Science with VERA : VLBI Exploration of Radio Astrometry

Mareki Honma a,b

, Noriyuki Kaw aguchi a,c

and T etso Sasao a,c

a

VERA Pro ject O�ce, National Astronomical Observatory , T oky o 181-8588 Japan

b

Mizusaw a Astrogeo dynamics Observatory

, NAOJ, Iwate 023-0861, Japan

c

Earth Rotation Division, NAOJ, Iwate 023-0861, Japan

ABSTRACT

VERA (VLBI Exploration of Radio Astrometry), b eing promoted by National Astronomical Observatory of Japan

in collab oration with several Japanese universities, is a new VLBI array for phase referencing astrometry approved

to start its construction in 2000. VERA, the �rst VLBI array dedicated to phase referencing VLBI, has a dual b eam

antenna system which enables us to observe a Galactic maser source and a nearby reference source simultaneously to

remove the atmospheric uctuation, and will measure p ositions of Galactic maser sources relative to reference sources

(QSOs and radio galaxies) with 10 microarcsec level accuracy

. With that accuracy

, VERA will b e able to determine

parallaxes and prop er motions of maser sources in the whole Galaxy

. The ma jor science targets of VERA will include

3D structure of the Galaxy and the distribution of dark matter, physics of out ow in star forming regions and stellar

envelopes, precise calibration of the p erio d-luminosity relation of Mira-type stars, and structure and evolution of

QSOs and radio galaxies.

Keywords: VLBI, phase referencing, astrometry

1. INTRODUCTION

VLBI Exploration of Radio Astrometry (VERA) aims at astrometry of Galactic maser sources based on the phase-

referencing VLBI technique, in which two adjacent sources are observed simultaneously to remove the atmospheric

uctuation. A p osition accuracy of � 100 �arcsec has b een already achiev ed by switching di�erential VLBI in

which an ob ject and a reference source are observed by turns,

1

but the atmospheric uctuation is not completely

suppressed b ecause of the time lag b etween observations of an ob ject and a reference. In order to obtain a higher

position accuracy

, one needs to observe an ob ject and a reference source at the same time. VERA, with its dual b eam

antenna system,

2

enables us to observe a Galactic maser source and an extra-galactic reference source simultaneously .

With such a system, p ositions of maser sources relative to reference sources can b e measured with 10 �arcsec level

accuracy

. This accuracy allows us to determine the distance of an ob ject at D kp c with uncertainty of D%, and the

proper motion with uncertainty of 0.05D km/s. Therefore, one can obtain parallaxes and prop er motions of maser

sources in the whole Galaxy with VERA.

In this pap er, we summarize the VERA pro ject, in particular the sciences that can b e done with VERA. First, we

will brie y review the VERA system including phase referencing technique, which is the key to VERA for obtaining

highest p osition accuracy ever achieved, and then we will describ e target sources of VERA and discuss sciences that

can b e done with VERA.

2. VERA SYSTEM

2.1. System Overview

2.1.1. Antenna

VERA is an array of four 20m� antennas designed for observational frequency range from 2 GHz to 43 GHz, with

possible extension to 86 GHz. Each antenna will b e installed with dual b eam system with which one can observe

a target source and a reference source simultaneously to remove the atmospheric uctuation. The dual b eams on

each antenna can b e separated by as large as 2 degree, with minimum separation of 0.5 degree. A noise source will

be mounted on the antenna ap erture, and radio emissions from the noise sources will b e injected into dual b eam

receivers during the observation of astronomical ob jects and used to calibrate the mechanical delay in dual b eams.

Figure 1. VERA cite map. Filled circles are stations to b e constructed in 2000. Op en circle is a planned station.

The longest baseline of the VERA array will b e ab out 2300 km/s.

Based on the real time calibration of mechanical delay using the noise source, the relative path length di�erence in

two b eams will b e calibrated within 50 �m.

2.1.2. Receiver

Each VERA station have four receivers; S band (2 GHz), X Band (8 GHz), K band (22 GHz) and Q band (43 GHz)

receivers, and all receivers will b e equipp ed with co oled HEMT ampli�ers. The receivers for S and X bands are

mainly for geo detic observation to determine the baseline parameters. The receivers for K and Q bands are for H

2

O

and SiO masers as well as continuum sources to b e used for phase-referencing. Each station will b e installed with

one S and X receivers, and two K and Q receivers for dual b eams, resp ectively

. The noise temp erature of K band

receiver will b e less than 60 K, and that of Q band receiver will b e less than 100 K.

2.1.3. Recording System

The output signals from receivers are converted to the intermediate frequency (IF) of 5 to 7 GHz, and down-con verted

again to the baseband b efore digital pro cessing. The baseband signals will b e recorded at the rate of 1 Gbps (Giga

bit p er second) with 2-bit quantization and with bandwidth of 256 MHz at maximum. The signals from noise source

attached on the antenna ap erture are mixed up with the signals from astronomical ob jects and recorded at the same

time.

M.H.: E-mail: honmamr@cc.nao.ac.jp

home page : http://veraserv er.mtk.nao.ac.jp/

2.1.4. Correlation Pro cessing

The correlation pro cessing will b e p erformed with the Mitaka FX correlator, which has b een developed for VSOP

(VLBI Space Observatory Program).

3

The correlator will b e mo di�ed for high sp eed recording system and two b eam

observ ations for phase referencing VLBI astrometry

. The correlation pro cessing of the noise sources observed with

dual b eams can b e also done with the Mitak a FX correlator, but is mainly done on real time using delay calibration

correlators installed to each station.

2.2. Cites

In 1999, construction of three telescop es has b een approved by the Japanese government. The three antennas

will b e lo cated at Mizusawa, Kagoshima, and Chichijima island. The Mizusawa station will b e lo cated at Mizusawa

Astrogeodynamics Observatory

, which b elongs to National Astronomical Observatory

, Japan. The Kagoshima station

will b e lo cated at Iriki farm of Kagoshima University

, and the radio astronomy group of Kagoshima Universit y will

be in tight collab oration with NAOJ for constructing and op erating the VERA antenna at Iriki station. The fourth

antenna is planed to b e built in Ishigakijima island in Okinawa prefecture. Figure 1 shows the antenna lo cation as

well as the baselines of VERA array

. The length of six VERA baselines v aries from 1000 km to 2300 km.

2.3. Phase Referencing Capability

VERA aims at measuring the geometric delay di�erence of two sources with uncertainty of 0.1 mm. This corresp onds

to a visibility phase accuracy (phase of source relative to reference) of 2.6 degree at 22 GHz and 1.3 degree at 43 GHz,

respectively

. Atmospheric uctuation will b e suppressed by observing simultaneously a target and a nearby reference

located within 2 degrees from each other.

4

T o correct for errors in visibility phase that are caused mechanically

in antennas, electrically in receivers, and digitally in recording systems, the delay di�erence in dual b eams will b e

calibrated by observing the noise source mounted on the antenna ap erture. Note that the noise source at each

station increases the system noise temp erature by only a few p ercent, and thus its e�ect on the source visibility

is negligible. T o calibrate the mechanical delay

, each station has delay calibration correlator that p erforms cross

correlation pro cessing of the two b eams to obtain the delay di�erence on real time. With such a calibration system,

VERA will measure the relative delay of two ob jects (target and reference) with accuracy of 0.1 mm. Once the

relative delay is obtained within 0.1mm, the p osition accuracy will b e of �10 �arcsec (=0.1mm/2000 km, 2000 km

is the baseline length).

2.4. Schedule

A rough schedule of VERA is shown in table 1.

table 1: Schedule of VERA pro ject

year schedule

2000 construction

2001 system setup, �rst fringe detections

2002-3 system setup, test observations

2004(5?)- pro ject observations, common use observations

3. T AR GET SOURCES OF VERA

3.1. Maser Sources

The main targets to b e observed with VERA are Galactic H

2

O (22 GHz) and SiO (43 GHz) masers that are mainly

emitted from star forming regions and Mira-type v ariables. Figure 1 shows the distribution of H

2

O maser sources

in the Galactic co ordinate system.

5

As seen in �gure 1, the H

2

O masers emitted from star forming regions are

concentrated to the Galactic plane, while the Mira-type v ariables are scattered over the whole sky area. The latter

is due to the fact that the masers from Mira-type v ariables are mostly nearby ones. On the other hand, masers

from star forming regions are much brighter than those of Mira-type stars, and so they are observable in the entire

Galactic disk. In fact, according to the distance estimates of these H

2

O masers

5

, several star forming regions with

H

2

O masers are found in the outermost regions of the entire Galactic disks. Thus, H

2

O masers in star forming

regions are go o d prob es of the structure and dynamics of the Galactic disk.

Figure 2. Distribution of H

2

O maser sources in the Galactic co ordinate. Filled circles are maser sources in star

forming regions, op en circles are maser sources in Mira-type v ariables, and crosses are unidenti�ed sources.

As for Mira-type variables, a number of surveys are b eing p erformed. F or example, the SiO maser survey in the

Galactic center region

6

have found several tens of Mira-type stars in the Galactic bulge. Probably a large fraction

of these Mira-type stars are observable with VERA at 43 GHz band. Thus, Mira-type stars are not only useful for

studying the lo cal structure of the Galactic disk, but also useful for studying the Galactic bulge.

3.2. Contin uum Sources

VERA also observes continuum sources that are bright at the 22 GHz and 43 GHz band for phase referencing.

Continuum sources observ able with VERA are radio galaxies and QSOs, and some Galactic sources such as X-ray

binaries and radio emitting stars are also observed. The extra-galactic continuum sources are mostly used as phase

reference sources, and p ositions of masers are measured relative to these reference sources. Note that Galactic

continuum sources such as X-ray binaries cannot b e used as a p osition reference b ecause their parallaxes and prop er

motions are not negligible. How ever, those Galactic continuum sources will b e also observed with VERA as target

sources to study the physical mechanism of their activity .

Currently

, a large number of VLBI sources (continuum sources detectable with VLBI) are known. How ever, most

of surveys of VLBI sources have b een p erformed in the regions with jbj � 10

�

. Hence, the number of VLBI sources

is much smaller in the Galactic plane. On the other hand, as seen ab ove, many of maser sources are concentrated

to the Galactic plane, and thus, one has to search for a large number of VLBI sources in the Galactic plane that

can b e used as reference sources. As a �rst step for the VLBI source surveying program, we have conducted VLBI

observ ation of radio sources in the Galactic plane at 22 GHz

7

using Japanese VLBI network (J-Net). Figure 2 shows

the results of the J-Net survey as well as previously known VLBI listed in ICRF catalog

8

and VLBA calibrator

catalog.

9

As seen in �gure 2, we have found more than 50 new VLBI sources within jbj � 5

�

, and they are p otential

candidates for reference sources of VERA.

Figure 3. Distribution of continuum sources that are detected with VLBI. Filled circles are new VLBI sources

discovered based on the J-Net survey (see text).

4. SCIENCE WITH VERA

4.1. Structure and dynamics of the Milky W ay Galaxies

4.1.1. Distance to the Galactic Center

The distance to the Galactic center is one of the most fundamental parameters for investigating the structure of the

Milky W ay Galaxy

. Although a large number of studies have b een made to measure the Galactic center distance, its

uncertainty is still as large as 1 kp c.

10

One of the ma jor reasons for this is that most of these measurements are

based on indirect metho ds rather than using trigonometric parallax. VERA will observe the radio source Sgr A*,

thought to b e the central massive black hole of the Galaxy

, and directly measure its distance based on the annual

parallax. With p osition accuracy of 10 micro-arcsec, VERA can determine the distance to Sgr A* within 10 %. The

measurement of the Sgr A* distance will b e one of the �rst targets for VERA.

4.1.2. Galactic Rotation V elocity at the Sun

The other fundamental parameter for studying the structure of the Galaxy is the Galactic rotation velocity at the

Sun, �

0

. The simplest way to determine �

0 is to measure the prop er motion and distance of Sgr A*, as the prop er

motion of the Galactic center � is related to �

0 as � = �

0

=R

0

. However, if Sgr A* or the Sun has lo cal random

motion in addition to the Galactic rotation, such a simple metho d do es not work e�ectively

. Instead, VERA can

determine �

0 using the motions of maser sources in the Solar circle. If prop er motions of a few tens of masers are

obtained, �

0 will b e determined with an accuracy of � 5 km/s.

4.1.3. Outer Rotation Curve and Distribution of Dark Matter

VERA can determine the prop er motion of maser sources with unprecedented accuracy as well. The accuracy of

proper motion measurement will b e less than 1km/s within 20 kp c from the Sun. With that accuracy

, the rotation

curve can b e determined in the entire Galactic disk. The rotation curve accuracy will b e of 5 to 10 km/s, dep ending on the random motions of maser sources. This accuracy is much higher than that of the Galactic rotation curve

currently known (typically � 30 km/s).

11

Based on that rotation curve, one can reveal the distribution and total

amount of dark matter in the Milky W ay Galaxy .

4.1.4. T esting Disk Dark Matter

Studies on the disk structure in the Sun’s neighborho o d have suggested that there may b e dark matter in the lo cal

disk, but this suggestion is not yet con�rmed.

12,13

Thus, it still remains unclear if there is dark matter in the disk.

By measuring three dimensional motions of nearby Mira-type v ariable stars with VERA, one can study the mass

distribution in the lo cal disk. Moreover, based on the motions of H

2

O masers p erp endicular to the disk, one can

also study the disk structure even at a distance of several kp c from the sun. Thus, VERA will b e a p owerful to ol to

investigate the disk dark matter, and will hop efully give a solution to that problem.

4.1.5. Shap e of the Milky W ay Galaxy

VERA will observe hundreds of H

2

O maser sources in the star forming regions distributed over the entire Galactic

disk. These star forming regions are thought to b e mainly lo cated in spiral arms, as usually observed in extra-

galaxies. Thus, when accurate distances are obtained for these maser sources, one may b e able to know the precise

shape of spiral arms in the Galaxy’s disk. Also, the observations of SiO maser sources in the Galactic bulge will

enable us to study the structure and dynamics of the Galactic bulge in detail. In particular, there have b een several

investigations suggesting that the Galaxy is a barred spiral galaxy,

14{16

and this can b e tested with observations of

bulge SiO masers with VERA. Thus, based on the observ ations of many H

2

O and SiO masers in the Galactic disk

and bulge, VERA will reveal the clear shap e of the Milky W ay Galaxy .

4.2. Stellar and Star F ormation Physics

4.2.1. Stellar Out ows in Mira-type variables

One of the main targets of VERA is Mira-type star that emits H

2

O and SiO masers. These maser sp ots are

in the circumstellar shell, and their physical prop erties are thought to b e tightly related to the stellar out ow.

VERA will measure the precise p ositions and motions of these maser sp ots based on the phase referencing VLBI.

Thus, monitoring observations of Mira-type stars with VERA will b e a p owerful to ol to investigate the physics and

mechanism of out ows in late-type stars.

4.2.2. Disk and Jet Motions in Star F orming Regions

H

2

O masers emitted from star forming regions are thought to come from protoplanetary disk formed around the

protostar and/or molecular out ows. Monitoring observations of these maser sources with VERA will enable us to

measure the precise p ositions and motions relative to extra-galactic reference source such as radio sources and QSOs.

Thus, VERA will enable us to obtain the absolute motion of maser sp ots in star forming regions for the �rst time,

which is of great use in revealing the dynamics of star forming disk such as disk rotation and infall motion, as well

as out ow motions in jets.

4.2.3. Compact Active Stars in the Galaxy

While the maser sources are the ma jor targets of VERA, there are also several Galactic continuum sources that can

be observed with VERA at 22 GHz or 43 GHz. An example of such contin uum sources is an X-ray binary such as

Cyg X-1 and GRO J1655-40. These X-ray binaries are thought to b e a pair of a giant star and a compact ob ject such

as a neutron stars or black hole, in which the gas accretes from the giant star to the compact ob ject. VERA can

measure the precise distance to such radio emitting active stars, and also determine their orbital parameters based on

the p osition measurement relative to extra-galactic reference sources. Once the orbital parameters are determined

for the binary stars, one can obtain the mass of compact stars with high accuracy

. Thus, VERA will give some

fundamental information in studying the physics of compact stars.

4.3. Extra-galaxies and AGNs

4.3.1. Dynamics of Nearby Galaxies

Some maser sources in nearby galaxies are also observable with VERA. Maser sources in disks of extra-galaxies can

be used to study the dynamics of the galaxies. If one compares prop er motions of maser sources due to galactic

rotation as well as its rotation velocity obtained from its sp ectrum, one can obtain the distance to the galaxy directly .

Such a metho d can b e applied to M33, which has several maser sources in its disk.

17

4.3.2. Prop er Motions of Nearby Galaxies

It is common that some galaxies form a binary or group of galaxies, and are interacting with each other through their

gravitational force. One of the fundamental parameters in studying the interacting galaxies is the three-dimensional

velocity of galaxies. VERA will monitor nearby interacting galaxies that harb or AGNs in their central regions, and

measure their three-dimensional motions. F urther, systematic study of prop er motions in nearby clusters of galaxies

can b e used to measure directly the distance to the clusters of galaxies based on statistical parallaxes. T o obtain

proper motion of nearby galaxies with high accuracy

, monitoring for a few years is required.

4.3.3. Megamasers and Sup ermassive Black Holes

Masers are also found in the circumnuclear molecular disks of AGNs. F or instance, in NGC 4258, the distribution

and velocity of maser sp ots clearly demonstrate the existence of circumnuclear disk whose rotational motion is well

�tted by Keplerian velocity

, and provide the most comp elling evidence for a sup ermassive black hole in the galaxy

center.

18

Howev er, such a clear evidence for sup ermassive black hole is only found in few galaxies. The main reason

for this is that the masers in AGNs are to o faint to b e observed with normal VLBI. Based on the phase referencing

technique, VERA will enable us to p erform a long integration without coherence loss, and thus provide deep er images

of AGN maser sources. Thus, with VERA, one can study systematically sup ermassive black holes in AGNs as well

as the physics of masers in AGNs.

4.4. Cosmology

4.4.1. Period Luminosity Relation of Mira-type V ariables

By combining the v ariation p erio ds of Mira-type stars in the optical and/or infrared band with their accurate

distances obtained with VERA, one can establish a precise p erio d-luminosity relation for Mira-type variables. Such

a relation can b e used to calibrate accurately the distance of Galactic globular clusters and nearby galaxies such

as Magellanic Clouds and M31. Distances to Galactic globular clusters are of great imp ortance in studying their

ages and thus the age of the Universe, and distances to nearby galaxies are also imp ortant in calibrating further

steps of the cosmic distance ladder. Thus, p erio d-luminosity relation of Mira calibrated with VERA will provide a

fundamental basis for studying galaxies and cosmology .

4.4.2. Direct Distance Measurement to Nearby Galaxies

Distances to nearby galaxies can b e directly measured with VERA based on various metho ds. Some examples are

such as using disk rotation, statistical parallaxes and megamaser circumnuclear disks, and so on. With such distance

measurements to nearby galaxies, VERA will make the basic step of the cosmic distance ladder �rmer than ever.

REFERENCES

1. J. F. Lestrade, R. A. Preston, D. L. Jones, R. B. Phillips, A. E. Rogers, M. A. Titus, M. J. Rio ja, D. C. Gabuzda,

\High-precision VLBI astrometry of radio-emitting stars," Astronomy & Astrophysics 344, pp. 1014{1026, 1999.

2. N. Kaw aguchi, T. Sasao, S. Manab e, \Dual Beam VLBI T ec hniques for Precision Astrometry of VERA Pro ject,"

in Pro c. SPIE in press, 2000.

3. H. Hirabayashi, H. Hirosawa, H. Kobayashi, Y. Murata, P

. G. Edwards, et al. \Overview and Initial Results of

the V ery Long Baseline Interferometry Space Observ atory Program," Science 281, pp. 1825, 1998.

4. Y. Asaki, K. M. Shibata, R. Kawabe, D. G. Roh, M. Saito, K. Morita, T. Sasao, Radio Science 33 pp. 1297{1318,

1998.

5. F. Palagi, R. Cesaroni,G. Comoretto, M. F elli, V. Natale, \Classi�cation and Statistical Prop erties of Galactic

H2O Masers," Astronomy & Astr ophysics 101, pp. 153{193, 1993.

6. H. Izumiura, S. Deguchi, T. F ujii, O. Kameya, S. Matsumoto, Y. Nakada, T. Ootsub o, N. Ukita \SiO maser

survey of the Galactic disk IRAS sources I," Astrophysic al Journal Supplement Series 125 pp. 257{276, 1999.

7. M. Honma, T. Oyama, K. Hachisuk a, S .Sawada-Satoh, K. Sebata, et al., \J-Net Galactic Plane Survey of VLBI

Radio Sources for VLBI Exploration of Radio Astrometry (VERA)," Public ation of Astronomic al Society of

Japan submitted, 2000.

8. C. Ma, E. F. Arias, T. M. Eubanks, A. L. F ey , A. M. Gontier, C. S. Jacobs, O. J. Sovers, B. A. Archinal,

P . Charlot 1998, \The International Celestial Reference F rame as Realized by V ery Long Baseline Interferome-

try ," Astronomic al Journal 116, pp. 516{546, 1998.

9. A. B. Peck, A. J. Beasley

, \A VLBA Calibrator Survey

," in Radio Emission from Galactic and Extragalactic

Compact Sourc es, ASP Conference Series V ol.144, IAU Collo quium 464, eds, J.A. Zensus, G.B. T aylor, and J.M.

W robel, pp. 155

10. M. J. Reid, \The distance to the center of the Galaxy

,"Annual Review of Astronomy & Astrophysics 31, pp. 345{

372, 1993.

11. M. Honma, Y. Sofue , \Rotation Curve of the Galaxy

,"Public ation of Astronomic al Society of Japan 49, pp. 453{

460, 1997.

12. K. Kuijken, G. Gilmore, \The mass distribution in the Galactic disc," Monthly Notice of Royal Astronomic al

Society 239, pp. 571{603, 1989.

13. J. Bahcall, C. Flynn, A. Gould, \Lo cal dark matter from a carefully selected sample," Astrophysic al Journal

389, pp. 234{250, 1992.

14. S. Manab e, M. Miyamoto, \The north-south asymmetry in the galactic rotation curves," Publication of Astro-

nomical Society of Japan 27, pp. 35{44, 1975.

15. L. Blitz, D. Sp ergel, \The Shap e of the Galaxy

," Astrophysic al Journal 370, pp. 205{224, 1991.

16. Y. Nakada, T. Onaka, I. Y amamura, S. Deguchi, O. Hashimoto, H. Izumiura, K. Sekiguchi \Is the bulge of our

Galaxy triaxial," Nature 353, pp. 140-141, 1991.

17. L. J. Greenhill, J. Moran, M. Reid, C. Gwinn, K. Menten, A. Eck art, H. Hirabayashi \First images of water

vapor masers in the galaxy M33," Astrophysic al Journal 364, pp. 513{526, 1990.

18. M. Miyoshi, J. Moran, J. Herrnstein, L. Greenhill, N. Nakai, P

. Diamond, M. Inoue, \Evidence for a Black-Hole

from High Rotation V elo cities in a Sub-Parsec Region of NGC4258," Nature 373, pp. 127{129, 1995.