-
sion PF ! Ctot " nNmin and its associated error !PF ¼ (Ctot þ
n2!2

Nmin
)1/2 ’ n(Nmin)1/2, where Ctot are the total counts, n is

the number of bins in the light curve, andNmin are the counts of
theminimum. The expression (Cmax " Cmin)/(Cmax þ Cmin) used
by Chatterjee et al. (2007) does not account for the pulsed flux
associated with secondary peaks; nevertheless, their pulsed frac-
tion value is in agreement with our result within 1 !. Both meth-
ods are ‘‘bin dependent,’’ but reasonable different choices of the
number of bins (i.e., n > 10) do not significantly affect the re-
sults. Note that the pulsed fraction upper limit of 60% obtained
in the short 2004 XMM-Newton observation referred to a sinu-
soidal profile (Pellizzoni et al. 2004), and therefore, it is not in-
consistent with the present result.

A simple hardness ratio analysis, based on the soft (S: 0.15Y
0.3 keV) and hard (H: 0.8Y3 keV) energy ranges,6 indicates a

softer spectrum in correspondence to the minimum in the folded
light curve (see bottom panel of Fig. 1). To investigate the en-
ergy dependence of the pulsed fraction in more detail and as a
cross-check of complementary phase-resolved spectral studies
discussed below, we produced the folded light curves for four
different energy ranges (0.15Y0.3 keV, 0.3Y0.5 keV, 0.5Y0.8 keV,
and 0.8Y3 keV) providing 800Y900 source counts each (Fig. 2).
The corresponding pulsed fractions, plotted in Figure 3, increase
from 50% to 90% from lower to higher energies. These values
have a probability smaller than 1% of deriving from an energy-
independent distribution.
We searched for possible flux and pulse profile variations

due to the pulsars’ mutual interaction as a function of the or-
bital phase. For example, if there is a bow shock structure as
that described in Lyutikov (2005) associated with an unpulsed
variable component (see x 5), we would expect variations in
the total flux correlated with changes in the pulsed fraction. In
Figure 4 (top) we report the pulsed fraction and total flux ob-
tained from the folded 0.15Y3 keV light curves integrated in four
orbital phase intervals. The pulsed fraction varies in the 50%Y
80% range with the minimum corresponding to the superior
conjunction of A (when A is occulted by B; dotted line). How-
ever, the values are consistent at the 5.5% level with a uniform
distribution, and there is no corresponding change in the total
flux. A similar analysis dividing the orbit in eight parts (Fig. 4,
bottom) gave only marginal evidence of a %15% variability
(null hypothesis probability =1.5%) in the pn flux.
To calculate upper limits on orbital flux modulation, we

considered the fraction of the counts above the minimum of the
light curve with error evaluations similar to those described in
this subsection. For timescales of %15 min (10 bins) the 1 !
upper limit on variability (pn+MOS data) is of 11.5% for the
0.15Y4 keV range and<20%Y30% for the selected bands men-
tioned above. Longer timescales of 0.5Y1 hr imply upper lim-
its &10% on all energy selections. The search for orbital and
aperiodic variability, even when selecting the time intervals cor-
responding to theminimum in the PSRA folded light curve, does
not improve the above upper limits.

3.2. Pulsations from PSR J0737"3039B

We searched for pulsations from PSR B using the same
method and radio ephemeris reference as for PSR A (Kramer
et al. 2006), but in this case, owing to the longer pulse period,
we could also use the lower time resolution MOS data. The ex-
pected pulsar period at the epoch of our observation is P radio

B ¼
2:7734607024(7) s, with an uncertainty orders of magnitude
smaller than the intrinsic pulse search resolution of our data
set, 12P

2
B/Tobs ’ 1:4 ; 10"5 s. Thus, if the rotational parameters

of the neutron star are stable (as suggested by radio ephemeris), a
single-trial pulse search at PB is appropriate. However, since we
cannot in principle exclude that (unlikely) glitches and/or sig-
nificant timing noise occurred in the time between the radio and
X-rays observations, we also performed a search in a range of
periods around P radio

B . In any case, no significant pulsations were
detected in the whole energy range nor in our canonical bands
(0.15Y0.3 keV, 0.3Y0.5 keV, 0.5Y0.8 keV, and 0.8Y3 keV) pro-
viding 1200Y1400 source counts each. The upper limit on the
pulsed flux fraction is of 40%.
Since the radio flux of PSR B is strongly modulated as a

function of the orbital phase and is nearly disappearing for most
of the orbit (Lyne et al. 2004; Burgay et al. 2005), we also per-
formed an orbital phase-dependent pulse search. We folded the
counts at P radio

B for four orbital phase intervals around the pulsars’
conjunctions (!" ¼ ½0:16; 0:41( and ½0:66; 0:91() and quadratures

Fig. 1.—Background-subtracted pn light curve of PSR A in the 0.15Y4 keV
energy range folded at periodPbest

A ¼ 22:6993787(5) ms (top) and corresponding
hardness ratio curve based on the soft (0.15Y0.3 keV) and hard (0.8Y3 keV) en-
ergy ranges (bottom). The dashed lines indicate the three phase intervals (A, B,
and C) used for the phase-resolved spectroscopy.

6 The hardness ratio is defined as (H " S )/(H þ S ), where for each phase bin
H and S are the background-subtracted count rates in the hard and soft ranges.
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Spectral analysis

3 pn phase-resolved spectra

        model: phabs*(pl + bb) 

Pellizzoni et al. 2008 



0.15Y4 keV. To calculate the pulsed flux, we considered all the
counts above the minimum of the light curve, using the expres-
sion PF ! Ctot " nNmin and its associated error !PF ¼ (Ctot þ
n2!2

Nmin
)1/2 ’ n(Nmin)1/2, where Ctot are the total counts, n is

the number of bins in the light curve, andNmin are the counts of
theminimum. The expression (Cmax " Cmin)/(Cmax þ Cmin) used
by Chatterjee et al. (2007) does not account for the pulsed flux
associated with secondary peaks; nevertheless, their pulsed frac-
tion value is in agreement with our result within 1 !. Both meth-
ods are ‘‘bin dependent,’’ but reasonable different choices of the
number of bins (i.e., n > 10) do not significantly affect the re-
sults. Note that the pulsed fraction upper limit of 60% obtained
in the short 2004 XMM-Newton observation referred to a sinu-
soidal profile (Pellizzoni et al. 2004), and therefore, it is not in-
consistent with the present result.

A simple hardness ratio analysis, based on the soft (S: 0.15Y
0.3 keV) and hard (H: 0.8Y3 keV) energy ranges,6 indicates a

softer spectrum in correspondence to the minimum in the folded
light curve (see bottom panel of Fig. 1). To investigate the en-
ergy dependence of the pulsed fraction in more detail and as a
cross-check of complementary phase-resolved spectral studies
discussed below, we produced the folded light curves for four
different energy ranges (0.15Y0.3 keV, 0.3Y0.5 keV, 0.5Y0.8 keV,
and 0.8Y3 keV) providing 800Y900 source counts each (Fig. 2).
The corresponding pulsed fractions, plotted in Figure 3, increase
from 50% to 90% from lower to higher energies. These values
have a probability smaller than 1% of deriving from an energy-
independent distribution.
We searched for possible flux and pulse profile variations

due to the pulsars’ mutual interaction as a function of the or-
bital phase. For example, if there is a bow shock structure as
that described in Lyutikov (2005) associated with an unpulsed
variable component (see x 5), we would expect variations in
the total flux correlated with changes in the pulsed fraction. In
Figure 4 (top) we report the pulsed fraction and total flux ob-
tained from the folded 0.15Y3 keV light curves integrated in four
orbital phase intervals. The pulsed fraction varies in the 50%Y
80% range with the minimum corresponding to the superior
conjunction of A (when A is occulted by B; dotted line). How-
ever, the values are consistent at the 5.5% level with a uniform
distribution, and there is no corresponding change in the total
flux. A similar analysis dividing the orbit in eight parts (Fig. 4,
bottom) gave only marginal evidence of a %15% variability
(null hypothesis probability =1.5%) in the pn flux.
To calculate upper limits on orbital flux modulation, we

considered the fraction of the counts above the minimum of the
light curve with error evaluations similar to those described in
this subsection. For timescales of %15 min (10 bins) the 1 !
upper limit on variability (pn+MOS data) is of 11.5% for the
0.15Y4 keV range and<20%Y30% for the selected bands men-
tioned above. Longer timescales of 0.5Y1 hr imply upper lim-
its &10% on all energy selections. The search for orbital and
aperiodic variability, even when selecting the time intervals cor-
responding to theminimum in the PSRA folded light curve, does
not improve the above upper limits.

3.2. Pulsations from PSR J0737"3039B

We searched for pulsations from PSR B using the same
method and radio ephemeris reference as for PSR A (Kramer
et al. 2006), but in this case, owing to the longer pulse period,
we could also use the lower time resolution MOS data. The ex-
pected pulsar period at the epoch of our observation is P radio

B ¼
2:7734607024(7) s, with an uncertainty orders of magnitude
smaller than the intrinsic pulse search resolution of our data
set, 12P

2
B/Tobs ’ 1:4 ; 10"5 s. Thus, if the rotational parameters

of the neutron star are stable (as suggested by radio ephemeris), a
single-trial pulse search at PB is appropriate. However, since we
cannot in principle exclude that (unlikely) glitches and/or sig-
nificant timing noise occurred in the time between the radio and
X-rays observations, we also performed a search in a range of
periods around P radio

B . In any case, no significant pulsations were
detected in the whole energy range nor in our canonical bands
(0.15Y0.3 keV, 0.3Y0.5 keV, 0.5Y0.8 keV, and 0.8Y3 keV) pro-
viding 1200Y1400 source counts each. The upper limit on the
pulsed flux fraction is of 40%.
Since the radio flux of PSR B is strongly modulated as a

function of the orbital phase and is nearly disappearing for most
of the orbit (Lyne et al. 2004; Burgay et al. 2005), we also per-
formed an orbital phase-dependent pulse search. We folded the
counts at P radio

B for four orbital phase intervals around the pulsars’
conjunctions (!" ¼ ½0:16; 0:41( and ½0:66; 0:91() and quadratures

Fig. 1.—Background-subtracted pn light curve of PSR A in the 0.15Y4 keV
energy range folded at periodPbest

A ¼ 22:6993787(5) ms (top) and corresponding
hardness ratio curve based on the soft (0.15Y0.3 keV) and hard (0.8Y3 keV) en-
ergy ranges (bottom). The dashed lines indicate the three phase intervals (A, B,
and C) used for the phase-resolved spectroscopy.

6 The hardness ratio is defined as (H " S )/(H þ S ), where for each phase bin
H and S are the background-subtracted count rates in the hard and soft ranges.
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Spectral analysis

3 pn phase-resolved spectra

        model: phabs*(pl + bb) 

Pellizzoni et al. 2008 

Off-pulse spectrum is different



IV. 2011: Second large XMM-Newton program



Timing analysis
Pulsations from PSR A: P = 22.6993787(5) ms

Iacolina et al., in prep 

 Z2 test peaks at the radio spin period

Pradio



Pulsations from PSR B, Pradio: 2.7734607024(7) s 

Iacolina et al., in prep 

Z2 test : shift (6*10-6) with 
respect to the radio spin period

Pradio

Timing analysis



Spectral analysis

Two component models fit well the data (pn + mos)

- phabs*(pl + bb) => Chi2r = 1.06 (325 dof)
- phabs*(bb + bb) => Chi2r = 1.10 (325 dof)

Values very similar to those obtained in 2006

Error bars slightly smaller



phabs*(pl + bb)
EPIC/pn + mos

(Egron et al., in prep)

Chi2r = 1.06 (325 dof)



EPIC/pn + mos

Chi2r = 1.10 (325 dof)

phabs*(bb + bb)

(Egron et al., in prep)



EPIC/pn

(Egron et al., in prep)

Chi2r = 1.04 (200 dof)

phabs*(pl + bb)



(Egron et al., in prep)

Chi2r = 1.09 (200 dof)

EPIC/pn
phabs*(bb + bb)



(Egron et al., in prep)

Chi2r = 1.09 (200 dof)

EPIC/pn
phabs*(bb + bb)

Addition of a third 
component ?



(Egron et al., in prep)

Chi2r = 1.06 (323 dof)

EPIC/pn + mos
phabs*(bb + bb + bb)



Spectral analysis

A three-component model ? 

- phabs*(bb + bb + bb) => Chi2r = 1.06 (323 dof)
kTBB_1 = 97 +/- 10 eV,  R1 = 270 (+54 -35) m

kTBB_2 = 221 +/- 30 eV,  R2 = 1.2 (+2.6 -0.8) m

kTBB_3 = 883 (+1010 - 370) eV,  R3 = 42 (+20 -11) m

Comparison with phabs*(bb + bb) : F-test = 6*10-4



V. Analysis of the 2006 + 2011 data
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Spectral analysis

The data of 2006 + 2011 are well fitted with a two-component 
model modified by phabs:

- phabs*(pl + bb) => Chi2r = 0.99 (512 dof)

- phabs*(bb + bb) => Chi2r = 1.02 (512 dof)



pn + mos (15 spectra)
phabs*(pl + bb)

(Egron et al., in prep)

Chi2r = 0.99 (512 dof)



pn + mos (15 spectra)
phabs*(bb + bb)

(Egron et al., in prep)

Chi2r = 1.02 (512 dof)



pn (5 spectra)
phabs*(pl + bb)

(Egron et al., in prep)

Chi2r = 0.96 (334 dof)



pn (5 spectra)
phabs*(bb + bb)

(Egron et al., in prep)

Chi2r = 1.01 (334 dof)



VI. Different possible interpretations...



February 2006
Chandra

(Chatterjee et al. 2007)

October 2006
XMM-Newton

(Pellizzoni et al. 2008)

October 2011
XMM-Newton

(Iacolina et al., in prep.)

PSR A in X-rays

Does the pulse profile change at high energy?



PSR B in X-rays

Shift observed with respect to radio

October 2006
XMM-Newton

(Pellizzoni et al. 2008)

October 2011
XMM-Newton

(Iacolina et al., in prep)



From Timing analysis...

PSR A: - Radio, X-ray => double profile

- visible in X-rays, but shifted with respect to radio

PSR B: - Radio: disappears since 2008

- Gamma-rays => double profile, shifted with respect to radio



Origin of the emissions

PSR A: radio, X-rays => polar cap?

Double profile => two poles? two zones in the polar cap?

Gamma-rays => outer gap?

PSR B: cannot emit X-rays by itself

Radio: precession of the spin axis ? P = 71 yr

X-rays : shift => from interaction between the PSR A’s wind and 
the PSR B’s magnetosphere?





From Spectral analysis...

Multi-component models able to fit the data

Thermal and/or non thermal emissions?

Cooler BB => PSR B powered by PSR A’s wind heating PSR B’s surface

Hotter BB => backflowing particles heating polar caps of PSR A 

Non-thermal magnetospheric emission?

Formation of a bow shock expected but not visible...



From Spectral analysis...

Narrow absorption line at 0.4 keV ? 

Emission line at 2.4 keV ?

Component at E > 5 keV ? Fe line ? Residuals from accretion disk?

About the lines... 



Conclusion

Complex X-ray phenomenology

Mutual interactions of the two pulsars at high energies

No evidence of a shock for the moment...

Next steps:

- Study the spectral variations with the orbital phase

- Phase-resolved spectral analysis

- Do we see some changes?



Other observations

Study of other double neutron star systems:

-  J1537+1155

-  J1756-2251

-  J1915+1606

-  J2130+1210

Comparison of the data (X-ray spectra, soft component)

evolved Laser Interferometric Space Antenna (eLISA/NGO)  
=> detection of gravitational waves...



Thank you !

www.srt.inaf.it
Sardinia Radio Telescope

http://www.srt.inaf.it
http://www.srt.inaf.it

