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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
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The double-radio pulsar
Discovered in 2003 (Burgay et al. 2003, Lyne et al. 2004)

PSR A

PSR B

Fast, mildly
recycled, old pulsar

Slower, young,
«lazy» pulsar

P = 22.7 ms
M = 1.3381(7) Msol
B = 6.3*109 G
Erot=5.9*1033 erg/s
Age = 210 Myr

P = 2.77 s
M = 1.2489(7) Msol
B = 1.2*1012 G
Erot=1.7*1030 erg/s
Age = 50 Myr
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M = 1.2489(7) Msol
B = 1.2*1012 G
Erot=1.7*1030 erg/s
Age = 50 Myr

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
Eccentricity e = 0.088

(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)
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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

derivative Ṗb , (b) the time-averaged rate of advance of periastron ω̇, (c) the combined
edshift and time-dilation parameter γ , (d ) the range r and shape s (s ≡ sin i ) of the
(e) the orbital deformation parameters δ θ and δ r , and ( f ) two aberration paramePost-Keplerian
parameters
these parameters provide
a set of timing delays
that may or may not be measurable
binary; for example, accessing the Shapiro delay requires an orbit inclined close to
1) Periastron
precessionthe orbital period decay requires a combination
e line of sight,
whereas measuring
orbit and a long timing baseline (Taylor 1992, Damour & Taylor 1992). The double
f two systems for which the first five PK parameters are measured significantly; the
Changes in the orbit’s orientation
B1534+12 (Stairs et al. 2002).
he PK parameters are measured in a theory-independent fashion, they can only be
of periastron:
thin a theory of strong-field gravity. Specifically,Advance
each parameter
.ω = 17°/yr can be written in
wo stellar masses (which are unknown a priori) and the parameters of the theory. As
ossible theory, GR provides the following relations, here given for pulsar A (Damour
986, Taylor & Weisberg 1989, Damour & Taylor 1992):
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Rotational period derivative:
Orbital shrinking 7 mm/day
=> system expected to merge
in 85 Myr (Burgay et al. 2003)
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3) Gravitational redshift and time delay

Measure the range relative to
the center of mass of the binary
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90°: PSR A’s superior conjunction
(Kramer et al. 2006)
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Most precise measurement of the masses
MA = 1.3381(7) Msol
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Figure 9
Mass-mass diagram of the double-pulsar system summarizing the observational constraints upon the masses

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
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Radio
PSR A: a double signal, always visible (Ferdman et al. 2013)
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Radio
PSR B: disappears in 2008... (Perera et al. 2008)
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time domain. We find a weighted H-test para
2011a; de Jager & Büsching 2010), correspo
icance of ∼5.4σ.
As can be seen from Figure 1, the γ-ray
two peaks, with indications for additional co
ted the profile above 0.1 GeV with Lorentz
found the peak positions and full widths at
the first and second γ-ray peaks as listed in
Fermi LAT: gamma-ray pulsations from PSR
al. 2013)between the
ingAδ1 (Guillemot
and δ2 as theetseparation
the maxima of the closest 1.4 GHz radio pe
at Φ
r,1 ∼ 0.24 and Φr,2 ∼ 0.79, we find δ1 =
=> first mildly recycled ms pulsar detected in
GeV
δ2 = 0.13 ± 0.01. The uncertainty on δ1 a
the error on the dispersion delay is ∆(DM
∆(DM) = 5 × 10!3 pc cm!3 is the uncertain
sion measure (DM) reported in Kramer et a
dispersion constant (see Lorimer & Kramer 2
!4
GHz,
is
found
to
be
∼
5
×
10
in phase, an
Different origin from radio
glected. The γ-ray emission from PSR J073
offset from?the radio emission, suggesting d
emission
the magnetosphere of the pulsar. This also ho
peaks
detected bygap?
Chatterjee et al. (2007) i
=>
slot/outer
data, which are likewise aligned with the rad
Finally, we have searched the OFF-puls
data for modulation at the orbital period, ca
lision of the particle winds from the pulsars,
shift
in the
freq,
phase?
searched
ON-pulse
signal for attenuatio
from pulsar A around conjunction, caused
light-pseudoscalar-boson oscillation in the m
B, as proposed by Dupays et al. (2005). In
observed only steady emission as a function

Gamma-rays
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F IG . 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,

3. CONSTRAINING THE VIEW

GEOMETRY OF PSR J0737!3

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 leeward 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 estimate 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 vacuumTo understand
the physics of the magnetospheric emissions and
dipole
formula.

X-rays

their interactions
he
Magnetos

ath

Wind from A

B

Figure 8

Magnetosphere of B

To Earth

M.magnetosphere
McLaughlin of
Illustration (not to scale) of the interaction of the relativistic wind from pulsar A with the
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.

X-ray observations
Chandra : first X-ray observation, 10 ks, 80 photons
=> spectrum poorly constrained, quite soft
XMM-Newton : 50 ks, 800 photons (Pellizzoni et al. 2004, Campana et al. 2004)
=> 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
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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

Source extraction radius: 18’’

EPIC/MOS

Source extraction radius: 15’’

Data reduction
EPIC/PN

Source extraction radius: 18’’

EPIC/MOS

Source extraction radius: 15’’

Data reduction
EPIC/PN

pattern = 0
threshold 5 sigma

EPIC/MOS

pattern = 0-12
threshold 5 sigma

Timing analysis
Pulsations from PSR A: P = 22.6993787(5) ms
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Distribution
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Dashed
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( Fig. 5). The best-fit pulse period
viding a probability of only "10#
are sampling a uniform distributi
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structured and with a pulsed flux
energy range 0.15Y3 keV.
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Fig. 5.— Distribution of the Z42 statistics for the pn data of PSR J0737#3039
the analysis of merged MOS and p
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detection significance (even when
Pellizzoni et al. 2008

Spectral analysis
Different models were tested (modified by the photoelectric absorption):
- 1 single component: pl or bb => failure
- 2 components (pl + bb) or (bb + bb)
=> (pl + bb)

Chi2r = 0.92 (96)

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

=> (bb + bb)

Chi2r = 1.00 (96)

kTBB = 290 +/- 40 eV, RBB_1 = 20 +/- 8 m
kTBB = 114 +/- 10 eV, RBB_2 = 210 +/- 40 m

Spectral analysis
3 pn phase-resolved spectra
model: phabs*(pl + bb)
666
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softer spectrum in correspondence to the minimum in the folded
light curve (see bottom panel of Fig. 1). To investigate the energy 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 energyindependent distribution.
We searched for possible flux and pulse profile variations
due to the pulsars’ mutual interaction as a function of the orbital 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 obtained 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). However, the values are consistent at the 5.5% level with a uniform

Spectral analysis
3 pn phase-resolved spectra
model: phabs*(pl + bb)
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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

Pradio

Z2 test peaks at the radio spin period

Timing analysis
Pulsations from PSR B, Pradio: 2.7734607024(7) s
Iacolina et al., in prep

Pradio

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

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

EPIC/pn + mos
phabs*(pl + bb)
Chi2r = 1.06 (325 dof)

(Egron et al., in prep)

EPIC/pn + mos
phabs*(bb + bb)
Chi2r = 1.10 (325 dof)

(Egron et al., in prep)

EPIC/pn
phabs*(pl + bb)
Chi2r = 1.04 (200 dof)

(Egron et al., in prep)

EPIC/pn
phabs*(bb + bb)
Chi2r = 1.09 (200 dof)

(Egron et al., in prep)

EPIC/pn
phabs*(bb + bb)
Chi2r = 1.09 (200 dof)

Addition of a third
component ?

(Egron et al., in prep)

EPIC/pn + mos
phabs*(bb + bb + bb)
Chi2r = 1.06 (323 dof)

(Egron et al., in prep)

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)
Chi2r = 0.99 (512 dof)

(Egron et al., in prep)

pn + mos (15 spectra)
phabs*(bb + bb)
Chi2r = 1.02 (512 dof)

(Egron et al., in prep)

pn (5 spectra)
phabs*(pl + bb)
Chi2r = 0.96 (334 dof)

(Egron et al., in prep)

pn (5 spectra)
phabs*(bb + bb)
Chi2r = 1.01 (334 dof)

(Egron et al., in prep)

VI. Different possible interpretations...

PSR A in X-rays
Does the pulse profile change at high energy?

February 2006
Chandra

October 2006
XMM-Newton

October 2011
XMM-Newton

(Chatterjee et al. 2007)

(Pellizzoni et al. 2008)

(Iacolina et al., in prep.)

PSR B in X-rays
Shift observed with respect to radio

October 2006
XMM-Newton

October 2011
XMM-Newton

(Pellizzoni et al. 2008)

(Iacolina et al., in prep)

From Timing analysis...
PSR A: - Radio, X-ray => double profile
- Gamma-rays => double profile, shifted with respect to radio

PSR B: - Radio: disappears since 2008
- visible in X-rays, but 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...
About the lines...
Narrow absorption line at 0.4 keV ?
Emission line at 2.4 keV ?
Component at E > 5 keV ? Fe line ? Residuals from accretion disk?

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...

Sardinia Radio Telescope
www.srt.inaf.it

Thank you !

