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Introduction

In the formation of a neutron star, it is expected that some 
asymmetries develop during the core collapse phase, imparting a recoil 
kick to the nascent neutron star. The magnitude of the kick and the 
neutron star progenitor mass have been discussed as potential 
diagnostic elements for the type of supernova mechanism, which are 
namely the Fe core collapse or the electron capture supernova.
Currently, there are 8 double neutron star system (DNS) observed in 
our galaxy. Their orbital parameters are summarized in Table 1. 
Additional measurements of proper motion and spin tilt angle of the 
1st-born neutron star (NS1) are listed in Table 2. Our gaol is to use the 
current DNS binaries properties to constrain as best possible the natal 
kick magnitude (Vkick) and the progenitor mass (M2i) of the 2nd-born 
neutron star (NS2) at the time of the second supernova. Then from the 
limits of Vkick and M2i, we could deduce the type of supernova 

System M1st-born (M⊙) M2nd-born (M⊙) Period (days) Eccentricity Gal. Coord (l, b) Distance 
(kpc)

Estimated Age 
(Myr)

PSR B1534+12 1.3332(10) 1.3452(10) 0.421 0.274 (19.8◦, 48.3◦) 1.02 210

PSR B1913+16 1.4408(3) 1.3873(3) 0.323 0.617 (50.0◦, 2.1◦) 8.3 80

PSR J0737-3039 1.337(5) 1.250(5) 0.102 0.0878 (254.2◦, -4.5◦) 1.15 70 - 90 or 170 - 190

PSR J1518+4904 0.72-0.58+0.51 2.00-0.51+0.58 8.634 0.249 (80.8◦, 54.3◦) 0.625 10000

PSR J1756-2251 1.312(17) 1.258(17) 0.320 0.181 (6.5◦, 0.95◦) 2.5 443

PSR J1811-1736 1.62-0.55+0.22 1.11-0.15+0.53 18.779 0.828 (12.8◦, 0.44◦) 6.0 1830

PSR J1829+2456 1.14-0.48+0.28 1.36-0.17+0.50 1.176 0.139 (53.3◦, 15.6◦) 1.2 10000

PSR J1906+0746 1.365(18) 1.248(18) 0.166 0.0853 (41.6◦, 0.15◦) 5.4 0.112

Table 1: Observational Orbital Parameters of the 8 known galactic DNS. The estimated age is the time expired since the
! !  formation of the 2nd-born neutron star.

System μα (mas/yr) μδ (mas/yr) Spin tilt ϑt

PSR B1534+12 1.34(1) -25.05(2) (25 or 155) ± 3.8

PSR B1913+16 -3.27(35) -1.04(42) (18 or 162) ± 6

PSR J0737-3039 -3.82(62) 2.13(23) < 15

PSR J1518+4904 -0.67(4) -8.53(4) ...

PSR J1756-2251 -0.7(2) ... ...

PSR J1811-1736 ... ... ...

PSR J1829+2456 ... ... ...

PSR J1906+0746 ... ... ...
Table 2: Measured proper motion and spin tilt angle of the 1st-born neutron star with respect to the orbital 
    angular momentum.

Method of Calculations

We performed Monte Carlo simulations, which had incorporated orbital 
dynamics during supernova explosions  and kinematics of binaries in 
the Galactic potential. To account for gravitational radiation driven 
orbital evolution, we used the current observational parameters as 
initial conditions and integrated backwards in time to obtain the semi-
major axis (ApostSN) and eccentricity (epostSN) immediately after the 
supernova explosion. Because of the uncertainty in the true age of the 
observed DNS, we randomly draw the integration time ti from a uniform 
distribution of ages between 0 and the estimated age. Then, we 
randomly draw the natal kick velocity Vkick from a uniform distribution 
of values between 0 and 2500 km/s, and the kick direction with 
respect to NS2 progenitor from an isotropic distribution. Using 
conservation laws of orbital energy and angular momentum, we obtain 
the orbital semi-major axis (ApreSN) and the NS2 progenitor mass (M2i) 
immediately before the second supernova. The following constraints 
were satisfied for any solutions of (Vkick, ApreSN, M2i) to the conservation 
laws:
(a)  MNS2 ≤ M2i ≤ 8 M⊙

(b) The kick direction was real.
(c) The post supernova orbit must pass through the position of the 

two stars at the time of supernova explosion
(d) Any mass transfer taking place right before the supernova 

explosion must be dynamically stable.
Applying these constraints yielded a probability distribution function 
(PDF) of Vkick, and a corresponding PDF of the kick velocity given to the 
center of mass of the binary (Vkick,sys). At last, we perform a Monte Carlo 
simulation of the motion of DNS in the Galactic potential given by 
Kuijken & Gilmore (1989). We randomly distribute a population of 
newly formed DNS in the Galactic disk according to a double 
exponential distribution function. The initial center of mass velocity of 

the DNS is obtained by summing up the local Galactic rotational 
velocity and an isotropic kick velocity imparted to the binary center of mass, 
whose magnitude is drawn from the Vkick,sys PDF derived in the previous step 
specific to each of the observed DNS. The equation of motions in the Galactic 
potential were integrated forward in time until t = ti. This could avoid the 
assumption of a present-day distribution of binary radial velocity. Applying all 
the available constraints of current position, proper motion, and the spin tilt 
angle of NS1, we obtained the final ranges of Vkick and M2i.

Results

Since the Vkick and M2i constraints are correlated, we present our results 
in the form of confidence level plots of 2 dimensional joint Vkick-M2i 
PDF, which are shown in Figure 1. The derived confidence levels of Vkick 
and M2i are listed in Table 3.

System
60 % confidence60 % confidence 95 % confidence95 % confidence

System
Vkick (km/s) M2i (M⊙) Vkick (km/s) M2i (M⊙)

PSR B1534+12 170 - 260 2.00 - 2.90 150 - 270 1.34 - 3.40

PSR B1913+16 200 - 410 1.40 - 3.30 190 - 450 1.39 - 5.00

PSR J0737-3039 5 - 50 1.25 - 1.55 5 - 120 1.25 - 1.90

PSR J1518+4904 20 - 80 1.80 - 3.30 5 - 110 1.49 - 4.70

PSR J1756-2251 5 - 80 1.25 - 1.90 5 - 185 1.25 - 2.65

PSR J1811-1736 0 - 170 1.11 - 4.00 0 - 310 1.11 - 8.00

PSR J1829+2456 5 - 85 1.40 - 2.70 5 - 225 1.36 - 6.10

PSR J1906+0746 5 - 170 1.25 - 2.90 5 - 510 1.25 - 4.80

Table 3: Limits of Vkick and M2i derived from 2 dimensional joint Vkick - M2i probability distribution function.

 
Figure 1: 2 dimensional joint Vkick-M2i probability distribution function of the 8 observed Galactic DNS. Red, yellow, and blue 
    represent confidence level of 60%, 90%, and 95%.

Conclusions

The present analysis is the first to include all the currently known 
Galactic DNS binaries and account for all orbital and kinematics 
constraints. We also employed a novel method for dealing with the 
uncertainty due to the unmeasurable DNS radial velocities. In the 
context of our current understanding of massive star core collapse, the 
natal kick velocity of an ECS due to asymmetric mass ejection is 
expected to be fairly small. Also, the neutron star progenitor which 
explodes in an ECS should be less massive than that explodes in a iron 
core collapse supernova. Thus, we can use our results to draw a 
number of conclusions:
1) PSR J0737-3039 has a Vkick upper limit of 120 km/s and a M2i upper 
limit of 1.9 M⊙ at 95% confidence; therefore, the formation of NS2 likely 
occurred through an ECS event. On the other hand, PSR B1534+12 and 
PSR B1913+16 received significant recoil kicks kicks at birth (150 - 
270 and 190 - 450 km/s at 95% respectively). Together with their 
relatively high M2i upper limits, NS2 in both binaries are probably 
formed through an iron core collapse supernova event.
2)  PSR J1756-2251 has a Vkick upper limit of 80 km/s and a M2i upper 
limit of 1.9 M⊙ at 60% confidence, hence the formation of NS2 might 
possibly relate to an ECS event. However, the Vkick and M2i upper limits 
are 185 km/s and 2.65 M⊙ respectively at 95% confidence, which 
means the likelihood of NS2 formed through an ECS event is lower 
than that of PSR J0737-3039.
3) PSR J1518+4904, PSR J1811-1736, PSR J1829+2456, and PSR 
J1906+0746 have Vkick upper limits of several hundreds of km/s, and 
M2i upper limits ranging from 4.8 to 8.0 M⊙ at 95% confidence. Since 
both low and high Vkick and M2i are possible, we cannot conclude which 
type of supernova event is more favorable for the formation history of 
NS2 in these systems.

Constraints on Natal Kicks 
in Galactic Double Neutron Stars Binaries

Tsing-Wai Wong, Bart Willems, and Vassiliki Kalogera
Northwestern University, Evanston, IL, USA

Introduction

In the formation of a neutron star, it is expected that some 
asymmetries develop during the core collapse phase, imparting a recoil 
kick to the nascent neutron star. The magnitude of the kick and the 
neutron star progenitor mass have been discussed as potential 
diagnostic elements for the type of supernova mechanism, which are 
namely the Fe core collapse or the electron capture supernova.
Currently, there are 8 double neutron star system (DNS) observed in 
our galaxy. Their orbital parameters are summarized in Table 1. 
Additional measurements of proper motion and spin tilt angle of the 
1st-born neutron star (NS1) are listed in Table 2. Our gaol is to use the 
current DNS binaries properties to constrain as best possible the natal 
kick magnitude (Vkick) and the progenitor mass (M2i) of the 2nd-born 
neutron star (NS2) at the time of the second supernova. Then from the 
limits of Vkick and M2i, we could deduce the type of supernova 

System M1st-born (M⊙) M2nd-born (M⊙) Period (days) Eccentricity Gal. Coord (l, b) Distance 
(kpc)

Estimated Age 
(Myr)

PSR B1534+12 1.3332(10) 1.3452(10) 0.421 0.274 (19.8◦, 48.3◦) 1.02 210

PSR B1913+16 1.4408(3) 1.3873(3) 0.323 0.617 (50.0◦, 2.1◦) 8.3 80

PSR J0737-3039 1.337(5) 1.250(5) 0.102 0.0878 (254.2◦, -4.5◦) 1.15 70 - 90 or 170 - 190

PSR J1518+4904 0.72-0.58+0.51 2.00-0.51+0.58 8.634 0.249 (80.8◦, 54.3◦) 0.625 10000

PSR J1756-2251 1.312(17) 1.258(17) 0.320 0.181 (6.5◦, 0.95◦) 2.5 443

PSR J1811-1736 1.62-0.55+0.22 1.11-0.15+0.53 18.779 0.828 (12.8◦, 0.44◦) 6.0 1830

PSR J1829+2456 1.14-0.48+0.28 1.36-0.17+0.50 1.176 0.139 (53.3◦, 15.6◦) 1.2 10000

PSR J1906+0746 1.365(18) 1.248(18) 0.166 0.0853 (41.6◦, 0.15◦) 5.4 0.112

Table 1: Observational Orbital Parameters of the 8 known galactic DNS. The estimated age is the time expired since the
! !  formation of the 2nd-born neutron star.

System μα (mas/yr) μδ (mas/yr) Spin tilt ϑt

PSR B1534+12 1.34(1) -25.05(2) (25 or 155) ± 3.8

PSR B1913+16 -3.27(35) -1.04(42) (18 or 162) ± 6

PSR J0737-3039 -3.82(62) 2.13(23) < 15

PSR J1518+4904 -0.67(4) -8.53(4) ...

PSR J1756-2251 -0.7(2) ... ...

PSR J1811-1736 ... ... ...

PSR J1829+2456 ... ... ...

PSR J1906+0746 ... ... ...
Table 2: Measured proper motion and spin tilt angle of the 1st-born neutron star with respect to the orbital 
    angular momentum.

Method of Calculations

We performed Monte Carlo simulations, which had incorporated orbital 
dynamics during supernova explosions  and kinematics of binaries in 
the Galactic potential. To account for gravitational radiation driven 
orbital evolution, we used the current observational parameters as 
initial conditions and integrated backwards in time to obtain the semi-
major axis (ApostSN) and eccentricity (epostSN) immediately after the 
supernova explosion. Because of the uncertainty in the true age of the 
observed DNS, we randomly draw the integration time ti from a uniform 
distribution of ages between 0 and the estimated age. Then, we 
randomly draw the natal kick velocity Vkick from a uniform distribution 
of values between 0 and 2500 km/s, and the kick direction with 
respect to NS2 progenitor from an isotropic distribution. Using 
conservation laws of orbital energy and angular momentum, we obtain 
the orbital semi-major axis (ApreSN) and the NS2 progenitor mass (M2i) 
immediately before the second supernova. The following constraints 
were satisfied for any solutions of (Vkick, ApreSN, M2i) to the conservation 
laws:
(a)  MNS2 ≤ M2i ≤ 8 M⊙

(b) The kick direction was real.
(c) The post supernova orbit must pass through the position of the 

two stars at the time of supernova explosion
(d) Any mass transfer taking place right before the supernova 

explosion must be dynamically stable.
Applying these constraints yielded a probability distribution function 
(PDF) of Vkick, and a corresponding PDF of the kick velocity given to the 
center of mass of the binary (Vkick,sys). At last, we perform a Monte Carlo 
simulation of the motion of DNS in the Galactic potential given by 
Kuijken & Gilmore (1989). We randomly distribute a population of 
newly formed DNS in the Galactic disk according to a double 
exponential distribution function. The initial center of mass velocity of 

the DNS is obtained by summing up the local Galactic rotational 
velocity and an isotropic kick velocity imparted to the binary center of mass, 
whose magnitude is drawn from the Vkick,sys PDF derived in the previous step 
specific to each of the observed DNS. The equation of motions in the Galactic 
potential were integrated forward in time until t = ti. This could avoid the 
assumption of a present-day distribution of binary radial velocity. Applying all 
the available constraints of current position, proper motion, and the spin tilt 
angle of NS1, we obtained the final ranges of Vkick and M2i.

Results

Since the Vkick and M2i constraints are correlated, we present our results 
in the form of confidence level plots of 2 dimensional joint Vkick-M2i 
PDF, which are shown in Figure 1. The derived confidence levels of Vkick 
and M2i are listed in Table 3.

System
60 % confidence60 % confidence 95 % confidence95 % confidence

System
Vkick (km/s) M2i (M⊙) Vkick (km/s) M2i (M⊙)

PSR B1534+12 170 - 260 2.00 - 2.90 150 - 270 1.34 - 3.40

PSR B1913+16 200 - 410 1.40 - 3.30 190 - 450 1.39 - 5.00

PSR J0737-3039 5 - 50 1.25 - 1.55 5 - 120 1.25 - 1.90

PSR J1518+4904 20 - 80 1.80 - 3.30 5 - 110 1.49 - 4.70

PSR J1756-2251 5 - 80 1.25 - 1.90 5 - 185 1.25 - 2.65

PSR J1811-1736 0 - 170 1.11 - 4.00 0 - 310 1.11 - 8.00

PSR J1829+2456 5 - 85 1.40 - 2.70 5 - 225 1.36 - 6.10

PSR J1906+0746 5 - 170 1.25 - 2.90 5 - 510 1.25 - 4.80

Table 3: Limits of Vkick and M2i derived from 2 dimensional joint Vkick - M2i probability distribution function.

 
Figure 1: 2 dimensional joint Vkick-M2i probability distribution function of the 8 observed Galactic DNS. Red, yellow, and blue 
    represent confidence level of 60%, 90%, and 95%.

Conclusions

The present analysis is the first to include all the currently known 
Galactic DNS binaries and account for all orbital and kinematics 
constraints. We also employed a novel method for dealing with the 
uncertainty due to the unmeasurable DNS radial velocities. In the 
context of our current understanding of massive star core collapse, the 
natal kick velocity of an ECS due to asymmetric mass ejection is 
expected to be fairly small. Also, the neutron star progenitor which 
explodes in an ECS should be less massive than that explodes in a iron 
core collapse supernova. Thus, we can use our results to draw a 
number of conclusions:
1) PSR J0737-3039 has a Vkick upper limit of 120 km/s and a M2i upper 
limit of 1.9 M⊙ at 95% confidence; therefore, the formation of NS2 likely 
occurred through an ECS event. On the other hand, PSR B1534+12 and 
PSR B1913+16 received significant recoil kicks kicks at birth (150 - 
270 and 190 - 450 km/s at 95% respectively). Together with their 
relatively high M2i upper limits, NS2 in both binaries are probably 
formed through an iron core collapse supernova event.
2)  PSR J1756-2251 has a Vkick upper limit of 80 km/s and a M2i upper 
limit of 1.9 M⊙ at 60% confidence, hence the formation of NS2 might 
possibly relate to an ECS event. However, the Vkick and M2i upper limits 
are 185 km/s and 2.65 M⊙ respectively at 95% confidence, which 
means the likelihood of NS2 formed through an ECS event is lower 
than that of PSR J0737-3039.
3) PSR J1518+4904, PSR J1811-1736, PSR J1829+2456, and PSR 
J1906+0746 have Vkick upper limits of several hundreds of km/s, and 
M2i upper limits ranging from 4.8 to 8.0 M⊙ at 95% confidence. Since 
both low and high Vkick and M2i are possible, we cannot conclude which 
type of supernova event is more favorable for the formation history of 
NS2 in these systems.

Constraints on Natal Kicks 
in Galactic Double Neutron Stars Binaries

Tsing-Wai Wong, Bart Willems, and Vassiliki Kalogera
Northwestern University, Evanston, IL, USA

Introduction

In the formation of a neutron star, it is expected that some 
asymmetries develop during the core collapse phase, imparting a recoil 
kick to the nascent neutron star. The magnitude of the kick and the 
neutron star progenitor mass have been discussed as potential 
diagnostic elements for the type of supernova mechanism, which are 
namely the Fe core collapse or the electron capture supernova.
Currently, there are 8 double neutron star system (DNS) observed in 
our galaxy. Their orbital parameters are summarized in Table 1. 
Additional measurements of proper motion and spin tilt angle of the 
1st-born neutron star (NS1) are listed in Table 2. Our gaol is to use the 
current DNS binaries properties to constrain as best possible the natal 
kick magnitude (Vkick) and the progenitor mass (M2i) of the 2nd-born 
neutron star (NS2) at the time of the second supernova. Then from the 
limits of Vkick and M2i, we could deduce the type of supernova 

System M1st-born (M⊙) M2nd-born (M⊙) Period (days) Eccentricity Gal. Coord (l, b) Distance 
(kpc)

Estimated Age 
(Myr)

PSR B1534+12 1.3332(10) 1.3452(10) 0.421 0.274 (19.8◦, 48.3◦) 1.02 210

PSR B1913+16 1.4408(3) 1.3873(3) 0.323 0.617 (50.0◦, 2.1◦) 8.3 80

PSR J0737-3039 1.337(5) 1.250(5) 0.102 0.0878 (254.2◦, -4.5◦) 1.15 70 - 90 or 170 - 190

PSR J1518+4904 0.72-0.58+0.51 2.00-0.51+0.58 8.634 0.249 (80.8◦, 54.3◦) 0.625 10000

PSR J1756-2251 1.312(17) 1.258(17) 0.320 0.181 (6.5◦, 0.95◦) 2.5 443

PSR J1811-1736 1.62-0.55+0.22 1.11-0.15+0.53 18.779 0.828 (12.8◦, 0.44◦) 6.0 1830

PSR J1829+2456 1.14-0.48+0.28 1.36-0.17+0.50 1.176 0.139 (53.3◦, 15.6◦) 1.2 10000

PSR J1906+0746 1.365(18) 1.248(18) 0.166 0.0853 (41.6◦, 0.15◦) 5.4 0.112

Table 1: Observational Orbital Parameters of the 8 known galactic DNS. The estimated age is the time expired since the
! !  formation of the 2nd-born neutron star.

System μα (mas/yr) μδ (mas/yr) Spin tilt ϑt

PSR B1534+12 1.34(1) -25.05(2) (25 or 155) ± 3.8

PSR B1913+16 -3.27(35) -1.04(42) (18 or 162) ± 6

PSR J0737-3039 -3.82(62) 2.13(23) < 15

PSR J1518+4904 -0.67(4) -8.53(4) ...

PSR J1756-2251 -0.7(2) ... ...

PSR J1811-1736 ... ... ...

PSR J1829+2456 ... ... ...

PSR J1906+0746 ... ... ...
Table 2: Measured proper motion and spin tilt angle of the 1st-born neutron star with respect to the orbital 
    angular momentum.

Method of Calculations

We performed Monte Carlo simulations, which had incorporated orbital 
dynamics during supernova explosions  and kinematics of binaries in 
the Galactic potential. To account for gravitational radiation driven 
orbital evolution, we used the current observational parameters as 
initial conditions and integrated backwards in time to obtain the semi-
major axis (ApostSN) and eccentricity (epostSN) immediately after the 
supernova explosion. Because of the uncertainty in the true age of the 
observed DNS, we randomly draw the integration time ti from a uniform 
distribution of ages between 0 and the estimated age. Then, we 
randomly draw the natal kick velocity Vkick from a uniform distribution 
of values between 0 and 2500 km/s, and the kick direction with 
respect to NS2 progenitor from an isotropic distribution. Using 
conservation laws of orbital energy and angular momentum, we obtain 
the orbital semi-major axis (ApreSN) and the NS2 progenitor mass (M2i) 
immediately before the second supernova. The following constraints 
were satisfied for any solutions of (Vkick, ApreSN, M2i) to the conservation 
laws:
(a)  MNS2 ≤ M2i ≤ 8 M⊙

(b) The kick direction was real.
(c) The post supernova orbit must pass through the position of the 

two stars at the time of supernova explosion
(d) Any mass transfer taking place right before the supernova 

explosion must be dynamically stable.
Applying these constraints yielded a probability distribution function 
(PDF) of Vkick, and a corresponding PDF of the kick velocity given to the 
center of mass of the binary (Vkick,sys). At last, we perform a Monte Carlo 
simulation of the motion of DNS in the Galactic potential given by 
Kuijken & Gilmore (1989). We randomly distribute a population of 
newly formed DNS in the Galactic disk according to a double 
exponential distribution function. The initial center of mass velocity of 

the DNS is obtained by summing up the local Galactic rotational 
velocity and an isotropic kick velocity imparted to the binary center of mass, 
whose magnitude is drawn from the Vkick,sys PDF derived in the previous step 
specific to each of the observed DNS. The equation of motions in the Galactic 
potential were integrated forward in time until t = ti. This could avoid the 
assumption of a present-day distribution of binary radial velocity. Applying all 
the available constraints of current position, proper motion, and the spin tilt 
angle of NS1, we obtained the final ranges of Vkick and M2i.

Results

Since the Vkick and M2i constraints are correlated, we present our results 
in the form of confidence level plots of 2 dimensional joint Vkick-M2i 
PDF, which are shown in Figure 1. The derived confidence levels of Vkick 
and M2i are listed in Table 3.

System
60 % confidence60 % confidence 95 % confidence95 % confidence

System
Vkick (km/s) M2i (M⊙) Vkick (km/s) M2i (M⊙)

PSR B1534+12 170 - 260 2.00 - 2.90 150 - 270 1.34 - 3.40

PSR B1913+16 200 - 410 1.40 - 3.30 190 - 450 1.39 - 5.00

PSR J0737-3039 5 - 50 1.25 - 1.55 5 - 120 1.25 - 1.90

PSR J1518+4904 20 - 80 1.80 - 3.30 5 - 110 1.49 - 4.70

PSR J1756-2251 5 - 80 1.25 - 1.90 5 - 185 1.25 - 2.65

PSR J1811-1736 0 - 170 1.11 - 4.00 0 - 310 1.11 - 8.00

PSR J1829+2456 5 - 85 1.40 - 2.70 5 - 225 1.36 - 6.10

PSR J1906+0746 5 - 170 1.25 - 2.90 5 - 510 1.25 - 4.80

Table 3: Limits of Vkick and M2i derived from 2 dimensional joint Vkick - M2i probability distribution function.

 
Figure 1: 2 dimensional joint Vkick-M2i probability distribution function of the 8 observed Galactic DNS. Red, yellow, and blue 
    represent confidence level of 60%, 90%, and 95%.

Conclusions

The present analysis is the first to include all the currently known 
Galactic DNS binaries and account for all orbital and kinematics 
constraints. We also employed a novel method for dealing with the 
uncertainty due to the unmeasurable DNS radial velocities. In the 
context of our current understanding of massive star core collapse, the 
natal kick velocity of an ECS due to asymmetric mass ejection is 
expected to be fairly small. Also, the neutron star progenitor which 
explodes in an ECS should be less massive than that explodes in a iron 
core collapse supernova. Thus, we can use our results to draw a 
number of conclusions:
1) PSR J0737-3039 has a Vkick upper limit of 120 km/s and a M2i upper 
limit of 1.9 M⊙ at 95% confidence; therefore, the formation of NS2 likely 
occurred through an ECS event. On the other hand, PSR B1534+12 and 
PSR B1913+16 received significant recoil kicks kicks at birth (150 - 
270 and 190 - 450 km/s at 95% respectively). Together with their 
relatively high M2i upper limits, NS2 in both binaries are probably 
formed through an iron core collapse supernova event.
2)  PSR J1756-2251 has a Vkick upper limit of 80 km/s and a M2i upper 
limit of 1.9 M⊙ at 60% confidence, hence the formation of NS2 might 
possibly relate to an ECS event. However, the Vkick and M2i upper limits 
are 185 km/s and 2.65 M⊙ respectively at 95% confidence, which 
means the likelihood of NS2 formed through an ECS event is lower 
than that of PSR J0737-3039.
3) PSR J1518+4904, PSR J1811-1736, PSR J1829+2456, and PSR 
J1906+0746 have Vkick upper limits of several hundreds of km/s, and 
M2i upper limits ranging from 4.8 to 8.0 M⊙ at 95% confidence. Since 
both low and high Vkick and M2i are possible, we cannot conclude which 
type of supernova event is more favorable for the formation history of 
NS2 in these systems.

Wong et al 2010

SN Kick Magnitude

Pr
og

en
ito

r M
as

s a
t S

N



Tauris & van den Heuvel 2004

NS-NS	

Formation	

Channel



Tauris & van den Heuvel 2004

NS-NS	

Formation	

Channel



Step 1:

Step 2: 

Step 3: 

Step 1

Step 2

Step 3

(present time)

(just before SN)

(2nd SN)

1st NS
He star

2nd NS



NS1
He Star

kick

LStep 1 Step 2 Step 3

Observational Constraints:
 NS Masses, current A and e, PSR age 
 Spin-Orbit Tilt Angle ( for B193, B1534, J0737 only ) 
 Sky Location, Distance, Proper Motion



V
M

V
M

      red = 60%  
yellow = 90%  
    blue = 95%

(Wong et al. 2010)



V
M

V
M

      red = 60%  
yellow = 90%  
    blue = 95%

(Wong et al. 2010)

NS2 formed in an Fe core collapse supernova



V
M

      red = 60%  
yellow = 90%  
    blue = 95%

(Wong et al. 2010)



V
M

NS2 (pulsar B) formed in an 
electron capture supernova

      red = 60%  
yellow = 90%  
    blue = 95%

(Wong et al. 2010)



      red = 60%  
yellow = 90%  
    blue = 95%



      red = 60%  
yellow = 90%  
    blue = 95%

ECS?



      red = 60%  
yellow = 90%  
    blue = 95%

ECS?

Fe-core?



      red = 60%  
yellow = 90%  
    blue = 95%

ECS?

Fe-core?

Fe-core?



      red = 60%  
yellow = 90%  
    blue = 95%

ECS?

Fe-core?

Fe-core?

ECS?



      red = 60%  
yellow = 90%  
    blue = 95%

ECS?

Fe-core?

Fe-core?

ECS? ???



      red = 60%  
yellow = 90%  
    blue = 95%

ECS?

Fe-core?

Fe-core?

ECS? ???
e=0.09

e=0.2e=0.25

e=0.14

e=0.83



!10

High mass X-ray Binary 
(Wind-fed)

Low mass X-ray Binary 
(Roche lobe overflow)

Black 
Hole

MS

MS

MS

He

MS

Core  
Collapse



!10

High mass X-ray Binary 
(Wind-fed)

Low mass X-ray Binary 
(Roche lobe overflow)

Black 
Hole

MS

MS

MS

He

MS

Core  
Collapse

Step 1: 

Step 2: 

Step 3: 

Step 4: 



!11

High mass X-ray Binary 
(Wind-fed)

Low mass X-ray Binary 
(Roche lobe overflow)

Black 
Hole

MS

MS

MS

He

MS

Core  
Collapse

Observational Constraints:
 BH companion L, Teff, and Mass 
 BH Mass, Orbital Period  
 Proper Motion, Radial Velocity 
 Sky Location, Distance



(from Orosz/Bailyn)

M33 X-7

IC 10 X-1



Cyg 
X-1

Understanding Compact Object formation. IV. 11

FIG. 9.— Two dimensional joint Vk–MBHpro confidence levels: 68.3%
(red), 95.4% (yellow), and 99.7% (blue).

it fills its Roche lobe at the periastron, its mass and radius are
77.6+7.5−6.9 M⊙ and 1009+315−377 R⊙, respectively. Meanwhile, the
orbital separation at periastron (Aperi,preCE) is 2186+740−802 R⊙.
Then, the binary undergoes dynamically unstable mass trans-
fer, which leads to CE evolution. The common envelope effi-
ciency (αCE) is constrained to be ≥ 0.579. We note that our
values of αCE is similar to those determined from studies of
white dwarf binaries (see Nelemans & Tout 2005; De Marco
et al. 2011; Davis et al. 2012). However, a direct compari-
son is not appropriate, as both the properties of the examined
systems and the assumptions in the analyses are significantly
different.
At the end of CE event, the binary consists of a 24.8–

38.7M⊙ BH and a 32.2–41.6M⊙ He star. The orbit of this bi-
nary is assumed to be circular, with a radius constrained to be
17.1–22.3 R⊙. The equivalent orbital period is 25.3–35.0 hr.
Unlike other limits presented in this section, the limits on the
post-CE binary properties enclose the full range of the derived
constraints, which are obtained from the post-CE binary mod-
eling discussed in §4.

8. CONCLUSION
In this analysis, we track the evolution of IC 10 X-1 back-

wards in time up to the instant just before the core-collapse
event and study the formation of the BH in this system. This
covers the following evolutionary phases: binary orbital dy-
namics at core collapse, CE evolution, and evolution of the
BH–He star binary progenitor of the observed system. We
first focus on the latter and use the modeling of binary evolu-
tion to construct successful evolutionary sequences, and use
them to determine the post-CE binary properties. These se-
quences are referred as successful because their properties at
present matches these observational constraints of IC 10 X-
1: binary orbital period, component masses and luminosity of
the WR star. Our predicted X-ray luminosity at the present
time, resulting from the stellar-wind accretion onto the BH, is
consistent with the observed values. We then analyze the evo-
lution through the necessary CE phase. We employ different
CE treatments, as the standard treatment leads to unphysical
results. We find that only the “enthalpy” formalism (Ivanova
& Chaichenets 2011) along with an energy-based CE effi-

ciency (Webbink 1984) can explain physically the post-CE
binary properties of the IC 10 X-1 progenitor. Finally, we
perform a Monte Carlo simulation on the orbital dynamics in-
volved in the core collapse event. Each data point contains
seven free parameters drawn from uniform and isotropic dis-
tributions, which describe the properties of the pre-SN binary
and the natal kick imparted to the BH. Besides the constraints
related to the core collapse event, we also use what we learned
about the CE event involved in the formation of IC 10 X-1
as additional constraints to reject data points. If a data point
satisfies all the constraints mentioned in §6, such as the sur-
vival of the binary through the core collapse event and the
common envelope efficiency αCE being ≤ 1, we classify it as
a successful data point. Our constraints (at 95.4% of confi-
dence) related to the BH formation and the CE event occurred
in the past of IC 10 X-1 are derived from all successful data
points. We find that the BH immediate (He rich) progenitor
has a mass of 45.6+14.4−14.0 M⊙ and constrain the magnitude of the
natal kick imparted to the BH to be ≤ 128 km/s.
We also find that the existence of IC 10 X-1 gives very

strong constraints on the physics of CE evolution. It is the
very first time that an XRB appears to be capable of distin-
guishing various treatments of CE evolution. A CE treatment
is considered to be consistent with our derived post-CE prop-
erties of the BH-He star binary progenitor of IC 10 X-1, if it
provides an CE efficiency (αCE) in the range of 0–1. We first
follow the originalWebbink (1984) prescription and study the
CE event, using models of the He star progenitor constructed
with different initial masses and various strength of convec-
tive overshooting (see §5.1 & §5.2). We find that αCE is al-
ways> 1 for any models at any evolutionary age, because the
envelope binding energy is always at least a factor of 3 larger
than the maximum possible change of orbital energy during
CE evolution. We also study the uncertainty in the mass loss
rates of massive stars (see § 5.3) and find that it cannot signif-
icantly decrease the binding energy of the envelope to make
αCE ≤ 1. We then consider the formalism of hyper-critical ac-
cretion onto the BH during CE evolution (see §5.4). In order
to have αCE ≤ 1, we find that the radius of the He star pro-
genitor at the onset of the hyper-critical accretion phase needs
to be at least 1.3 times larger than that at the onset of CE
phase. There cannot be any pre-CE binary configuration sat-
isfying this requirement. The last CE treatment considered in
our analysis is the “enthalpy” formalism (Ivanova & Chaich-
enets 2011). We find that it naturally provides αCE ≤ 1 with
realistic pre-CE binary configurations, because including the
term P(m)/ρ(m) as an energy source lowers the binding en-
ergy of the envelope. Hence, the “enthalpy” formalism seems
to be the appropriate description on the energy budget of en-
velope ejection, at least for the massive stars involved in the
formation of IC 10 X-1. By adopting this CE treatment and
considering all constraints on our derived evolutionary history
of IC 10 X-1, we find αCE to be in a range of 0.58–1 (at 95.4%
of confidence).
Based on our derived evolutionary history of IC 10 X-1, the

spin angular momentum of the BH immediate progenitor is
likely to be low. This is because once it loses its H rich en-
velope, the BH progenitor will suffer from the high mass loss
rates of WR stars. This intense mass loss via stellar wind will
take most angular momentum away from the BH progenitor
and spin it down quickly. Tidal effects could have kept the the
BH progenitor from spinning down. However, the pre-SN bi-
nary orbit is relatively wide, with an orbital period of≥ 0.5 yr.
This means that the tides exerted on the BH immediate pro-
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System
Observed Current 

BH mass  
(M⊙)

Post-SN 
BH mass  

(M⊙)

Immediate  
Progenitor mass  

(M⊙)
Natal Kick  

(km/s)

GRO J1655-40 
(early-type, P>1d)

6.3 ± 0.5  
(Greene et al. 2001) 

 
5.4 ± 0.3  

(Beer & Podsiadlowski 2002)

5.5 − 6.3 
 

3.5 − 5.4 
(Willems et al. 2005)  

5.5 − 11.0 
 

3.5 − 9.0 
(Willems et al. 2005)  

30 − 160 
 

≤ 210 
(Willems et al. 2005)  

XTE J1118+480 
(late-type, P<1d)

8.0 ± 2.0 
(McClintock et al. 2001, Wagner 
et al. 2001, Gelino et al. 2006)  

6.0 − 10.0 
(Fragos et al. 2009)

6.5 − 20.0 
(Fragos et al. 2009)

80 − 310 
(Fragos et al. 2009)

M33 X-7 
(wind-fed, H-rich)

13.5 − 20.0 
(Orosz et al. 2007,  

Valsecchi et al.2010)

13.5 − 14.5 
(Valsecchi et al.2010)

15.0 − 16.1 
(Valsecchi et al.2010)

10 − 850 
(Valsecchi et al.2010)

Cygnus X-1 
(wind-fed, H-rich)

14.81 ± 0.98 
(Orosz et al. 2011)

13.8 − 15.8 
(Wong et al. 2012)

15.0 − 20.0 
(Wong et al. 2012)

≤ 77 
(Wong et al. 2012)

IC 10 X-1 
(wind-fed, He-rich)

25 — 39 
(Wong et al. 2013)

25 — 39 
(Wong et al. 2013)

32 − 60 
(Wong et al. 2013)

≤ 130 
(Wong et al. 2013)
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a kick at formation
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(a) (b) (c)

Figure 1. Effect of SN kick on binary orbit. The pre-SN orbit containing pulsar A and pulsar B’s progenitor is shown in (a). The effect of an on-center SN kick that
slightly changes the inclination of the orbit is illustrated in (b). Note the post-SN alignment of the two pulsars’ spin axes. Part (c) illustrates the present-day orbit with
a 130 deg misalignment between pulsar B’s spin axis and the orbital axis.
(A color version of this figure is available in the online journal.)

orbital plane causes a change in the eccentricity and semimajor
axis of the orbit; the component perpendicular to the pre-SN
orbital plane can also cause a change in the inclination of
the orbital plane. In the PSR J0737−3039 system, pulsar A’s
small spin-tilt angle (less than 14 deg at 95% confidence using
a two-pole emission model; Burgay et al. 2003; Lyne et al.
2004; Ferdman et al. 2008) is indicative of a relatively small
out-of-plane kick from the SN that formed pulsar B (Wong
et al. 2010). Pulsar A’s spin-orbit misalignment occurs only
because the orbital plane is tilted by the SN kick, while pulsar
A’s spin remains fixed in the inertial frame aligned with the
pre-SN orbital angular momentum axis (Figure 1). Such a spin
tilt for pulsar A occurs independently of the effects of the second
SN on pulsar B’s spin. In other words, the observed tilt of
pulsar A’s spin by itself does not require any change in the
spin angular momentum of pulsar B relative to its progenitor.
However, unless the SN contributes significant amounts of
angular momentum to the nascent pulsar, the orientation of
pulsar B’s spin will be the same as its progenitor’s spin, i.e.,
aligned with the pre-SN orbital plane and pulsar A’s spin.
Surprisingly, pulsar B’s spin is in fact retrograde: tilted by
130.0+1.4

−1.2 deg (99.7% confidence; Ferdman et al. 2008) relative
to the current orbital angular momentum vector (see Figure 1).

3. THE NEED FOR SPIN ANGULAR MOMENTUM FROM
THE SUPERNOVA

To produce pulsar B’s retrograde spin, the SN must have
significantly torqued pulsar B, causing it to tumble to the
currently observed spin-orbit orientation. The pre-SN spin, S0,
the angular momentum produced by the SN ejecta, ∆S, and the
post-SN spin,3 SSN are related by the conservation of angular
momentum

SSN = S0 + ∆S. (1)

To determine ∆S, we must know S0 and SSN, but we only
know the direction, not the magnitude, of S0 and the relationship
between SSN and the spin measured today is complicated by
relativistic precession (Breton et al. 2008). However, we can
still place constraints on ∆S. Relativistic precession causes
the individual pulsar spins to precess about the total angular
momentum of the system, which is approximately parallel to
the orbital angular momentum. Such precession preserves the
angle between the total angular momentum and the spin (which

3 It is important to distinguish between pulsar B’s spin vector right after the
SN and its present-day spin vector because relativistic effects cause the spin
vector to precess about the total angular momentum (Breton et al. 2008),
leading to a time-varying azimuthal component.

is the spin colatitude), but not the azimuthal orientation. Thus,
the colatitude of SSN relative to the normal to the current orbital
plane is equal to the colatitude of the current spin—130 deg.
Based on the spin of pulsar A, the current orbital plane could
be tilted at most 14 deg relative to the pre-SN orbital plane.
Therefore, the colatitude of SSN relative to the pre-SN orbital
plane—and therefore relative to S0—is at least 116 deg. This
is also the minimum angle between S0 and !S. The angular
momentum produced by the SN must be significantly misaligned
with the progenitor spin. To date, most SN simulations have
focused on non-rotating progenitors (for example, see Blondin
& Mezzacappa 2007; Rantsiou et al. 2011; Wongwathanarat
et al. 2010); it remains to be seen whether the spin produced
by the SN from the collapse of a rotating progenitor can be so
significantly misaligned with the progenitor’s rotation axis.

The typical moment of inertia (Spruit & Phinney 1998) of a
neutron star is 0.36MR2; using pulsar B’s measured mass of
1.25 M⊙ (see Table 1) and a radius of 10 km, its current spin
angular momentum is 2 × 1045 g cm2 s−1. Since this spin is ret-
rograde whereas the pre-SN spin is roughly aligned (within 14◦,
given pulsar A’s small spin tilt) with the current orbital plane,
we can place a lower limit on the change of angular momentum
needed to explain pulsar B’s large and retrograde spin tilt,

∆S ! 2 × 1045 g cm2 s−1, (2)

where equality holds when S0 = 0. Because the angle between
S0 and SSN is greater than 90 deg, any progenitor spin only
increases the amount of angular momentum that must be added
to the pulsar by the kick. This is demonstrated geometrically in
Figure 2(c).

The above discussion has been fully general. To extract
more constraints from the observed spin–spin misalignment,
we must make some assumptions about the origin of the pulsar
spin. As a simplified model to elucidate the scales involved
in this scenario, let us assume that the same impulsive kick
(i.e., linear momentum) that changes the orbit of the system is
also offset from the center of mass of pulsar B, and therefore
applies a torque sufficient to produce the observed spin angular
momentum. The kick and offset vectors must lie in the plane
perpendicular to ∆S (see Equation (3)). The kick velocity, vK ,
the offset vector relative to the center of mass, r, and the change
in B’s spin vector are related by

∆S = r × ∆p = r × MBvK, (3)

where ∆p = MBvK is the change in linear momentum induced
by a change in velocity of vK in an object with mass MB. The
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Figure 1. Effect of SN kick on binary orbit. The pre-SN orbit containing pulsar A and pulsar B’s progenitor is shown in (a). The effect of an on-center SN kick that
slightly changes the inclination of the orbit is illustrated in (b). Note the post-SN alignment of the two pulsars’ spin axes. Part (c) illustrates the present-day orbit with
a 130 deg misalignment between pulsar B’s spin axis and the orbital axis.
(A color version of this figure is available in the online journal.)

orbital plane causes a change in the eccentricity and semimajor
axis of the orbit; the component perpendicular to the pre-SN
orbital plane can also cause a change in the inclination of
the orbital plane. In the PSR J0737−3039 system, pulsar A’s
small spin-tilt angle (less than 14 deg at 95% confidence using
a two-pole emission model; Burgay et al. 2003; Lyne et al.
2004; Ferdman et al. 2008) is indicative of a relatively small
out-of-plane kick from the SN that formed pulsar B (Wong
et al. 2010). Pulsar A’s spin-orbit misalignment occurs only
because the orbital plane is tilted by the SN kick, while pulsar
A’s spin remains fixed in the inertial frame aligned with the
pre-SN orbital angular momentum axis (Figure 1). Such a spin
tilt for pulsar A occurs independently of the effects of the second
SN on pulsar B’s spin. In other words, the observed tilt of
pulsar A’s spin by itself does not require any change in the
spin angular momentum of pulsar B relative to its progenitor.
However, unless the SN contributes significant amounts of
angular momentum to the nascent pulsar, the orientation of
pulsar B’s spin will be the same as its progenitor’s spin, i.e.,
aligned with the pre-SN orbital plane and pulsar A’s spin.
Surprisingly, pulsar B’s spin is in fact retrograde: tilted by
130.0+1.4

−1.2 deg (99.7% confidence; Ferdman et al. 2008) relative
to the current orbital angular momentum vector (see Figure 1).

3. THE NEED FOR SPIN ANGULAR MOMENTUM FROM
THE SUPERNOVA

To produce pulsar B’s retrograde spin, the SN must have
significantly torqued pulsar B, causing it to tumble to the
currently observed spin-orbit orientation. The pre-SN spin, S0,
the angular momentum produced by the SN ejecta, ∆S, and the
post-SN spin,3 SSN are related by the conservation of angular
momentum

SSN = S0 + ∆S. (1)

To determine ∆S, we must know S0 and SSN, but we only
know the direction, not the magnitude, of S0 and the relationship
between SSN and the spin measured today is complicated by
relativistic precession (Breton et al. 2008). However, we can
still place constraints on ∆S. Relativistic precession causes
the individual pulsar spins to precess about the total angular
momentum of the system, which is approximately parallel to
the orbital angular momentum. Such precession preserves the
angle between the total angular momentum and the spin (which

3 It is important to distinguish between pulsar B’s spin vector right after the
SN and its present-day spin vector because relativistic effects cause the spin
vector to precess about the total angular momentum (Breton et al. 2008),
leading to a time-varying azimuthal component.

is the spin colatitude), but not the azimuthal orientation. Thus,
the colatitude of SSN relative to the normal to the current orbital
plane is equal to the colatitude of the current spin—130 deg.
Based on the spin of pulsar A, the current orbital plane could
be tilted at most 14 deg relative to the pre-SN orbital plane.
Therefore, the colatitude of SSN relative to the pre-SN orbital
plane—and therefore relative to S0—is at least 116 deg. This
is also the minimum angle between S0 and !S. The angular
momentum produced by the SN must be significantly misaligned
with the progenitor spin. To date, most SN simulations have
focused on non-rotating progenitors (for example, see Blondin
& Mezzacappa 2007; Rantsiou et al. 2011; Wongwathanarat
et al. 2010); it remains to be seen whether the spin produced
by the SN from the collapse of a rotating progenitor can be so
significantly misaligned with the progenitor’s rotation axis.

The typical moment of inertia (Spruit & Phinney 1998) of a
neutron star is 0.36MR2; using pulsar B’s measured mass of
1.25 M⊙ (see Table 1) and a radius of 10 km, its current spin
angular momentum is 2 × 1045 g cm2 s−1. Since this spin is ret-
rograde whereas the pre-SN spin is roughly aligned (within 14◦,
given pulsar A’s small spin tilt) with the current orbital plane,
we can place a lower limit on the change of angular momentum
needed to explain pulsar B’s large and retrograde spin tilt,

∆S ! 2 × 1045 g cm2 s−1, (2)

where equality holds when S0 = 0. Because the angle between
S0 and SSN is greater than 90 deg, any progenitor spin only
increases the amount of angular momentum that must be added
to the pulsar by the kick. This is demonstrated geometrically in
Figure 2(c).

The above discussion has been fully general. To extract
more constraints from the observed spin–spin misalignment,
we must make some assumptions about the origin of the pulsar
spin. As a simplified model to elucidate the scales involved
in this scenario, let us assume that the same impulsive kick
(i.e., linear momentum) that changes the orbit of the system is
also offset from the center of mass of pulsar B, and therefore
applies a torque sufficient to produce the observed spin angular
momentum. The kick and offset vectors must lie in the plane
perpendicular to ∆S (see Equation (3)). The kick velocity, vK ,
the offset vector relative to the center of mass, r, and the change
in B’s spin vector are related by

∆S = r × ∆p = r × MBvK, (3)

where ∆p = MBvK is the change in linear momentum induced
by a change in velocity of vK in an object with mass MB. The
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Figure 1. Effect of SN kick on binary orbit. The pre-SN orbit containing pulsar A and pulsar B’s progenitor is shown in (a). The effect of an on-center SN kick that
slightly changes the inclination of the orbit is illustrated in (b). Note the post-SN alignment of the two pulsars’ spin axes. Part (c) illustrates the present-day orbit with
a 130 deg misalignment between pulsar B’s spin axis and the orbital axis.
(A color version of this figure is available in the online journal.)

orbital plane causes a change in the eccentricity and semimajor
axis of the orbit; the component perpendicular to the pre-SN
orbital plane can also cause a change in the inclination of
the orbital plane. In the PSR J0737−3039 system, pulsar A’s
small spin-tilt angle (less than 14 deg at 95% confidence using
a two-pole emission model; Burgay et al. 2003; Lyne et al.
2004; Ferdman et al. 2008) is indicative of a relatively small
out-of-plane kick from the SN that formed pulsar B (Wong
et al. 2010). Pulsar A’s spin-orbit misalignment occurs only
because the orbital plane is tilted by the SN kick, while pulsar
A’s spin remains fixed in the inertial frame aligned with the
pre-SN orbital angular momentum axis (Figure 1). Such a spin
tilt for pulsar A occurs independently of the effects of the second
SN on pulsar B’s spin. In other words, the observed tilt of
pulsar A’s spin by itself does not require any change in the
spin angular momentum of pulsar B relative to its progenitor.
However, unless the SN contributes significant amounts of
angular momentum to the nascent pulsar, the orientation of
pulsar B’s spin will be the same as its progenitor’s spin, i.e.,
aligned with the pre-SN orbital plane and pulsar A’s spin.
Surprisingly, pulsar B’s spin is in fact retrograde: tilted by
130.0+1.4

−1.2 deg (99.7% confidence; Ferdman et al. 2008) relative
to the current orbital angular momentum vector (see Figure 1).

3. THE NEED FOR SPIN ANGULAR MOMENTUM FROM
THE SUPERNOVA

To produce pulsar B’s retrograde spin, the SN must have
significantly torqued pulsar B, causing it to tumble to the
currently observed spin-orbit orientation. The pre-SN spin, S0,
the angular momentum produced by the SN ejecta, ∆S, and the
post-SN spin,3 SSN are related by the conservation of angular
momentum

SSN = S0 + ∆S. (1)

To determine ∆S, we must know S0 and SSN, but we only
know the direction, not the magnitude, of S0 and the relationship
between SSN and the spin measured today is complicated by
relativistic precession (Breton et al. 2008). However, we can
still place constraints on ∆S. Relativistic precession causes
the individual pulsar spins to precess about the total angular
momentum of the system, which is approximately parallel to
the orbital angular momentum. Such precession preserves the
angle between the total angular momentum and the spin (which

3 It is important to distinguish between pulsar B’s spin vector right after the
SN and its present-day spin vector because relativistic effects cause the spin
vector to precess about the total angular momentum (Breton et al. 2008),
leading to a time-varying azimuthal component.

is the spin colatitude), but not the azimuthal orientation. Thus,
the colatitude of SSN relative to the normal to the current orbital
plane is equal to the colatitude of the current spin—130 deg.
Based on the spin of pulsar A, the current orbital plane could
be tilted at most 14 deg relative to the pre-SN orbital plane.
Therefore, the colatitude of SSN relative to the pre-SN orbital
plane—and therefore relative to S0—is at least 116 deg. This
is also the minimum angle between S0 and !S. The angular
momentum produced by the SN must be significantly misaligned
with the progenitor spin. To date, most SN simulations have
focused on non-rotating progenitors (for example, see Blondin
& Mezzacappa 2007; Rantsiou et al. 2011; Wongwathanarat
et al. 2010); it remains to be seen whether the spin produced
by the SN from the collapse of a rotating progenitor can be so
significantly misaligned with the progenitor’s rotation axis.

The typical moment of inertia (Spruit & Phinney 1998) of a
neutron star is 0.36MR2; using pulsar B’s measured mass of
1.25 M⊙ (see Table 1) and a radius of 10 km, its current spin
angular momentum is 2 × 1045 g cm2 s−1. Since this spin is ret-
rograde whereas the pre-SN spin is roughly aligned (within 14◦,
given pulsar A’s small spin tilt) with the current orbital plane,
we can place a lower limit on the change of angular momentum
needed to explain pulsar B’s large and retrograde spin tilt,

∆S ! 2 × 1045 g cm2 s−1, (2)

where equality holds when S0 = 0. Because the angle between
S0 and SSN is greater than 90 deg, any progenitor spin only
increases the amount of angular momentum that must be added
to the pulsar by the kick. This is demonstrated geometrically in
Figure 2(c).

The above discussion has been fully general. To extract
more constraints from the observed spin–spin misalignment,
we must make some assumptions about the origin of the pulsar
spin. As a simplified model to elucidate the scales involved
in this scenario, let us assume that the same impulsive kick
(i.e., linear momentum) that changes the orbit of the system is
also offset from the center of mass of pulsar B, and therefore
applies a torque sufficient to produce the observed spin angular
momentum. The kick and offset vectors must lie in the plane
perpendicular to ∆S (see Equation (3)). The kick velocity, vK ,
the offset vector relative to the center of mass, r, and the change
in B’s spin vector are related by

∆S = r × ∆p = r × MBvK, (3)

where ∆p = MBvK is the change in linear momentum induced
by a change in velocity of vK in an object with mass MB. The

2
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Table 1
Parameters of the Eight Known DNS in Our Galaxy

System αa δb Dc µα
d µδ

e τc
f M1

g M2
h Acur

i ecur
j θt

k

PSR B1534+12r1 15 37 09.96 11 55 55.55 1.02 1.34(1) −25.05(2) 250 1.3332(10) 1.3452(10) 3.28 0.274 25(155) ± 3.8
PSR B1913+16r2 19 15 28.00 16 06 27.40 8.3(1.4) −3.27(35) −1.04(42) 110 1.4408(3) 1.3873(3) 2.80 0.617 18(162) ± 6
PSR J0737−3039r3 07 37 51.25 −30 39 40.71 1.15 −3.82(62) 2.13(23) 210 1.337(5) 1.250(5) 1.26 0.0878 <15l

PSR J1518+4904r4 15 18 16.80 49 04 34.25 0.625 −0.67(4) −8.53(4) 20000 0.72+0.51
−0.58 2.00+0.58

−0.51 24.7 0.249 . . .

PSR J1756−2251r5 17 56 46.63 −22 51 59.40 2.5 −0.7(2) . . . 443 1.312(17) 1.258+0.018
−0.017 2.70 0.181 . . .

PSR J1811−1736r6 18 11 55.03 −17 36 37.70 6.0 . . . . . . 1830 1.62+0.22
−0.55 1.11+0.53

−0.15 40.7 0.828 . . .

PSR J1829+2456r7 18 29 34.60 24 56 19.00 1.2 . . . . . . 12400 1.14+0.28
−0.48 1.36+0.50

−0.17 6.36 0.139 . . .

PSR J1906+0746r8 19 06 48.67 07 46 28.60 5.4 . . . . . . 0.112 1.365(18) 1.248(18) 1.75 0.0853 . . .

Notes.
a Right ascension (J2000.0) (hours, minutes, and seconds).
b Declination (J2000.0) (degrees, arcminutes, and arcseconds).
c Distance (kpc).
d Proper motion in R.A. (mas yr−1).
e Proper motion in decl. (mas yr−1).
f Characteristic age (Myr).
g Mass of 1st born NS (M⊙).
h Mass of 2nd born NS (M⊙).
i Current semimajor axis (R⊙).
j Current orbital eccentricity.
k Misalignment angle between pulsar spin axis and post-supernova orbital angular momentum axis (degree). The number in parenthesis correspond to another possible
angle.
l Different data analysis model gives a different upper limit on this angle. See Section 3.3 for details.
r1 Wolszczan 1991; Arzoumanian et al. 1999; Stairs et al. 2002; Konacki et al. 2003; Stairs et al. 2004.
r2 Hulse & Taylor 1975; Taylor et al. 1976, 1979; Taylor & Weisberg 1982, 1989; Damour & Taylor 1991; Arzoumanian et al. 1999; Wex et al. 2000.
r3 Burgay et al. 2003; Lyne et al. 2004; Lorimer et al. 2007; Ferdman 2008; Ferdman et al. 2008; Breton 2008; Deller et al. 2009.
r4 Thorsett & Chakrabarty 1999; Janssen et al. 2008.
r5 Faulkner et al. 2005; Ferdman 2008.
r6 Lyne et al. 2000; Stairs 2004; Corongiu et al. 2007.
r7 Champion et al. 2004, 2005; Stairs 2004.
r8 Lorimer et al. 2006; Kasian 2008; Stairs 2008.

be a possible birth site of the DNS. However, the backward
calculation of the motion in the Galaxy requires the knowledge
of the radial velocity which cannot be measured. Willems et al.
(2004, 2006), Thorsett et al. (2005), and Stairs et al. (2006)
therefore considered possible radial velocities drawn from either
a uniform or Gaussian radial velocity distribution.

In this paper, we avoid the assumption of a present-day radial
velocity distribution by carrying out Monte Carlo simulations of
the motion of the observed DNS in the Galaxy that is forward in
time instead of backward. For this purpose, we distribute popu-
lations of DNS progenitors in the Galaxy according to a double
exponential distribution function. Each system in the popula-
tions is assigned a velocity equal to the vector sum of the local
Galactic rotational velocity and an isotropic kick velocity with
a magnitude generated from the kick velocity distribution func-
tion, derived from the supernova orbital dynamics constraints
for each of the observed systems. Compared to Willems et al.
(2004), Thorsett et al. (2005), and Wang et al. (2006), we also
relax the constraint that NS2’s progenitor needs to be more mas-
sive than 2.1 M⊙, which is a conventional limit for a helium star
that explodes in a core-collapse supernova. Instead, we restrict
the progenitor to be more massive than NS2 only. Furthermore,
we study all eight known DNS in our galaxy, using the up-to-
date observational parameters listed in Table 1.

The methodology of the adopted analysis is outlined in more
detail in Section 2, while results for the individual systems
and comparison with earlier studies are discussed in Section 3.
In Section 4, we summarize our results and discuss their
implications for the supernova forming the NS2 in the observed
DNS.

2. METHODS OF CALCULATION

Tauris & van den Heuvel (2004) reviewed the general scenario
for forming DNS. It starts with a binary consisting of two
massive ZAMS stars (!10 M⊙). The primary star, which is
initially the more massive one, will leave the main sequence
first and explode as the first supernova, in which it forms
the first-born neutron star (NS1) in this binary. There may be
mass transfer from the primary to the secondary star before
that supernova takes place. As the secondary star leaves the
main sequence, wind mass transfer from the secondary to NS1
can occur, leading to the formation of an X-ray binary. While
NS1 is accreting mass from its companion, it is spun up or
“recycled,” and its spin axis is expected to align with the orbital
angular momentum. Later on, the X-ray binary may end up in
a common envelope phase, during which NS1 is engulfed by
the extended envelope of its companion. The orbit shrinks and
circularizes rapidly due to the frictional forces acting on NS1
as it moves through the envelope of the companion. The lost
orbital energy is deposited into the gas envelope, causing it to
become gravitationally unbound and get ejected, leaving behind
the companion’s bare helium core. The helium star eventually
explodes in a supernova and becomes NS2, orbiting the recycled,
millisecond pulsar NS1 in a compact binary orbit. Mass transfer
from the helium star to NS1 can also occur prior to the second
supernova explosion.

In this paper, our goal is to use the current DNS binary
properties listed in Table 1 to constrain as well as possible the
magnitude of the natal kick and the mass of the progenitor of
NS2 in the eight known DNS in our galaxy at the time of the
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