
Measuring Pulsar Distances from Chirping Orbital Periods

Brady Egleston,1, 2, ∗ Reza Ebadi,1, 3, 4, † and Ronald Walsworth1, 5, 6, ‡

1Department of Physics, University of Maryland, College Park, Maryland 20742, USA
2Department of Physics, University of Washington, Seattle, WA 98195, USA

3Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218, USA
4Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA

5Quantum Technology Center, University of Maryland, College Park, Maryland 20742, USA
6Department of Electrical and Computer Engineering,

University of Maryland, College Park, Maryland 20742, USA

T      (  )     
(MSP)              -
. O           
,           ,     
 ,         MSP . W 
       21 MSP;         -
       . W   
               
 ,       MSP.

I. INTRODUCTION

Timing of millisecond binary pulsars (MSPs) provides
a unique avenue for precision astrophysics, with MSP fre-
quency stability on par with human-made atomic clocks
on long timescales (years) [1]. The applications span a
wide range, including tests of gravitational theories [2–
6], studies of the quantum chromodynamics phase space
[7, 8], galactic accelerometry [9–12], and searches for
long-period gravitational waves [13–15] and dark matter
[16–21].

These studies inherently depend on accurate modeling
and precise determinations of MSP parameters. In par-
ticular, distance to an MSP is both essential for many
analyses and notoriously dicult to measure accurately
[22–26]. A prominent example is the detection of grav-
itational waves from individual supermassive black hole
binaries, which would benet greatly from precise MSP
distance measurements [27–29].

A variety of methods have been developed to determine
MSP distances. We describe some of these approaches in
this section and highlight the associated challenges. See
Table I for results from previous MSP distance analyses
using the methods summarized here; and a comparison
to the results from the present analysis.

The dispersion measure (DM) characterizes the
wavelength-dependent delays in MSP pulse arrival times
caused by dispersion in the interstellar medium at radio
frequencies. The DM is dened as the column density of
free electrons along the line of sight and therefore encodes
the source distance through the upper limit of the line-
of-sight integral [30]. Converting observed wavelength-

∗ beglesto@uw.edu
† ebadi@umd.edu
‡ walsworth@umd.edu

dependent pulse delays into a distance estimate requires
modeling the galactic electron density distribution [30–
33]. However, this distribution is not well constrained,
leading to typical uncertainties in the inferred MSP dis-
tances of about 20-40%, and in some cases even larger
[32].

Identication of a binary pulsar’s companion (e.g., a
main sequence star or a white dwarf) in surveys such
as Gaia enables another independent distance measure-
ment through the companion’s observed parallax [34, 35].
Optical imaging parallax is limited to suciently bright
and nearby companions, such as main sequence stars [36];
and is challenging for many pulsar–white dwarf binaries
at distances beyond kpc [35]. High-resolution radiofre-
quency imaging parallax of pulsars can also be achieved
via Very Long Baseline Interferometry (VLBI) [37–40].
This approach requires relatively long observing cam-
paigns, and yields precise distance measurements for suf-
ciently bright and/or nearby pulsars [25, 41, 42]. Cur-
rent catalogs include VLBI-based distance measurements
for several tens of pulsars [42].

Timing parallax (TP) relies on changes in the Earth-
MSP distance as the Earth orbits the Sun, thereby in-
ducing an annual modulation in MSP radio signal pulse
arrival times [43, 44]. While TP is present for all pul-
sars, an additional form of parallax information exists
only for pulsars in binary systems: orbital parallax (OP).
OP manifests as annual variations in the observed timing
parameters, resulting from changes in the apparent ori-
entation of the orbital plane due to the Earth’s motion
around the Sun [45, 46].

The observed MSP orbital period time derivative (or
orbital chirp) has also been used for distance deter-
mination [22] via the kinematic distance method. This
approach exploits the apparent drift in orbital period
caused by MSP proper motion [47]. The eect is purely
kinematic and can be understood as the time derivative of
the observed MSP signal’s Doppler shift (see Sec. II), dis-
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tinct from intrinsic orbital decay driven by gravitational
wave emission [48, 49]. In systems where the contribution
from gravitational wave emission is well-understood or
negligible, the kinematic distance method can, in princi-
ple, yield accurate distance estimates. Although environ-
mental eects (such as tidal interactions and companion
mass loss) may systematically bias this method, pulsars
in binary systems with white dwarfs or neutron stars are
less susceptible to these systematics due to their simpler
environments [22, 50–53].

There is also a dynamical contribution to the observed
orbital chirp from the relative line-of-sight acceleration
between the MSP and the Earth [54, 55]. This con-
tribution is unavoidable, as the gradient of the galactic
gravitational potential induces dierential accelerations.
Although less systematically accounted for in kinematic
distance determinations, the spatial correlations between
MSP accelerations have recently been analyzed to ac-
count for this dynamical contribution in the context of
galactic accelerometry [9–12].1 A particular challenge in
such galactic accelerometry studies is the limited preci-
sion of MSP distance measurements. Since MSPs sample
the galactic potential at various locations, uncertainties
in their positions make it more challenging to constrain
global galactic parameters.

In this work, we focus on the reverse problem: we de-
termine MSP distances from observed orbital chirps of
MSP signals assuming realistic galactic gravitational po-
tentials. Our method is similar to the kinematic dis-
tance technique, with the key dierence that we system-
atically investigate the eect of the galactic acceleration
contribution. In particular, we compute MSP distances
using multiple acceleration models and compare the re-
sults, which allows us to assess the relative signicance
of the acceleration contribution to the orbital chirp. We
also compare our results with existing MSP distance mea-
surements reported in the literature. From this analysis,
we gain valuable insight into the relative contributions
of dierent sources of distance uncertainty, as well as the
sensitivity of the inferred distances to MSPs to each com-
ponent of the orbital period derivative. The ndings of
this study may inform future eorts to improve the pre-
cision of galactic accelerometry measurements.

II. CHIRPING ORBITAL PERIOD

The observed MSP orbital period P obs
b diers from its

intrinsic value in the source frame Pb due to the Doppler
eect:

P obs
b = (1 + ∆v ⋅ û

c
)Pb +O∆v2/c2 (1)

1See also Ref. [56] for galactic accelerometry using gravitational
wave clocks (namely, inspiraling double white dwarfs) as analogs
of MSP clocks.

where ∆v is the relative velocity between the MSP and
the Earth, û is the unit vector along the line of sight,
and c is the speed of light. The time derivative of the
orbital period thus receives contributions from three dis-
tinct terms:

Ṗ obs
b = ṖGW

b + Ṗ Shk
b + ṖGal

b (2)

where ṖGW
b ∝ dPb/dt, Ṗ Shk

b ∝ dû/dt, and ṖGal
b ∝

d∆v/dt. The rst term corresponds to intrinsic energy
loss due to gravitational wave emission [48, 49, 57], the
second term corresponds to the Shklovskii contribution
[47], and the third term accounts for the eect of galactic
acceleration [54, 55]. Expressed in units of acceleration,
this relation takes the form of

cṖ obs
b /Pb = cṖGW

b /Pb + µ2D +∆agal ⋅ û (3)

which we express as

aobs = aGW + aShkD + aGalD (4)

where

aGW ≡ cṖGW
b /Pb (5)

aShkD ≡ µ2D (6)

aGalD ≡∆agalD ⋅ û (7)

Here, µ and D are the MSP total proper motion and dis-
tance, respectively. The last two terms depend explicitly
on MSP distance which we use to determine a best-t
value for D from MSP observation data, as described
below.

We dene the residual of the observed orbital period
derivative data as:

RD = aobs − [aGW + aShkD + aGalD] . (8)

The goal of our analysis is to nd a distance value that
minimizes R2D.

III. GALACTIC ACCELERATION MODEL

To compute aGalD, we use three dierent galactic
gravitational potential models implemented in the galpy
package [58]:

• MWPotential2014: adapted from Bovy [58].

• McMillan17: adapted from McMillan [59].

• Cautun20: adapted from Cautun et al. [60].

which we denote by B15, M17, and C20, respectively. We
perform our analysis for all three models; however, unless
explicitly noted otherwise, we adopt the C20 model as the
default.

The B15 model is the simplest of the three, consisting
of only three galactic components: a bulge, a thin stellar
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disk, and a dark matter halo. Its galactic gravitational
potential is determined via a t using phase-space data
from individual stars [58]. The M17 model includes six
components: a bulge, thin and thick stellar disks, two gas
disks, and a dark matter halo. It makes use of kinematic
data from galactic maser sources in its tting procedure
to determine the galactic potential [59]. The C20 model
has seven components: a bulge, thin and thick stellar
disks, two gas disks, a circumgalactic medium, and a
dark matter halo. It is optimized by tting to the Milky
Way rotation curve, thereby yielding the galactic poten-
tial. We note that C20 employs a contracted dark mat-
ter halo, in contrast to the Navarro-Frenk-White (NFW)
halo proles used in B15 and M17 [60].

In addition to having fewer components than the other
models, B15 has a smaller bulge in both radius and mass,
and the absence of a thick disk makes the resulting galac-
tic gravitational potential more spherical and less oblate.
In contrast, M17 and C20 are largely consistent within
uncertainties for their shared components, although mi-
nor dierences exist. In C20, the stellar disks are slightly
wider but less dense, the dark matter halo has a slightly
larger scale radius, and the bulge is marginally more mas-
sive, while the total stellar mass is slightly lower com-
pared to M17.

Fig. 1 visualizes the C20 galactic potential both on the
large galactic scale (top panels) and locally within the so-
lar neighborhood (bottom panels). The variation of the
galactic acceleration across the galaxy is on the order of
10−9m/s2, while locally, in the solar neighborhood, it is
smaller, about 10−10m/s2. We also indicate the locations
of the MSPs in our dataset (see Sec. IV), most of which
lie within a few kpc of the Sun. From the bottom-right
panel of Fig. 1, it is evident that a robust reconstruction
of the local acceleration map requires an orbital chirp
precision of better than 0.3 × 10−10m/s2, after correct-
ing for gravitational wave and Shklovskii eects with a
similar or better level of precision.

Fig. 2 compares the three galactic potential models
considered here: B15, M17, and C20. The maximum
fractional variation of galactic acceleration for B15 rela-
tive to C20 is approximately 0.7 on galactic scales and 0.2
in the solar neighborhood. For M17 compared to C20,
these variations are smaller, around 0.15 and 0.05, re-
spectively. Despite these relatively modest dierences in
galactic acceleration magnitude, the models exhibit dis-
tinct spatial patterns, which are critical for distinguishing
between them using MSP data. However, this distinction
is degenerate with the precision of MSP distance mea-
surements. We also highlight four pulsars (B1534+12,
J0437-4715, J1600-3053, and J1909-3744) in this gure
for which the distance posterior distributions show sig-
nicant sensitivity to the choice of galactic potential; see
Fig. 5. Interestingly, although the acceleration in the
M17 model is generally closer to that of the C20 model
on overall scales, the predicted line-of-sight acceleration
in the B15 model is closer to the C20 model at the sky
locations of three of these four pulsars (with J0437–4715

being the exception), as determined by comparing the
values on the right-hand side of Eq. (4).

IV. PULSAR DATASET

In earlier work, some of us utilized a catalog of 13 mil-
lisecond binary pulsars (MSPs) for galactic accelerometry
[10]. Since then, other groups have expanded on this ef-
fort by employing larger MSP samples to investigate slow
drifts in parameters such as the orbital period, both for
galactic accelerometry (see, e.g., Ref. [12]) and for pico-
Hz gravitational wave detection [61, 62]. In this work,
we adopt the extended catalog presented in Ref. [12], us-
ing 26 of the 29 MSPs in that catalog, plus two pul-
sars from our original catalog not in [12]: J1756-2251
and J1829+2456. Three pulsars from [12] are excluded
(J1455–3330, J1603–7207, and J2129–5721) because pul-
sar or companion masses for these systems could not be
found in the literature. We also adjust several elements
of the dataset from [12], including corrections to the un-
certainties on proper motion and updates to incorporate
more recent PTA measurements for some MSPs. The re-
sulting updated MSP dataset analyzed here is shown in
Table II. The data for all 31 MSPs including the three
that are excluded from our analysis can be found in
the le Pulsar Params Expanded.csv attached to this
manuscript.

This sample is considerably smaller than the full cata-
log of known MSPs. This is because obtaining a complete
orbital solution with sucient precision is not feasible for
most MSPs in the full catalog. For the MSPs included in
Table II, we can compute all three contributions to the
orbital chirp in Eq. (4).

In Fig. 3, we illustrate the interplay among the three
acceleration contributions (aGW, aShk, and aGal) for each
MSP in our catalog. The relative amplitude of each con-
tribution compared to the observed chirp (top panels)
indicates its importance in the measurement, and hence
the parameters associated with that contribution may
be constrained with higher precision. Similarly, compar-
ing the magnitude of a given contribution to the mea-
surement uncertainty (bottom panels) indicates whether
it lies above the detection threshold; that is, whether
the corresponding parameters are detectable at all in our
analysis.

We distinguish between MSPs with convergent dis-
tance estimates and those without in Fig. 3 (see the next
section). A general trend emerges: MSPs exhibiting a
signicant Shklovskii contribution tend to have more pre-
cisely determined distances in this work, provided that
this contribution exceeds the total measurement uncer-
tainty. We next discuss in detail the results and their
interpretations.
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V. RESULTS AND DISCUSSION

For the MSP dataset in Table II, we optimize the or-
bital chirp residual equation (Eq. (8)) to obtain best-
t distance values. Our analysis employs Monte Carlo
sampling of the six-dimensional MSP parameter space,
followed by minimization of the residual function using
the minimize scalar routine in the scipy package [63].2

This procedure yields posterior distributions for MSP dis-
tances and residuals, shown in Figures 4 and 5. We re-
peat the analysis for three dierent galactic acceleration
models (B15, M17, and C20).

We present the results of our MSP distance determi-
nations obtained via residual minimization in Table I.
This table also includes previously reported distances
in the literature. Our distance determinations pro-
duce improved uncertainties for four MSPs: J0437-4715,
J1909-3744, J1017-7156, and J1022+1001. We also pro-
duce new distance determinations with comparable un-
certainties to previous eorts for a further three MSPs:
B1534+12, J0740+6620, and J1933-6211.

The results are further visualized in Fig. 4, which also
shows the residuals as dened in Eq. (8). We nd that
our minimization method provides an improved solution
to Eq. (4), as indicated by the smaller residuals compared
to those associated with the previously-reported MSP
distances. Finally, in Fig. 5, we present MSP distance
distributions from our analysis. This gure illustrates the
sensitivity of each MSP’s inferred distance to the choice
of galactic potential model.

There are four MSPs with the highest precision for
the orbital period chirp, characterized by aobs/σaobs ∈
100 in Fig. 3: B1534+12 (also known as J1537+1155),
J0437–4715, J1909-3744, and B1913+16 (also known as
J1915+1606, the well-known Hulse-Taylor binary). As
shown in Fig. 4, J0437–4715, B1534+12, and J1909-3744
yield the highest signicance level for distance determina-
tions using our method. The Hulse-Taylor binary, how-
ever, does not produce a convergent distance estimate.
This is because its intrinsic orbital decay due to gravita-
tional wave emission (which is independent of distance)
dominates the observed orbital chirp. In hindsight, this
result is consistent with the role this system played in
providing the rst indirect conrmation of gravitational
wave emission from stellar binaries [48].

Two of the four MSPs mentioned above as having high-
est precision for the orbital chirp, B1534+12 and J0437-
4715, also exhibit signicant sensitivity to the choice of
galactic potential model (Fig. 5). This result is expected
since our analysis nds that the galactic contribution to
their acceleration is substantial compared to the mea-
surement uncertainty of the observed pulsar signal over

2We also performed a maximum likelihood analysis using Markov
chain Monte Carlo (MCMC) methods and found results nearly
identical to those obtained with the simpler residual minimization
approach. We therefore present the results of the latter analysis.

time, with aGal/σaobs ≳ 10 (Fig. 3). For J1909–3744, the
galactic acceleration contribution is less than the mea-
surement uncertainty.

The next best-measured orbital period chirps cor-
respond to J2222-0137, J0751+1807, J1012+5307,
J0438+0432, and J1756–2251, with 10 ≜ aobs/σaobs ≜
100 for each of these MSPs (Fig. 3). Our analysis
for J1012+5307 and J2222-0137 yields high-signicance
distance measurements (Fig. 4); for J0751+1807 we
nd a low-signicance distance measurement since the
gravitational wave contribution is dominant; and for
J0438+0432 and J1756–2251 our analysis does not pro-
duce convergent distances, for the same reason as for the
Hulse–Taylor binary.

For J1713+0747, the galactic acceleration and
Shklovskii terms are both larger than the observed orbital
chirp and have opposite signs; therefore, the inferred dis-
tance relies on a precise cancellation between these terms.
Because this cancellation must be ne-tuned, the inferred
distance in our analysis is biased and has a tail at zero
distance in the posterior distribution. Similar behavior
found for J1022+1001, J0751+1807, and J2234+0611 can
be understood in the same way. The remaining MSP re-
sults can be interpreted by examining the comparison of
contributions shown in Fig. 3, as discussed in this section.

VI. CONCLUSION

In this work, we analyze orbital chirp data for a dataset
of millisecond binary pulsars (MSPs) having complete or-
bital solutions; and obtain convergent distance estimates
for 21 MSPs. We further examine the three primary
contributions to the observed orbital chirp (gravitational
wave emission, the Shklovskii eect, and galactic accel-
eration); and identify the dominant contribution for each
system. We assess potential explanations for why some
MSPs yield convergent results while others do not, which
can inform follow-up studies of additional MSPs. Fur-
thermore, we systematically study the impact of galactic
acceleration on binary pulsar orbital chirp; and nd four
MSPs for which distance estimates have signicant sen-
sitivity to the choice of galactic potential. These results
can inform future studies using MSPs for precision galac-
tic accelerometry.

Before closing, we note a key distinction between
parallax-based MSP distances and those derived from or-
bital chirp: the parallax timing signal has a constant am-
plitude, while acceleration-like timing signals (aShk and
aGal) grow as ∝ t2. As a result, the improvement in
signal-to-noise ratio with additional timing data scales
as ∝ √

t for parallax-based distances, but as ∝ t2.5 for
the method presented here, consistent with the scaling in
the kinematic distance method [22].
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FIG. 1. Top: G      C20    . Left: R
   -  ( ). Middle–Top: R    - . Middle–Bottom: V
   - . Right: L--  . S        
10−9 /2. T    S      (⋆),           -
  . T            (aR ∈ az)  
 . Bottom: Z-          . L 
       10−10 /2. W           
(aR ∈ az)      . T              
      . O         
(MSP)    .

FIG. 2. F         . T   
    M17  B15    C20    . G,   
 ≲ 10%. O         (MSP)   . R   MSP
B1534+12, J0437–4715, J1600–3053,  J1909–3744,           
       .
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FIG. 3. C     (aGW, aShk,  aGal)       aobs 
   (MSP)    . Top: R        
,     ∣aGW/aobs∣, ∣aShk/aobs∣,  ∣aGal/aobs∣. Bottom: A      
      ∣aGW/σaobs ∣, ∣aShk/σaobs ∣,  ∣aGal/σaobs ∣. T    
    ’     ;    (  ) 
         . Left: MSP     
 . F   ,  S         
   . W         MSP,     
           (S. V). Right: MSP      
. T         aobs ≈ aGW  . A  ,  
      . T , ,   : PSR J1829  PSR J2339,
 -   ; ,         
(        )       .
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FIG. 4. I       (MSP)    . T     MSP
       C20, M17,  B15   . V  
          . I       
     ( T I  ). T         
 E. (8)   MSP . O          
   .
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FIG. 5. N        (MSP)     
 E. (8). B1534+12  J0437,    aGal/σaobs ∼ 10 (F. 3),       .
A MSP  aGal/σaobs ∼ 1,  J1600  J1909   . T  MSP  aGal/σobs

a ≜ 1
       .
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TABLE II: M   (MSP)    
.

P  B1259-63 [100, 101] B1534+12 [64] B1913+16 [102, 103] J0348+0432 [53, 104]
G , l [] 304.183553 19.847526 49.967651 183.336841
G , b [] -0.991583 48.341431 2.121891 -36.773627
O , Pb [] 1236.724525(6) 0.420737298881(2) 0.322997448918(3) 0.102424061371(9)

D  Pb, Ṗb [10−12  −1] 14000(7000) -0.1366(3) -2.423(1) -0.217(7)
P , M1 M⊙] 2(1) 1.3330(2) 1.438(1) 1.806(37)
C , M2 M⊙] 23(8) 1.3455(2) 1.390(1) 0.154(3)
O , e 10−6] 869879.70(6) 273677.52(7) 617134.0(4) 4.7(10)
T  , µ [ −1] 7.03(3) 25.328(12) 0.77(11) 4.270(92)
C H M S N S N S W D

P  J0437-4715 [67, 75] J0613-0200 [71, 75] J0737-3039A/B [4] J0740+6620 [82, 83]
G , l [] 253.394523 210.413052 245.2357 149.729731
G , b [] -41.963302 -9.304907 -4.5049 29.599367
O , Pb [] 5.74104582(16) 1.198512575217(10) 0.1022515592973(1) 4.76694461936(8)

D  Pb, Ṗb [10−12  −1] 3.7329(15) 0.026(7) -1.247920(78) 1.2(2)
P , M1 M⊙] 1.418(44) 1.75(55) 1.338185(14) 2.08(7)
C , M2 M⊙] 0.221(4) 0.14(3) 1.248868(13) 0.2530(55)
O , e 10−6] 19.1819(11) 4.50(9) 87777.023(61) 5.990(29)
T  , µ [ −1] 140.913(1) 10.51(1) 3.305(33) 32.666(200)
C W D W D R P W D

P  J0751+1807 [75, 81] J1012+5307 [75, 85, 105] J1017-7156 [72] J1022+1001 [72, 75]
G , l [] 202.729676 160.347147 291.558116 231.794541
G , b [] 21.08584 50.857836 -12.55327 51.100642
O , Pb [] 0.263144270792(7) 0.604672723085(3) 6.5119041(9) 7.8051353(6)

D  Pb, Ṗb [10−12  −1] -0.0350(25) 0.052(4) 0.4(2) 0.21(7)
P , M1 M⊙] 1.64(15) 1.72(16) 2.0(8) 1.44(44)
C , M2 M⊙] 0.16(1) 0.165(15) 0.27(40) 0.52(24)
O , e 10−6] 3.3(5) 1.1(1) 142.4(6) 97.02(4)
T  , µ [ −1] 13.675(294) 25.521(60) 10.105(12) 19.647(3696)
C W D W D W D W D

P  J1125-6014 [72] J1600-3053 [71, 72] J1614-2230 [75, 83, 106] J1640+2224 [71, 106]
G , l [] 292.504194 344.090438 352.635721 41.051005
G , b [] 0.89368 16.451381 20.192109 38.271186
O , Pb [] 8.7526036468(4) 14.3484635(2) 8.68661955647(8) 175.460664578(9)

D  Pb, Ṗb [10−12  −1] 0.7(1) 0.36(3) 1.7(2) 9(2)
P , M1 M⊙] 1.5(2) 2.060(425) 1.937(14) 2.80(175)
C , M2 M⊙] 0.31(3) 0.29(2) 0.494(2) 0.45(18)
O , e 10−6] 0.615(11) 173.728(2) 1.330(7) 797.277(3)
T  , µ [ −1] 17.126(14) 6.984(11) 33.196(994) 11.526(7)
C W D W D W D W D

P  J1713+0747 [72] J1738+0333 [52, 91] J1741+1351 [75, 83, 106] J1756-2251 [107]
G , l [] 28.750557 27.721282 37.885185 6.498658
G , b [] 25.222836 17.742237 21.640797 0.94801
O , Pb [] 67.825139(3) 0.3547907398724(13) 16.3353478289(2) 0.31963390143(3)

D  Pb, Ṗb [10−12  −1] 0.2(1) -0.0170(31) 1.330(365) -0.229(5)
P , M1 M⊙] 1.28(8) 1.460(55) 1.14(34) 1.341(7)
C , M2 M⊙] 0.283(9) 0.1810(75) 0.220(45) 1.230(7)
O , e 10−6] 74.9408(5) 0.34(11) 10.00(1) 180569.4(2)
T  , µ [ −1] 6.293(2) 8.675(8) 11.649(20) 2.42±20 3

C W D W D W D N S

3The proper motion in declination has only an upper bound µδ ≜ 20 mas/yr; we assume µδ = 0 ± 20 mas/yr.
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P  J1829+2456 [108] J1909-3744 [71, 72, 75] J1933-6211 [96] J2043+1711 [75, 90, 106]
G , l [] 53.3426 359.730783 334.4309 61.918822
G , b [] 15.6119 -19.59581 -28.6315 -15.31289
O , Pb [] 1.176027952868(11) 1.533449475874(1) 12.819406716(1) 1.4822908095(1)

D  Pb, Ṗb [10−12  −1] -0.029(12) 0.509(1) 0.7(1) 0.102(12)
P , M1 M⊙] 1.306(4) 1.486(11) 1.40(25) 1.62(10)
C , M2 M⊙] 1.299(4) 0.2081(9) 0.43(5) 0.173(10)
O , e 10−6] 139143.74(13) 0.104(6) 1.26(2) 4.87(10)
T  , µ [ −1] 9.52(7) 37.020(6) 12.42(3) 12.257(18)
C N S W D W D W D

P  J2145-0750 [72, 75, 109] J2222-0137 [78] J2234+0611 [98] J2339-0533 [110, 111]
G , l [] 47.776711 62.018455 72.99 81.348942
G , b [] -42.083628 -46.075288 -43.01 -62.476158
O , Pb [] 6.83890261495(9) 2.445759995469(6) 32.00140163(8) 0.1930984018(30)

D  Pb, Ṗb [10−12  −1] 0.13(2) 0.2510(76) 3.1(25) -166(1)
P , M1 M⊙] 1.8(4) 1.81(3) 1.3530(155) 1.40(4)
C , M2 M⊙] 0.83(6) 1.312(9) 0.2980(135) 0.075(7)
O , e 10−6] 19.34(3) 380.92(1) 129274.035(8) 210.0(1)
T  , µ [ −1] 13.148(51) 45.061(41) 27.10(2) 31.016(9457)
C W D W D W D L M S
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