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Abstract. We present optical data gathered by YeT Test Table 1.Properties of PSR1706-44 and PSR0833-45 (Yela)
Camera in th&/-band at the radio (interferometric) position of
PSR1706-44. We find no optical counterpart to the pulsar in the PSR1706-44 \Vela pulsar
VLT image. At a distance of/'Z from a nearby bright star, theDi tance (kpc)d 1gb 0.5

30 upper limit to the pulsar magnitude above the backgrowig,gﬁSe periodP (s) 0.1024 0.0893

is V' = 25.5. Within an error circle of 10 the upper limitis (10- % ss7) 93.04 194.7
degraded in the direction towards the star. At a distgc®’ log (Timing age) 4.94 4.05
from the star we can with confidence only claim an upper limit
of V = 24.5. This is still several magnitudes fainter than prevj: D@ from Taylor, Manchester & Lyne (1993).
ous estimates. The implications of the optical upper limit takerf*t€rated = 2.4 kpc (Koribalski etal. 1995; Thompson etal. 1996)
together with the high energy pulsed gamma-ray radiation for
theoretical models of pulsar emission are discussed.

A number of rotation powered pulsars are found to emit hig
Key words: stars: pulsars: individual: PSR1706-44 —telescopesergy radiation (from optical to gamma-ray bands) which is
— stars: pulsars: general combination of differing amounts of three spectral componen
1) power-law emission, resulting from non-thermal radiation ¢
particles accelerated in the pulsar magnetosphere, 2) soft bl
body emission from surface cooling of the neutron star, 3) a ha
1. Introduction thermal component from heated polar caps. In addition, the
is often a background of unpulsed emission from a surroundi

Optical detection of pulsars constitute a critical part of an e
panding set of multiwavelength observations of isolated neutrd§ichrotron nebula.
stars that together aid in the development and constraining of PSR1706-44 belongs to the set of severay pulsars de-
theoretical models of pulsar electromagnetic radiation. To d&cted by EGRET (Thompson etal. 1996). It has been detec
tect optical pulsations, it is necessary to unambiguously idéie @ unpulsed point source by ROSAT (Becker et al. 1993
tify the optical counterpart of a pulsar that has been obser/24il€ it has not yet been seen as a pulsed X-ray source, str¢
in other bands, say radio or gamma-rays. Because of its hbtpper limits to its pulsed X-ray flux from the Rossi X-ray Tim
spin-down energy loss and relative proximity to Earth, the radfod Explorer (RXTE) and other satellites have been used
pulsar PSR1706-44 has been a prime candidate for observafigpstrain the level of the thermal component from the heat
in many bands of the electromagnetic spectrum. (See TablBfar caps. In the optical, PSR1706-44 has not been detect
for a description of PSR1706-44, and a comparison with t||;)éaep_opt|cal observations like those in this wo_rk_are neede_:d
Vela pulsar, which is of similar age.) The recent observation Fjganingfully test the outer gap model’s prediction of optic
theVery Large Telescope (VLT)TL in its Science Verification €Mission (Ray et al. 1999). _
(SV) phase, of the field containing this pulsar has allowed the At Present, itis not clear how and where in the pulsar may
determination of a magnitude limit in tHé-band. netosphere the pulsed non-thermal high energy emission ori
nates. Similarly, the relationship between optical pulsed em

* Based on observations collected at the European Southern ObSi and those in the X-ray or gamma-ray bands are uncl
vatory, Paranal, Chile (VLT-UT1 Science Verification Program)  Qualitatively, high energy radiation is believed to occur fro
Correspondence tgpeter@astro.su.se incoherent curvature radiation in the outer magnetosphere
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by synchrotron emission by energetic electrons near the li¢ ° * .
cylinder. So far optical pulsations have been detected from 1 By L.
Crab (Cocke et al. 1969) and Vela (Wallace et al. 1977) pulsa IR . .;
PSR0540-69 (Middleditch & Pennypacker 1985), PSR0656+ ‘ « o .’ . . 3
(Shearer et al. 1997) and (possibly) Geminga (Shearer et, .. g g8 ol S = |
1998), while ultraviolet pulsations were seen only from the Cr: ‘. . y é '
pulsar using the Hubble Space Telescope (Gull etal. 1998). *@ . e : \/ |
existing models of optical pulsed radiation (Pacini & Salva : . 4 . . ’ ¢
1987) underpredict the observed fluxes of middle aged puls o - ‘ d S
like Geminga and PSR0656+14 by several orders of magnitu - : 2 & LD Z
A phenomenological analysis of the optical efficiencies (fra - ° . . s B2 3
W e N e '“

tion n,p¢ Of spin down power radiated in the optical bands) o *

pulsar parameters show tha,, o< P2 for the five observedso = #_-'0 : . ‘. ’ .‘ -3
far (Goldoni et al. 1995). However, the overall consistency " : »
the models with observed data like phase relationship and .' . ‘- ‘a e
correlation between optical and higher energy bands is not vi * " gk Fwe
compelling. ’Pulsar L % " "

Here we report on th¥LT-UT1 SV phase observations in® = # 5 V. i . £ &
the optical of the field including the position of the radio emis.  * Koyt ¢ R * 7l
sion from PSR1706-44. The results are discussed in Sect. 2, * . N .‘-: * .. y ‘
their implications in Sect. 3. Py N A ; : e

. - . '0‘. . .“. ’ a
2. Observations and results " '.. . . . .. 0, ..' o ok
. : SR SEEE
The field of PSR1706-44 was observed with the Test Camt o ) % : : -
onVLT-UT1 on August 19, 1998, during SV. (The instrumen = : & LI N o .

tation is described in Leibundgut & Renzini 1999.) Six imagesg. 1. The field of PSR1706-44 as observed with the Test Camera on
of 600 seconds each were obtained in theband. All obser- v| T-UT1. Thisisthe combination of si-images with a total exposure

vations were made with 2x2 binning, a pixel thus correspongisie of 3600s. The field of view shown is 79 88". The position of

to ~ 0709 on the sky. The raw images were bias subtracted the pulsar is marked with an arrow to the far left of the image. (See

determining the bias level in the overscan region of the CCBig. 2 for a more accurate positioning).

The two-dimensional bias structure was removed with a master

bias frame. Flatfielding was done usin§ya-flat obtained from

the science observations on the previous ﬁlg'ﬁhe siximages limit to the pulsar’'s emission we constructed a PSF from ten

were aligned and combined into a final image (see Fig. 1). Théght stars in the field using the IRAF/DAOPHOT PSF task.

quality of this image is very good, with a FWHM ef 0”5. We thereafter added a number of artificial stars with different
Previous attempts to constrain the emission from the pulgaagnitudes to the image. The magnitudes are all measured rel-

have been severely hampered by a bright nearby star. This atiye to Star 1 { = 17.3, CK98). The colour terms for the

was named Star 1 by Chakrabarty & Kaspi (1998; hencefoganfiguration have been measured to be small and are neglected

CK98), and its magnitude was measured/te= 17.3. Due to in our study.

poorer spatial resolution they could only obtain an upper limit To ensure similar backgrounds, the artificial stars were all

for the pulsar ofR = 18. The good seeing of théLT image Positioned at a distance af'7 from Star 1. We thus find that

enables us to significantly improve upon this. stars of magnitud& = 25.0 should have been easily seen. Also
In Fig. 2 we show a blow-up of the region around Star ¥/ = 25.5 is clearly visible but an artificial star with = 26.0

Using the radio position of the pulsar (Frail & Goss 1998; Warig rather faint. If the pulsar is positioned at the outer end of our

et al. 1998), CK98 estimate that the pulsar should@lieaway e€rror circle, even & = 26.0 star is easily seen. Measuring the

from the star. The uncertainty in this position is a combinatidrckground at this distance from Star 1 shows that an artificial

of errors in the radio position, errors in the astrometric solutigtar withV = 25.5 has in fact a peak pixel value that is more

to the optical image and a mismatch in aligning radio and optidgan 3 above the background. This is thus a firm upper limit

frames. These are all of the ord&5 — 0//7. We have adopted for the image.

a combined error of”0. This error circle around the position ~ However, if the pulsar would be positioned much closer to

27 away from Star 1 is shown in Fig. 2. the star thar2”7, our method of measuring the limiting mag-
We carefully searched for the pulsar around that positioniifude becomes more uncertain. In fact, we do see a region of

the VLT image, but no object was found. To estimate an uppefighter emission in the innermost part of our error circle. This
might just be fluctuations in the PSF of the bright star. To esti-

1 See http://www.eso.org/paranal/sv/ for details. mate how bright a star one could hide in the PSF of Star 1 we
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a L] Fig. 3. Multiwavelength spectrumy F,, versusv, for PSR1706-44.
Data are taken from the compilations of Thompson et al. (1996, 199
except for the points marked ‘v’ which are from this work. The poin

B g marked ‘RXTE’ is from Ray et al. (1999), and that marked ‘R’ is fro
i CK98. Our two V points correspond to two estimates which shou
b o» . - ! bracket the dereddened upper limit in the visiél= 24.6 assumes

minimum extinction @y = 0.9) and the pulsar lying outside the PSF
Fig. 2. This is a blow-up of Fig. 1 around Star 1. The expected positic?r]; star 1.’V =215 assumses maximum extlncthA‘Q =3) anq the
of the pulsar is inside the error circle shown. The circle has a radiuspcwSar lying close to Star 1 in projection. The point by CK98 is likel

170 and is centered'Z away from Star 1 t0 underestimate the extinction.

instead subtracted artificial stars from this position until a hofer PSR1706-44. For a flat optical spectrum, this gi¥gs2
appeared in the background. We find that it is possible to hidet x10~>* ergs ! cm~2 Hz~! betweeni x 10'* and7.5x 10'*
a rather bright point sourcd’( = 25.0) at a distance of 2 Hz. AssumingF, to be the same in both thé and R bands,
from the star. As a firm upper limit for a pulsar this close téhe magnitudes predicted by the outer gap models by Che
Star 1 we therefore claifi = 24.5. Ho & Ruderman (according to Usov 1994) ake< 20.0 and

We conclude that the pulsar is most likely fainter thal’ < 19.8. We will now compare these limits with the observec
V=26.0 magnitudes. Deeper exposures are needed to addligyts by CK98 and those found in this work.
this question. However, if the pulsar is indeed substantially CK98found an upper limit to th& magnitude for the pulsar
closer to the bright Star 1, the PSF of that star limits our studyf. R = 18. Itis obvious that the data of CK98 do not constrai
We claim an upper limit of V=24.5 inside out’0 error cir- the outer gap model, in particular since extinction appears
cle. This is still much fainter than the previous upper limit ofo have been included by CK98.

CK98. HST resolution would be required to improve upon this We know that extinction in the direction to the pulsar mus
estimate. occur. The photometry of Star 1 by CK98 indicates thaB —

V) ~ 0.29. The extinction to the more distant PSR1706-44 i
likely to be higher. A rough estimate of the visual extinctio
is one magnitude per kpc (Spitzer 1978), which would indica
The magnitude limits obtained in Sect. 2 have theoretical implity, ~ 2to the pulsar. This is consistent with the column densit
cations which we briefly mention here. The optical radiation &y < 5x 102! cm~2, indicated by the X-ray data of Finley et al.
expected to be produced by tertiafy-pairs produced in outer (1998). This limiting column density translates intg, < 3.
gap discharges. These particle fluxes and energy spectra awk likely range for Ay is therefore0.9 — 3 magnitudes. The
turn dependent upon those of the primary and secondary eléereddened® magnitude could therefore be much brighter tha
trons and the particular radiation mechanism involved, and tRe= 18, and of little value in constraining the outer gap mode
optical fluxes may be correlated with the gamma-ray photéor PSR1706-44.
fluxes in such models. The situation is different for ouv” estimates from th&/LT
Usov (1994, see his Eq. (24)) has estimated the scalingatiiservations. Even if we adopt maximum extinctieiR,(~ 3),
the optical vs gamma-ray luminosities expected in the outer gapd if the pulsar would lie close to Star 1 in projection, the dere
models by Cheng, Ho & Ruderman (1986a, 1986b) for Vela-lildened observed upper limit is only ~ 21.5, which is~ 1.7
pulsars. Usov’s analysis predicts that the frequency integratadgnitudes fainter than the limit obtained from Usov’s analysi
optical flux (betweer x 1014 and7.5 x 10! Hz), F,,, should In Fig. 3 we have included our dereddened upper limit ¢for
scale with the integrated gamma-ray fludas, > 4x10~*F,. two combinations of4y and projected distances from Star 1
From Fig. 3 we estimate the pulsdd to be3 x 10'3 JyHz in a multiwavelength spectrum of the pulsar. Similar spect

3. Discussion and conclusion
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are presented by Thompson et al. (1999) for the Crab, Velaise level. We doubt such a faint star could be seen, especially

and Geminga pulsars, as well as PSR1509-58, PSR1951i#3®sitioned close to Star 1.

and PSR1055-52. Our faint limit to thé, in comparison to

the predictions of the standard outer-gap model, scaled from

gamma-ray flux{’ < 19.8), requires a low frequency cutoff in Ac_:knowledgementsWe tharjk the SV team fo_r the observatiorl of

the synchrotron emission spectrum for PSR1706-44. E;IS p“:sar a”gj’mak'”gfa"‘;‘j'_'ab'e the Suglr_ned g’}age for a”a'ys'ts’dat;‘d
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netic field at the outer boundary of the outer gap. This average

Bis: By, < B < (¢/Qr;)3 By, where the subscript ‘L refers
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