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Abstract: Several programs, such as astrometric and photometric observations of asteroids,

observations of NEOs and astrometric observations of the natural planetary satellites, with
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small telescopes in China are reviewed. The orbital determinations for asteroids and NEOs

as well as development of planets/lunar ephemeris are introduced. Studies on establishment

of astrometric calibration regions, linkage between optical and radio reference frames from

optical counterparts of radio sources, orbital determinations for binaries and determinations

of the proper motion for membership of stellar cluster are briefly described. The new program

on the improvements for GSC2.3 such as eliminating the magnitude equation and systematic

error in proper motion in the southern hemisphere as well as decreasing the accident error,

adding new observations as data at third epoch of POSS and SERC projects etc. is presented.

Key words: solar system; Near Earth Objects; reference frame; stellar cluster

1 Introduction

It is well known that the solar system is a remnant after formed 4.5 billion years ago.

The scientific goals to observe and study the small celestial bodies, such as asteroids, natural

satellites etc. is to reveal the origin and evolution of the solar system and the formation of

planetary system. Secondly, in the geological history the events of the collision of asteroids

with the Earth happened several times so NEOs (Near Earth Objects) will be observed and

their orbital parameters will be determined and predicated in order to avoid the natural

disasters. These objects of NEOs called PHOs (Potential Hazardous Objects) are as many

as several ten thousand. Their diameters are over 200 m and the nearest distance from

the Earth is 7.5×106 km . In addition, the artificial satellites having various uses, such as

measurement of Earth Gravity Field (CHAMP, GRACE, etc.), measurement of sea level

(Starllite, Sella etc.), determinations of coordinates of the pole (Lageos, Etalon etc.) and

navigation (GPS, Glonass etc.), have been launched and some of them are still operating in

the NES (Near Earth Space). But it is beyond the content and will not be discussed here.

Before 2009, the aperture of the largest optical telescope in China is 2.16 m at National

Astronomical Observatory (NAO). The second largest telescope with diameter 1.56 m at

Shanghai Astronomical Observatory (SHAO) and the apertures of the most of telescopes

are less than 1 m. In the recent years a new 2.4-m telescope has been operated regularly

and is located at Gao-Mei-Gu, Yunnan Province. With these telescopes some programs

concerning observations of small celestial bodies in the solar system and determinations

of orbital parameters for asteroids and NEOs as well as some astrometric work, such as

establishment of astrometric calibration regions, linkage between optical and radio reference

frames from optical counterparts of radio sources, determinations of orbital parameters for

binaries and determinations of the proper motion of the member star of stellar cluster and
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so on, are carried out.

In this paper the observations of small celestial bodies such as asteroids, and natu-

ral satellites with small telescopes are described in section 2. The method and algorithm

for determination of orbital parameters for asteroids and NEOs as well as compilation of

planets/lunar ephemeris are given in section 3. The research work on establishment of as-

trometric calibration regions, positional determinations of the optical counterparts of radio

sources as well as determinations of the orbital parameters for binaries and the proper motion

for membership of stellar clusters are shown in section 4. The new program on improvements

of GSC2.3 is introduced in section 5. Finally, the future plan and suggestions on observing

small celestial bodies in the solar system with small telescopes and relevant research work

in China are presented.

2 Observations of small celestial bodies in the solar system with small

telescopes

2.1 Asteroids

To study asteroids is a long-term research work at Purple Mountain Observatory (PMO)

under the leadership of the first director Yuzhe Zhang. In the early 1960s, the observations

were made with photographic plates, which have been kept over 8 000. In December 2006,

a new 1.0/1.2 NEOST (Near Earth Objects Survey Telescope) was regularly operated [1]. It

includes 4 096×4 096 SI CCD detector. The limited magnitude is 22.46 mag at B band.

The Schmidt CCD Asteroid Program£SCAP¤of Beijing Astronomical Observatory (one

of observatories in NAO founded on April 25, 2001) started in 1995 [2]. 575 asteroids were

found by this scheme in the 1990s. Besides, the multi-color photometric observations in 3

bands (Johnson B, V , R) for satellites and GEO (Geostationary Orbit) debris have been

carried out with 3 telescopes (apertures: 50, 80 and 85 cm) equipped 1 000 × 1 000 scientific

grade CCDs at NAO. The positions of GEO debris can be also observed and tested at 532

nm (laser) and 436 nm (B) passbands. In addition, the physical characteristics for GEO

debris are also observed by spectrograph of 2.16-m telescope with low resolution of ∼1 nm.

A series of CCD photometric observations of asteroids, such as 58 Concordia, 360

Carlova, 405 Thia etc. have been carried out with 1-m telescope at Yunnan Astronomi-

cal Observatory (YAO) since November 2000 [3].

The observations of asteroids and the studies of minor planets of the Flora group were

implemented with the 40-cm refractor at SHAO. It is no longer used after 1987. But the

observations of GEO satellite were tested in July 2006 by using a 20-cm telescope with 1

160×1 040 CCD in drift scan mode at SHAO. The total internal errors of optical positions
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are 0.2d∼0.4d[4]. Since 2009 the observations by using a new 40-cm telescope equipped 4

008×2 672 scientific grade CCDs and operated in drift scan mode for asteroids and NEOs

have been initiated at “Jiang-Nan-Tian-Chi” where is a new observing site of SHAO located

at Tian Huang Ping, Zhejiang Province and is 175 km away from SHAO headquarter.

During the past decade, the important results are obtained as follows:

(1) Till now more than 1 800 asteroids have been discovered from PMO group, and

more than 180 asteroids have been numbered. From December 2006 to now, the observations

ranked among the top-ten observational programs in the world. Until now, 800 new asteroids

including an Apollo-type NEO-2007 JW2 have been found by NEOST. In the middle of

September of 2007, a new Jupiter-family comet, P/2007 S1, was found [1].

(2) The synodic rotation periods of 58 Concordia, 360 Carlova, 405 Thia are (9.90±0.01)

h, (6.18±0.02) h, (9.96±0.01) h determined with 1-m telescope at YAO as mentioned above.

The BV and UB -colour indexes for these asteroids were also determined, and especially

the rotation parameters of 360 Carlova were determined. In addition, synodic period of the

asteroids 38, 168, 174, 206, 276, 346 and 205 were also given [3]. The preliminary results

such as magnitude, shape, spin rate for more than 30 GEO debris are also obtained at NAO.

2.2 Natural Satellites

There are two groups work on the program of natural satellites. One is at NTSC

(National Time Service Center), Shannxi province and the other is at Jinan University,

Guangzhou. In 2006, scientists of SHAO joined the former group to work on this program.

Both groups use 1.56-m telescope at SHAO and 1-m telescope at YAO and collaborate with

IMCCE in 2001 to observe natural satellites. From 1994 up to now, the important results

are obtained as follows:

(1) Based on an image processing method for planetary halo given by Brazilian scientists

Veiga and Martins in 1995, Peng et al. (2003) [5] developed a new image processing method,

i.e. halo-removal technique, to reduce the influence of the primary halo on positions of satel-

lites and meantime to determine the positions of major planets. The positional accuracies

for the satellites of Jupiter and Saturn reach to a high level. If the halo is asymmetrical a

Laplacian of Gaussian algorithm (LoG) with a polynomial of degree 2 is adopted. LoG can

be suitable not only to avoid mostly the asymmetric halo but also to detect a sharper and

finer edge of Saturn’s rings [6].

(2) Two shortcomings existed before 2002 in observations of the small field of view

due to CCD detector having only a small size and low density of reference catalogue used.

The “bright moon method” was used in astrometric calibration of the CCD. This method

relies on positions predicted from pre-existing ephemeredes, in which positions of the bright

satellites were used to define a known reference system in every frame [7]. Of course, after
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2002 the situation is changed: a new large size CCD chip (2 048×2 048) to be used to replace

the original one at 1.56-m of SHAO and the UCAC2, being high dense and more accurate,

were used.

(3) Re-determined Phoebe’s orbits [8] were carried out in 2005. In order to precisely

determine Phoebe’s orbit, it is necessary that the observations cover the time span as long

as possible. In this reduction the 686 Earth-based astrometric observations available from

1905 to 2004, including the 101 new CCD observations from Qiao et al. (2006) [9] and 57

observations from Peng (2004) [10], were used. The residuals derived from this orbit are

significantly smaller than those for the orbit computed by Arlot using old photographic

observations only.

(4) In February 2003, the observations of mutual events of the Galilean satellites were

made with 1-m telescope at YAO. Astrometric positions were deduced from 7 photometric

observations by modeling the relative motion and photometry of the involved satellites during

each event such as eclipse of J2 Europa by J4 Callisto, occultation of Callisto by J1 Io etc.

The comparisons were made with two theoretical models: Lieske’s E5 and Lainey’s L1. The

accuracies of positions in right ascension and declination are 103 and 88 mas respectively

for Lieske’s theory, while 74 and 80 mas respectively for Lainey’s theory. In addition, some

further reduction has been also carried out by comparison of normal CCD observations and

some mutual events observations. The results show a better agreement between internal and

external accuracies.

3 Determinations of orbital parameters for asteroids and Near Earth

Objects

3.1 Asteroids and NEOs

The orbital parameters of asteroids and NEOs as well as satellites are studied with a

long- term project at PMO and SHAO. The orbit determinations of pure analytical, semi-

analytical and numerical integration methods are developed in 1960’s, 1970’s and 1990’s

with accuracies of km, hundred meters and cm. The reduction models are different for each

mode. For example, the following catalogues, such as JGM3 50×50 for Geopotential, JPL

DE405 for positions of perturbing bodies of the Sun and the Moon, DTM94/MSIS 1990

for atmospheric drag, and various effects including solar-radiation pressure, solid and ocean

tidal perturbation, relativistic effects, earth radiation pressure, are adopted and considered

in the numerical integration method. The software is still being improved today.
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3.2 Planets/lunar ephemeris

The PMOE planetary/lunar ephemeris framework was established in 2003 [11] and has

been improved in 2005. The following effects on the bodies in the solar system have been

taken into consideration: (1) the post-Newtonian effects; (2) the figure perturbation effects

arising from the finite size of the Sun, the Moon and the Earth; (3) the effect of the Earth

tide on the motion of the Moon; (4) effects of gravitational forces of the Big 3 and 314 other

large asteroids. With the identical astronomical constants, initial positions and velocities

listed in DE 405 ephemeris, the orbits of the Earth-Moon barycenter, 7 planets, Pluto and

the Moon around the Earth, are integrated for 1 200 d and 36 000 d (about 98 a). The

accuracies obtained by using the PMOE ephemeris to predict the positions of the planets in

the solar system are on the same level of JPL DE 405 [12].

4 Observations by using small telescopes in other projects

Besides the programs of observing small objects in the solar system with small tele-

scopes, the following projects have been also implemented.

4.1 Astrometric standard areas

An astrometric calibration region, which is the Pleiades calibration region, has been

made at SHAO. It contains the precise positions and proper motions of 441 stars. The obser-

vations of 11 plates with time span of 86 years (November 1901—November1987) were taken

by 40-cm refractor. The positional accuracy is ±0.05dand the standard error for proper

motions is ±0.001(d)/a for over 90% stars [13]. Besides there is LAMOST (Large Sky Area

Multi-Object Fiber Spectroscopic Telescope) calibration regions, for which 15 sky areas, in-

cluding 7 open clusters, 3 SDSS standard areas, 1 UCAC standard areas, Pleiades§Praesepe

and Hyades calibration region as well as 1 areas in Gould belt, were selected [14]. The ob-

servations of 9 LAMOST calibration regions were performed by using 1.0/1.2 NEOST at

Xu-Yi station of PMO during December 2006—May 2007. The size of each area is 5◦ × 7◦

obtained by CCD mosaic of FoV 2◦×2◦ with overlapping method. The positional accuracies

for stars with magnitude from 12 to 16.5 mag is better than 50 mas and the mean density is

over 800 deg−2 [15]. These regions were used for calibration of 1.56 m at SHAO in 1987 and

LAMOST at NAO in 2008 respectively.

4.2 Optical counterparts for radio sources

A total of about 300 optical counterparts of the ICRF radio sources were observed

mostly during 2000—2003 based on Joint Project (JP) between astronomical observatories

from China, Turkey, Russia, and Ukraine. Observations were carried out with two telescopes
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equipped with CCD cameras: Russian-Turkish Telescope (RTT150), the fully automated

Cassegrain telescope located at the TUBITAK National Observatory (TUG), Turkey, and

the 1-m telescope located at YAO, China. In addition, there are 8 fields around Extragalactic

Radio Sources(ERS) obtained on RTT150 with CCD AP-47p of size 1 024×1 024 pixels

(FoV= 4′×4′), and 6 fields around ERS obtained on 2.16-m telescope of NAO with a CCD

of size 2 048×2 048 pixels (FoV= 10.5′×10.5′).

The optical positions of the 126 ERS in the declination zone –30◦ ≤ δ ≤ 50◦ were

measured with respect to the UCAC2 as reference catalogue and positions of 171 ERS in

the declination zone –40◦ ≤ δ ≤ 80◦ were measured with respect to the 2MASS. The mean

accuracies of the measured positions are 38 mas in right ascension and 35 mas in declination.

A comparison between the measured optical positions referred to reference stars from UCAC2

catalog and the radio positions from the current ICRF has shown that the overall offsets, i.e.

optical position minus radio position, are −3 and 14 mas in right ascension and declination

respectively. The formal internal errors of these mean offsets are 4 mas. The optical positions

with respect to reference catalogue 2MASS are also given. The estimation of the link between

optical and radio reference frames has shown that orientation angles are near zero within

their accuracy of about 5 mas. The link accuracy becomes 3 mas when the observations are

combined with other studies [16].

4.3 Determinations of the orbital parameters for binaries

Over half of stars in the sky are binaries, and 20% stars in the Hipparcos catalogue

are binaries and multiple star. The precise orbital determination of binaries is significant

for stellar evolution. In 2004 a simulation calculation was made by Lattanzi, which reveals

that Gaia astrometric data can only be used to reliably measure the orbits of binaries with

periods less than 6 years [17]. But for those binaries with periods larger than 6 years, the

reliability of orbital measurements becomes very low because the observational time span

is shorter than the orbital period during Gaia mission. In other words, in order to obtain

reliable orbit solutions of these binaries, one has to incorporate the other data based on

long-term observations (pre-Gaia data). There are two kinds of pre-Gaia data namely radial

velocity data and positional data. The former one is believed to be useful as it can be

inferred from similar situations of Hipparcos binaries. Since 1990, the precision of the pre-

Gaia positional data has already reached about several milli-arcseconds, but there are only

a few data available for some binaries. Therefore, these data themselves are not sufficient to

be used to derive reliable orbits of binaries. This is the case for some binaries in the fourth

catalog of interferometric measurements of binary stars. Compared to Gaia astrometric

data, these data have the advantage of long time span. It is then interesting to know

whether these data of the long observational time span can play a role in determining binary
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orbits after Gaia mission. It is found from the simulation that if period < 8 a, solutions

are all in accordance with those of simulation orbits, and if period > 8 a, solutions derived

from combining Gaia and pre-Gaia data are still in good agreement with those of simulation

orbits, which is not the case for the solutions from Gaia data only [18]

4.4 Stellar Clusters

It is well known that the stars in a globular cluster are dense while stars in some open

clusters (OCs) spread to a large sky area, and therefore, all of these stars in the OCs can not

be observed by astrometric satellite. Some new techniques are developed, e.g. determining

the relative proper motions in small sky area by using adaptive optics and determining

the radial velocities and metal abundance by using multi-objects fiber spectrometer. These

new techniques can not only eliminate the main limitations of the limiting magnitude and

observing accuracy with old plates in the past, but the determinations of proper motion for

membership of stellar clusters can also be completed in a relatively short time [19].

A group at SHAO has studied stellar clusters, especially open clusters, since 1980’s. The

observations of OCs with 40-cm refractor and 1.56-m reflector were made. The advantage

of this work is that the time baseline is quite long. For example, the observations for NGC

6530 have a time baseline of 87 years while for NGC 2244 the time baseline is 35 years.

As we know there are WOCS(WIYN Open Cluster Study), SOCS(SEGUE Open Cluster

Study), BOCCE(Bologna Open Clusters Chemical Evolution project), LOCS (LAMOST

Open Cluster Survey) and so on in the world for studying OCs. LOCS is a Chinese project

on study of open clusters. The purpose of LOCS is to obtain radial velocities and metal

abundances for 600 OCs (magnitude to 16 mag and galactic distances expand to 13—16

kpc). During the last decade some important results are obtained as follows:

(1) Two kinds of OCs database were established at SHAO. In the first one (CAT1),

there are 119 objects with ages, distance and metallicity available, while in the second one

(CAT2), the kinematic information about 144 objects have both absolute proper motion

and radial velocity data, of which 45 clusters also have metallicity data available. Now the

number of OCs in updated both catalogues has expanded to 993 and 369 respectively for

statistical studies of the OCs [20,21].

(2) From CAT1, a radial metallicity (iron) gradient of about (–0.063±0.008) dex· kpc−1

for galactocentric distance ranging from about 7—17 kpc, was derived. By dividing cluster

into age groups, it is also shown that the iron gradient is steeper in the past, and shallower

for younger clusters. And it is consistent with the recent result from Galactic planetary

nebulae data, and also consistent with inside-out galactic disk formation scenarios. Based

on this sample, a disk age-metallicity relation could be implied but more observations are
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needed for metal-poor clusters to obtain conclusive result. From CAT2, the 3D velocities

for each open cluster relative to the Local Standard of Rest were derived. Some statistical

analyses show that spatial distribution of young open clusters is symmetrically around the

sun with low scale height from Galactic plane and small velocity dispersion while it is almost

contrary for old open clusters [20].

(3) Two very young open clusters, NGC 2244 and NGC 6530, both with ages younger

than 5 Ma were investigated. Taking NGC 6530 as an example, the proper motions for

364 stars in a one square degree region centered on the cluster were determined and their

membership probabilities were estimated. Since these cluster stars are located at the same

distance, and most of them are main sequence stars, the luminosity instead of mass can

be used to study the segregation effects. The cumulative radial number density profile for

bright and faint cluster stars shows that brighter (or massive) stars are more concentrated

towards the inner part of the cluster is shown. This indicates an evident luminosity or mass

segregation effect. A similar result was obtained for NGC 2244 [22].

5 A New Program

The catalogue GSC2.3 which contains nearly 1 billion objects down to RF =20 mag for

astrometry, photometry and classification was released in August 2008. The all-sky average

absolute error in right ascension and declination ranges from 0.2dto 0.8ddepending on

magnitude. The proper motions are determined with an error of 6—12 mas/a. Stellar

photometry is determined to 0.13—0.22 mag as a function of magnitude and photographic

passbands (RF ,BJ ,IN ). Outside of the galactic plane, stellar classification is reliable to at

least 90% confidence for magnitude brighter than RF =19.5. Various systematic errors such

as magnitude-dependent and spatial dependent errors in position, proper motion error in the

southern hemisphere etc. were discussed as well as the comparisons with UCAC and SDSS

were made [23,24]. In order to refine this catalogue, the improvements of GSC2.3 have been

proposed by SHAO and INAF-Turon Astronomical Observatory, Italy. Besides elimination of

various systematic and accidental errors, the main improvement is to increase the accuracy of

proper motions. In order to do so, the proper motions with respect to extragalactic galaxies

will be adopted, and new observations as the observational data at third epoch of POSS and

SERC projects, by using NEOST 1.0/1.2 m at PMO, Schmidt 60/90 cm at NAO and others

located at the southern hemisphere, should be also adopted. The expected accuracy is 3—7

mas/a in the GSC2.4 [25].
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6 Summary

Although Gaia will observe 105—106£65 000 presently¤new moving objects down to 20

mag for asteroids including 300 Kuiper Belt objects and NEO (442, 455, 75 known today),

these small celestial bodies are needed to be confirmed and classified, and loss of newly

discovered objects with small telescopes on ground should be avoided.

The observations of small celestial bodies in the solar system will be implemented by a

network of Gaia ground-based follow-up which includes a set of observatories and telescopes

distributed in longitudes and latitudes. The international collaboration such as Gaia Follow-

Up Network for Solar System Objects (Gaia- FUN-SSO), one of three ground-based networks

for Gaia, is important. For example, the scientific cooperation between China, Russia,

Turkey and Ukraine on the link of radio and optical reference frames is successful in the past.

The campaigns of mutual events, which are carried out in the international collaboration,

were made in 2009 for the Galilean satellites and in 2010 for Saturnian satellites. The

technical interchange such as optical observations in drift scan or rotating drift-scan mode

for small celestial bodies are fruitful.

In order to fully understand the origin and evolution for celestial objects from its kine-

matic and physical characteristics, the astrometric, photometric and spectroscopic observa-

tions of small celestial bodies such as asteroids, NEOs, and faint natural satellites etc. in

the solar system and other objects such as binaries and stellar clusters with small telescopes

are a longer term research work in China.
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