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P L A N E T S A R O U N D P U L S A R S 
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Penn State University, Dept. of Astronomy and Astrophysics 

525 Davey Laboratory, University Park, PA 16802, U.S.A. 

A b s t r a c t . A discovery of three terrestrial-mass planets orbiting the mil-
lisecond pulsar PSRB1257+12 and a subsequent detection of the predicted 
effect of gravitational interaction between the two more massive planets 
confirms that the first extrasolar planetary system has been identified and 
that pulsars can be successfully used as probes of planetary dynamics. In 
the absence of detections of planet-sized objects around Sun-like stars, plan-
ets orbiting a precise pulsar clock represent a unique source of information 
concerning the origin and evolution of planetary systems. 

1. I n t r o d u c t i o n 

A detection of planetary companions to stars other than the Sun has been 
one of the most challenging tasks of modern observational astrophysics. Ei-
ther a positive or negative outcome of searches for extrasolar planets would 
directly address fundamental problems associated with the origin of the 
Solar System and it would be instrumental in the process of understanding 
the relation of Earth and terrestrial life to the rest of the universe. So far, 
no direct detection of planets orbiting a Sim-like star has been reported, in 
spite of a growing number of tantalizing hints (Sargent & Beckwith 1993). 
Instead, a discovery of planets around a rapidly rotating, old neutron star, 
the 6.2-millisecond radio pulsar PSRB1257+12, has been announced in 
early 1992 (Wolszczan & Frail 1992). 

This paper describes the detection of the PSRB1257+12 planets, their 
confirmation through a successful measurement of the planetary perturba-
tions and the most important consequences of this discovery. 
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2. Planets Around P S R Β 1 2 5 7 + 1 2 

A 6.2-millisecond pulsar, PSRB1257+12, was discovered in 1990 during a 

pulsar search conducted with the 305-m Arecibo radio telescope (Wolszczan 

1991). The analysis of the follow-up timing observations has revealed large, 

quasi-periodic deviations of the times-of-arrival (TOAs) of pulses predicted 

by the standard timing model from the actually observed TOAs. Further 

examination of the post-fit residuals has shown that they can be decom-

posed into two steady, almost sinusoidal oscillations with the periods of 

66.6 and 98.2 days (Figs. l b , c ) . 

A number of possible sources of this uncommon timing behavior of 

PSRB1257+12 have been considered. These included a timing noise caused 

by the seismic activity of a rapidly rotating neutron star, propagation effects 

in the circumpulsar medium, neutron star precession, errors in timing analy-

sis and a variety of possibilities of instrumental origin. All these alternatives 

have been successively eliminated leaving a Keplerian orbital motion of two 

planet-mass objects around the pulsar as the most plausible explanation of 

the periodicities in the pulsar's timing residuals. More detailed analysis of 

the T O A measurements has led to a detection of an additional, much lower 

amplitude periodicity which was interpreted as a signature of the presence 

of yet another, very low-mass object, in a 25.3-day orbit around the pulsar 

(Fig. l a ) . The resulting 3-planet timing model and the basic characteris-

tics of the PSRB1257+12 planetary system are shown in Table 1 with the 

planets labeled A, Β and C in order of increasing distance from the pulsar 

(see Wolszczan (1994) and references therein for a detailed description of 

the development of the timing model for PSRB1257+12) . 

3. Detection of Planetary Perturbations 

The question of detectability of gravitational perturbations of the orbits 

of the pulsar planets has been raised soon after the announcement of the 

PSRB1257+12 system (Rasio et al. 1992; Malhotra et al. 1992). It has 

been pointed out that an approximately 3:2 ratio of the orbital periods of 

the two larger planets creates a near-resonance condition which leads to 

accurately predictable and possibly measurable periodic perturbations of 

the two orbits. A detection of planetary perturbations has been commonly 

regarded as the most unambiguous and perhaps the only way to produce 

a final proof that the timing behavior of PSRB1257+12 is due to orbital 

dynamics involving at least two planet-sized bodies. 

Detailed analyses of the dynamics of the PSRB1257+12 planetary sys-

tem and their effects on pulsar timing have been carried out by Malhotra 

(1993), Rasio et al. (1993) and Peale (1993). The observable consequences 

of a mutual gravitational interaction between the two planets include near-
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Figure 1. T h e post-fit residuals of pulse arrival t imes f r o m P S R Β 1 2 5 7 + 1 2 fo lded m o d u l o 

the orbita l periods of 2 5 . 3 4 days (planet A), 6 6 . 5 4 days (planet B) a n d 9 8 . 2 2 days (p lanet 

C ) , over a 3-year span of t iming observations. In each case, the arrival t i m e variations due 

to the other two planets have been fitted out . For planet A, a 2σ uncertainty in residuals 

is indicated b y the error bar . For planets Β a n d C , the uncertainties are too smal l to b e 

shown. 
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Figure 2. The predicted perturbations of orbital periods derived from numerical inte-
gration of equations of motion of planets Β and C. 
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TABLE 1. Parameters of the PSR Bl257+12 planetary system 

P u l s a r p a r a m e t e r s 

Rotational period 
Period derivative 
Second period derivative 
Right ascension, α 1950 
Declination, £1950 
Proper motion in a. 
Proper motion in δ 
Epoch 
Dispersion measure 

K e p l e r i a n o r b i t a l p a r a m e t e r s 

0.0062185319388187(2) s 
1.14334(6) l O - ^ s s - 1 

4.5(9) l O - ^ s - 1 

1 2 h 5 7 m 33 e.12730(3) 
12° 57' 06".406(1) 
46.4(6) mas y r — 1 

-82.9(9) mas y r _ 1 

JD 2448788.9 
10 .186( l )pccm- 3 

Β 

Semi-major axis (light ms) 
Eccentricity 
Epoch of periastron ( JD) 
Orbital period (s) 
Longitude of periastron (deg) 

0.0035(6) 
0.0 
2448754.3(7) 
2189645(4000) 
0.0 

1.3106(6) 
0.0182(9) 
2448770.3(6) 
5748713(90) 
249(3) 

1.4121(6) 
0.0264(9) 
2448784.4(6) 
8486447(180) 
106(2) 

P a r a m e t e r s o f t h e p l a n e t a r y s y s t e m 

Planet mass ( Μ φ ) 0.015/sin ii 3.4/sin i 2 2.8/sin i 3 

Distance from the pulsar (AU) 0.19 0.36 0.47 
Orbital period (days) 25.34 66.54 98.22 

resonant, periodic variations of the elements of their orbits and the su-
perimposed short-term, non-resonant fluctuations (Fig. 2) . If the planetary 
masses are not too big, the relevant period is simply given in terms of the 
mean angular velocities of the planets, n\ and ri2, as 2π/(2ni — 3π2) = 5.56 
years and the predicted maximum amplitude of the corresponding timing 
residuals (after fitting out the two non-interacting orbits) is a function of 
planetary masses and the total time span of observations (Peale 1993). 

In timing observations, the perturbations should manifest themselves in 
the form of oscillating residuals, if the least-squares fit of a timing model 
to data assumes fixed-parameter, non-interacting orbits. These oscillations 
are characterized by time scales of the order of orbital periods of the planets 
and by amplitudes which depend on the planet-to-pulsar mass ratios. Using 
the timing model of Table 1, and with the planetary masses, τηχ^ expressed 
in terms of the Earth mass and M p s r in units of 1 . 4 M 0 , these mass ratios 
are given by: 

Tili 

MpST 

3.4 

sin zi Mpsr 
( i) 
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2.8 
(2) 

sin i2 Mpsr , 

for planets B, C and orbital inclinations ίχ, 2*2, respectively. Since the effect 

of a mutual inclination of the two orbital planes would have to be quite large 

to become detectable (Malhotra 1993), it is reasonable to assume coplanar 

orbits. Consequently, with ι λ — i 2 — i, the perturbation amplitude becomes 

a function of one variable, ( s i n i ) _ 1 M p s r

/ , which is the only parameter 

governing the effect of planetary perturbations on pulse arrival times. 

The result of a search for the best-fit perturbation model using the 

downhill simplex algorithm (Neider & Mead 1965) is shown in Fig. 3a. 

Compared to a timing model without planetary perturbations (Table 1) , 

inclusion of this effect in the modelling process reduces the value of χ 2 

for the global fit by nearly 3%, which is about 50 times the formal accu-

racy of the chosen minimization procedure. The presence of a well-defined 

minimum m the χ 2 = x ^ s i n i ) - 1 ^ - ; 1 / 3 ] curve confirms that planetary 

perturbations influence the observed pulse arrival times in the manner pre-

dicted by theory. The detection of this effect represents a proof that the 

pulse arrival time variations observed in PSRB1257+12 are due to orbital 

motion of planet-mass bodies with the dynamical characteristics that are 

not unlike those of the inner planets of the Solar System. This discovery is 

the first of a planetary system around a star other than the Sim. A more 

detailed description of the above analysis can be found in Wolszczan (1994). 

Although the planetary perturbation modelling does not allow determi-

nation of all system parameters in a unique way, useful constraints on the 

masses of the pulsar and its planetary companions can be established in a 

straightforward manner. With the aid of Eqs. (1) and (2) , the result of the 

perturbation model fitting (Fig. 3a) can be presented in the form of a pul-

sar mass-normalized planetary mass diagram (Fig. 3b). The uncertainty of 

the determination of a χ2 minimum in Fig. 3a defines a range of allowable 

masses in this diagram. It is further constrained by the highest possible or-

bital inclination (i = 90°) and by the maximum neutron star mass (taken to 

be 2 Μ Θ ) . Within these limits, the minimum pulsar mass is ~1.2 M© and the 

range of possible pulsar masses for orbital inclinations close to i — 90° in-

cludes both the typical theoretical value ( ~ 1 . 3 M 0 ) (Woosley 1987) and the 

observed average neutron star mass ( 1 . 3 5 ± O . 2 7 M 0 ) (Thorsett et al. 1993). 

Furthermore, the masses of planets Β and C must be similar to their re-

spective "canonical", Earth-like values of 3 . 4 Μ Θ and 2.8 M e (Table 1 and 

Eqs. 1, 2) and the orbital inclinations are unlikely to be less than 60° for any 

reasonable choice of a neutron star mass. No additional information con-

cerning the orbit of planet A can be extracted from this analysis, because 

its effect on the mutual perturbations of planets Β and C is entirely negligi-
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ble. However, if the orbits of all three planets are approximately coplanar, 
planet A must be a very low-mass, Moon-like object (Table 1) . 

4. Pulsar Planets and Other Planetary Systems 

The observed characteristics of the planets and PSRB1257+12 itself, when 
confronted with current ideas concerning planetary formation (Levy 1993, 
Ruden 1993) and the origin and evolution of millisecond pulsars (Bhat-
tacharya & Van den Heuvel 1991), indicate that the planets are likely to 
have evolved in a circumpulsar disk of matter created from the remains of 
the pulsar's binary stellar companion. Therefore, most of the scenarios of 
the millisecond pulsar planet formation concern themselves with possible 
ways to transform a fraction of the companion's mass into a protoplane-
tary disk, implying that the planets would subsequently form in a manner 
similar to that envisioned for the origin of the Solar System (Podsiadlowski 
1993; Phinney & Hansen 1993). This indicates an interesting possibility 
that the planets around solar-type stars and pulsars may differ in their 
physical and chemical characteristics, but the fundamental features of the 
dynamics of their parent planetary systems should be comparable. 

Pulsars accompanied by planets can be used as highly accurate probes of 
planetary dynamics. In the case of PSRB1257+12, a positive identification 
of planetary perturbations and the detection of a Moon-mass planet A 
involved measurements and analysis of pulse arrival times at a microsecond 
precision level, which is equivalent to radial-velocity resolution of the order 
of l m m s - 1 (a factor of 10 4 better than the typical 1 0 m s " 1 resolution 
achieved in modern single-line Doppler spectroscopy). These two techniques 
are compared in Fig. 4, in which the minimum detectable amplitudes of 
timing residuals, 6t and radial velocities, 6VT are expressed in terms of 
masses and orbital radii as: 

St = c~l7^-a (3) 
M 

Ö V t - U ( Μ α)ΐ/2' W 

where m is the planetary mass, M is the mass of the central body, a is the 
semi-major axis of the orbit and circular, "edge-on" orbits are assumed. 
Evidently, detections and dynamical studies of terrestrial-mass planets will 
remain beyond the reach of optical astrometry and Doppler spectroscopy in 
the foreseeable future, but they will be quite feasible with the pulse timing 
method. 

The detection of pulsar planets dramatically emphasizes the value of en-
riching the strategies of planetary searches with non-standard approaches. 
At present, among more than twenty known millisecond pulsars, there are 
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Figure 3. (a) A fit of the numerical models of the gravitational perturbations of planets 
Β and C (filled circles) to pulse arrival times. The solid line represents the resultant 
best parabolic fit to the χ 2 data. Α 2 σ uncertainty of the minimum χ 2 obtained from 
this fit is shown by the horizontal error bar. The vertical bar denotes the accuracy of 
the downhill simplex minimization procedure, (b) Constraints on the pulsar mass, the 
masses of planets Β and C and the common orbital inclination. The dashed lines delimit 
the area containing the most likely combinations of these parameters. 
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Figure 4- A compar i son of the planet detect ion capabil it ies of the techniques of stellar 

spectroscopy a n d pulse t iming . T h e a s s u m e d stellar a n d pulsar masses are 1 MQ a n d 

1.4 M © , respectively. T h e filled circles a n d triangles m a r k the respective posi t ions of the 

Solar S y s t e m planets a n d the planets around P S R B 1 2 5 7 + 1 2 in the discovery space. T h e 

vertical dashed line sets the lower l imi t to orbital size defined b y the solar radius . 

five solitary objects that have apparently managed to dispose of their binary 

stellar companions. If a missing stellar companion to the pulsar indicates a 

possibility of "leftover" planets around it, PSRB1257+12 is the only con-

firmed case. Clearly, the pulsar planet formation is not 100% efficient, but 

the available statistics are too small to reliably constrain this efficiency. 

In addition, there is a large body of almost 600 younger, "slow" pulsars, 

some of which may have retained planets of their parent stars (Thorsett 

& Dewey 1993). In fact, two of such pulsars have been reported to exhibit 

T O A variations that could be explained in terms of planetary dynamics 

(Demianski & Proszynski 1979; Bailes et al. 1993; Lyne 1994). Extensive 

timing measurements and more direct observations of as many of these ob-

jects as possible will establish the significance of pulsar planetary systems 

as a class of astrophysical objects and their relationship to still hypothetical 

planets around Sun-like stars. 
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