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ABSTRACT

Multiwavelength studies of the seven identified X-ray-dim isolated neutron stars (XDINSs) offer a unique op-
portunity to investigate their surface thermal and magnetic structure and the matter-radiation interaction in presence
of strong gravitational and magnetic fields. As a part of an ongoing campaign aimed at a complete identification and
spectral characterization of XDINSs in the optical band, we performed deep imaging with the ESO Very Large Tele-
scope (VLT) of the field of the XDINS RBS 1774 (1RXS J214303.7 +065419). The recently upgraded FORS1 in-
strument mounted on the VLT provided the very first detection of a candidate optical counterpart in the B band. The
identification is based on a very good positional coincidence with the X-ray source (chance probability ~2 x 1073).
The source has B = 27.4 4+ 0.2 (1 o confidence level), and the optical flux exceeds the extrapolation of the X-ray
blackbody at optical wavelengths by a factor ~35 (£20 at 3 ¢ confidence level). This is barely compatible with ther-
mal emission from the neutron star surface, unless the source distance is d ~ 200-300 pc, and the star is an almost
aligned rotator or its spin axis is nearly aligned with the line of sight. At the same time, such a large optical excess
appears difficult to reconcile with rotation-powered magnetospheric emission, unless the source has an extremely
large optical emission efficiency. The implications and possible similarities with the optical spectra of other isolated
NSs are discussed.

Subject headings: stars: individual (RBS 1774) — stars: neutron — techniques: photometric — X-rays: stars

Online material: color figure

1. INTRODUCTION

One of the most intriguing results of the ROSAT All Sky Sur-
vey has been the detection of seven close-by neutron stars (NSs),
with particular characteristics (XDINSs in the following; see
Haberl 2007; van Kerkwijk & Kaplan 2007 for recent reviews).
These sources stand apart with respect to other known classes
of isolated NSs detected at X-ray energies. Their X-ray spectrum
is close to a blackbody, and no evidence of radio emission has
been reported so far despite deep searches (e.g., Kondratiev et al.
2008).7 They are likely to be endowed with relatively strong mag-
netic fields, B =~ 10'*~10'* G, as inferred from X-ray timing mea-
surements and observations of broad spectral lines (equivalent
width ~10-100 eV, likely due to proton cyclotron and/or bound-
free, bound-bound transitions in H, H-like and He-like atoms).
This points toward a possible evolutionary link between XDINSs,
“magnetars” (anomalous X-ray pulsars and soft gamma repeaters;
see Mereghetti 2008 for a review), and some of the recently dis-
covered rotating radio transients (RRATs; McLaughlin et al.
2006, 2007; see also Heyl & Kulkarni 1998; Popov et al. 2006
for a discussion).

Detailed multiwavelength studies of XDINSs are fundamen-
tal for tracking their evolutionary history, and for shedding light
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on their thermal and magnetic surface properties. While the
XDINSs have similar spectral properties in the X-rays, in the
optical the paucity of multiband observations prevents a clear
spectral characterization. For the XDINSs with a certified coun-
terpart (see, e.g., Kaplan 2008 for a recent review) the optical
emission lies typically a factor ~10, or more, above the extrap-
olation of the X-ray blackbody into the optical/UV band. How-
ever, while the optical flux closely follows a Rayleigh-Jeans
distribution in RX J1856.5—3754, possible deviations from a
J~* behavior have been reported for RX J0720.4—3125 and
RX J1605.3+3249 (Kaplan et al. 2003a; Motch et al. 2003,
2005; Zane et al. 2006). Thus, whether the optical emission from
XDINS:s is produced by regions of the star surface at a lower
temperature (e.g., Pons etal. 2002) or by other mechanisms, such
as non-thermal emission from particles in the star magnetosphere
or reprocessing of the surface radiation by an optically thin (to
X-rays) hydrogen layer surrounding the star (Motch et al. 2003;
Zane et al. 2004; Ho et al. 2007), is still under debate.

One of the XDINSs which so far eluded optical identification
is RBS 1774 (1RXS J214303.7+065419). This source was first
identified in a pointed ROSAT PSPC observation by Zampieri
et al. (2001); accurate spectral and timing information were then
obtained with XMM-Newton by Zane et al. (2005). The EPIC-pn
count rate (background corrected) is ~1.6 count s~! (in the
0.12—1.2 keV band), while the 0.2-2 keV unabsorbed flux is
~5x 107! ergs cm~2 s~!. The EPIC-pn spectrum is very soft
and well fitted by an absorbed blackbody with kT ~ 104 eV and
Ni ~ 3.6 x 102 ¢cm™2. There is evidence for a spectral absorp-
tion feature at ~0.7 keV, and for a periodicity at 9.437 s (4 o con-
fidence level) with a pulsed fraction of ~4% in semiamplitude
(Zane et al. 2005; Cropper et al. 2007).

The first optical follow-ups with the N77 and with the VLT
revealed no optical counterpart within the XMM-Newton error
circle, down to limiting magnitudes of R ~ 22.8 (Zampieri et al.
2001; Zane et al. 2005) and V' ~ 25.5 (Mignani et al. 2007b),
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respectively. Additional optical (B, ¥, v/, i") and infrared (J, H,
and K) observations of RBS 1774 performed with the Keck,
VLT, Blanco and Magellan telescopes were recently reported by
Rea et al. (2007) exploiting the subarcsecond position obtained
through a DDT Chandra observation. Again, no plausible opti-
cal and/or infrared counterpart for RBS 1774 was detected down
to r ~25.7 and J ~ 22.6. Radio observations carried out with
the Parkes 64 m telescope at 2.9 GHz and 708 MHz were also re-
ported by Rea et al. (2007). However, they did not show evidence
for radio pulsations down to a luminosity of L = 0.02 mJy kpc?
at 1.4 GHz. Very recently Kondratiev et al. (2008) placed more
stringent upper limits on the radio luminosity of RBS 1774,
L1 4GH, ~ 0.005 and ~7.6 mJy kpc? for pulsed and bursty emis-
sion respectively, which are the most stringent limits obtained
to date from radio observations of XDINSs.

In this paper we present the first detection of a candidate op-
tical counterpart to RBS 1774, obtained with the VLT. The obser-
vations and data analysis are described in § 2, while discussion
and conclusions follow in §§ 3 and 4, respectively.

2. THE NEW VLT OBSERVATIONS
2.1. Observations Description

We performed deep optical imaging of the RBS 1774 field
with FORS1 (Focal Reducer Spectrograph), a multimode instru-
ment for imaging and long-slit/multiobject spectroscopy mounted
atthe VLT Kueyen Telescope (Paranal Observatory). The instru-
ment has been recently upgraded with the installation of a new
detector which is the mosaic of two 2k x4k E2V CCDs, opti-
mized for the blue range. Due to vignetting, the effective sky
coverage of the two CCD chips is smaller than the projected
detector field of view, and larger for the upper chip (dubbed
“Norma”). Observations were carried out in Service Mode on
2007 July 11 and 21. FORS1 was set up in its default standard
resolution mode, with a 2 x 2 binning, yielding a pixel size of
0.25”. The telescope pointing was set in order to position our
target on the “Norma” CCD chip, and, thanks to its large ef-
fective sky coverage (7’ x4'), to include a large number of ref-
erence stars for a precise image astrometry. The low-gain, fast
read-out mode was chosen. Sequences of 590 s exposures were
obtained through the B Bessel filter (1 = 429 nm; A4 = 88 nm),
for a total integration time of 8850 and 2950 s in the first and
second night, respectively. The observations were collected in
dark time, with an average seeing of ~0.7" and ~0.9” and an
air mass ~1.17-1.37 and ~1.18 on the first and second night,
respectively.

2.2. Data Reduction

The usual reduction steps (bias subtraction, flat-fielding) were
applied to the data through the ESO FORS1 data reduction pipe-
line® using calibration frames acquired as part of the FORS]
calibration plan. Then, single reduced images were aligned
and co-added to filter out cosmic rays using the IRAF task
imcombine. The photometric calibration was performed through
the observation of standard stars from the fields PG 1323—086,
PG 1633+099, SA 113—239 (Landolt 1992) at the beginning
of the night. This yielded nominal extinction and color-corrected
zero points of 28.16 £ 0.04 and 28.17 + 0.04 for the first and
the second night, respectively. The atmospheric extinction cor-
rection was applied using the extinction coefficients of the Paranal
Observatory measured with the upgraded FORS1 (kg = 0.255 for

8 See http://www.eso.org /observing /dfo/quality/ FORS 1/pipeline.
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the “Norma” chip). Since the zero point computed by the FORS1
pipeline is in units of e~ s~!, while the flux on the image is
measured in ADU s~!, we corrected the computed zero point
by applying the detector electrons—to—ADU conversion factor
(GAIN = 0.45). According to the Paranal Observatory sky mon-
itor and weather report, sky conditions were photometric on
the first night and at the beginning of the second night but they
were then affected by the presence of thin, variable cirri. This
means that the photometry of the second night is affected by a
random, unknown uncertainty. We have tried to quantify this
uncertainty by comparing the photometry of a number of refer-
ence field stars observed in the two nights. The star detection was
performed using the SExtractor program and magnitudes were
computed through customized aperture photometry (SExtractor
parameter MAG_AUTO). In all sources detected at the flux level
expected for our target (B > 26), we found an average offset
of ~0.1 £ 0.5 mag between the photometry of the two nights.
Such a large scatter for faint objects is due to the fact that their
flux measurement is more sensitive on the varying atmospheric
conditions than that of the bright ones. Thus, if data of the two
nights are combined, this would result in only a modest increase
of the S/N ratio at the expenses of a worse photometric accuracy
for our target. We thus decided not to use the data taken on the
second night.

2.3. Astrometry

The astrometry on the FORS1 image was computed using as a
reference the coordinates of stars selected from the GSC-2 (ver.
3.2; Lasker et al. 2008). All stars from the UCAC-2 (Zacharias
etal. 2004) are saturated in our images. Approximately 90 GSC-2
objects are identified in the FORS1 “Norma” field of view. After
filtering out extended objects, stellar-like objects that are satu-
rated or too faint to be used as reliable astrometric calibrators, ob-
jects falling close to the chip edges, and outliers, we performed
our astrometric calibration using 20 GSC-2 reference stars, evenly
distributed in the instrument field of view. Their pixel coordinates
were measured by Gaussian fitting their intensity profiles with the
GAIA (Graphical Astronomy and Image Analysis) tool,” while
the fit to the celestial reference frame was performed using the
Starlink package ASTROM.' This code is based on higher or-
der polynomials, which account for unmodeled CCD distortions.
The rms of the astrometric solution was determined as ~0.11”,
per coordinate. Following Caraveo et al. (1998), we estimated
the overall uncertainty of our astrometry by adding in quadrature
the rms of the astrometric fit and the accuracy with which we can
register our field on the GSC-2 reference frame. This is estimated
as V3 x ogsc/v/Ns, where the v/3 term accounts for the free pa-
rameters (x-scale, y-scale, and rotation angle) in the astrometric
fit, oggc is the mean (radial) error of the GSC-2 coordinates
(0.3”; Lasker et al. 2008) and N, is the number of stars used for
the astrometric calibration. The uncertainty on the reference stars
centroids is well below 0.1 pixel and has been neglected. We also
added in quadrature the radial uncertainty on the tie of the GSC-2
to the ICRF (0.15"; Lasker et al. 2008). Thus, the overall radial
accuracy of our astrometry is 0.24” (1 o).

2.4. Results

Figure 1 shows a section of the co-added FORS1 B-band im-
age of the RBS 1774 field. Figure 1 (right) shows a zoom with
the Chandra position of RBS 1774 overlaid. The coordinates of

° See http:/star-www.dur.ac.uk /~pdraper/gaia/gaia.html.
19" See http://star-www.rl.ac.uk /Software/software.htm.
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Fig. 1.— Lefi: B-band image (40" x40") of the RBS 1774 field obtained with FORSI at the VLT Kueyen Telescope. The square corresponds to the 6" x 6’ zoom
shown in the right-hand panel. The intensity scale has been readjusted for an easier view of the brighter objects in the field. Right: 6" x 6" zoom of the same field. The circles
correspond to the original (Rea et al. 2007) and revised (this work, § 2.4) Chandra position of RBS 1774, and are drawn at the 90% and 99% confidence levels. Their size
(0.65" and 0.85", respectively) also accounts for the uncertainty of the astrometric calibration of the FORS1 image. The object detected at the center of the error circles
(B =27.4 £+ 0.2) is our candidate counterpart to RBS 1774. [See the electronic edition of the Journal for a color version of this figure.]

RBS 1774 were measured with high precision using Chandra
HRC observations by Rea et al. (2007): o = 21"'43™03.38°,
6 = +06°54'17.53" (J2000.0) with a nominal accuracy of 0.6”
at the 90% confidence level (c.l.). The Chandra observation
was recently reprocessed (2007 December) using updated cal-
ibration data products, and revised coordinates were obtained,
a = 21M43m03.40°, § = +06°54'17.79" (J2000.0; with the same
nominal accuracy; G. L. Israel 2007, private communication),
which are consistent with the published ones. For comparison, in
Figure 1 we show both the original and the revised error circles at
the 90% and 99% c.1. The size of the error circles also accounts
for the overall uncertainty of our astrometric calibration.

As is evident, a very faint object is detected about 0.2” from
both the original and revised X-ray position. The object profile
is pointlike and consistent with the measured PSF, which, at the
level of the FORSI spatial resolution, rules out the possibility of
blending of fields object. We computed its magnitude through
aperture photometry, by using a customized aperture and back-
ground region, following the same procedure described in the
previous sections. The background was computed in an annular
region centered on the target, in order to have the most reliable
estimate close to the position of our source.

The measured value, corrected for the atmospheric extinction
using the trended FORS1 extinction coefficients, is B = 27.4 +
0.2 (significant at ~9 o) where the quoted error (1 o c.l.) is
purely statistical and does not include the much smaller errors
on the zero point and on the atmospheric extinction correction.
No other object is detected within or close to the Chandra po-
sition down to a 3 ¢ limit of B ~ 28.7. As pointed out in the
previous sections, the FORS1 coordinates are tied to the ICRF
within 0.15” so that we exclude an hypothetical shift with re-
spect to the Chandra coordinates which are also tied to the
ICRE."" Thus, given its very good coincidence with the X-ray

' See http://cxc.harvard.edu/cal/ASPECT/celmon.

position, we regard this object as a viable candidate counterpart
to RBS 1774.

3. DISCUSSION

In this paper we report the first detection of a likely optical
counterpart for RBS 1774. Standardly, optical identifications of
isolated neutron stars are robustly confirmed either by the detec-
tion of optical pulsations or by the measurement of a signifi-
cant proper motion. In absence of such information we can base
the optical identification only on the positional coincidence be-
tween the coordinates of our candidate counterpart and those
of RBS 1774, as measured in the X-rays. In order to quantify
the statistical significance, we estimated the chance coincidence
probability that an unrelated field object might fall within the
Chandra error circle. This can be computed as 1 — exp (—mjur?)
(see, e.g., Severgnini et al. 2005), where p is the measured object
density in the FORS1 “Norma” field of view and r is the reg-
istered radius of the Chandra error circle (0.65”, accounting for
the uncertainty of the FORSI astrometry while the uncertainty
due to the unknown RBS 1774 proper motion is negligible given
the small time span between the Chandra and VLT epochs). The
measured density of stellar objects in the field with magnitude
27.2 < B <27.7,i.e.,comparable to that of our candidate coun-
terpart, is ~0.0015 arcsec™2. This yields an estimated chance
coincidence probability P ~ 2 x 1073, which shows that our as-
sociation is robust.'? Thus, we are confident that we have iden-
tified a very likely optical counterpart to RBS 1774.

The flux of our candidate counterpart in the B band, after
correcting for interstellar extinction, is Fp = (2.55 £ 0.47) x
1077 keV cm~2 s~! (the error is at 1 o c.l.). To compute this
value, we used the column density derived from the best fit to
the XMM-Newton spectrum (N = 3.60 x 10> cm=2; Cropper

12 If we compute the chance probability by considering all objects brighter
than B = 27.7, we get a very similar result, P = 2.3 x 1073,
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Fic. 2.—Multiband spectrum of RBS 1774. Diamonds represent the XMM-
Newton spectrum (Zane et al. 2005). The solid line shows the unabsorbed black-
body that best fits the X-ray data, while arrows represent the 5 o upper limits
reported by Rea et al. (2007). The new VLT measurement is shown as a cross. Dot-
ted and dashed lines represent two power-law components matching the B flux
and with slope o = 0, 1.4, respectively. Figure readapted from Rea et al. (2007).

et al. 2007), with the 4 derived according to the relation of
Predehl & Schmitt (1995)." The interstellar extinction in the
B-band has been computed using the extinction coefficients of
Fitzpatrick (1999). When compared to the extrapolation in the
B band of the blackbody which best fits the XMM-Newton spec-
trum, Fpx = 7.36 x 1072 keV cm~2 s~! (Cropper et al. 2007),
this gives an optical excess of 35 + 20 (at 3 o c.l.), where all the
uncertainties on the magnitude—to—flux conversion are negligi-
ble. The result is shown in Figure 2, where the optical /IR upper
limits of Rea et al. (2007) are also overplotted. The optical excess
is larger than that typically observed in other XDINSs, and this
may cast some doubts on the association of the newly detected
source with RBS 1774. On the other hand, if, as we suggest, the
association is real, it can be used to infer physical constraints on
the mechanism that is responsible for the optical emission.

The first scenario we consider is one in which the optical emis-
sion originates from a cooler fraction of the neutron star surface,
which emits as a blackbody at temperature 7, (Braje & Romani
2002; Pons et al. 2002; Kaplan et al. 2003b; Triimper et al.
2004)."* In this case, the ratio between the optical and X-ray
fluxes scales as %r(%To/r)z(Tx = f, where r, is the radial size of
the cold region (which of course cannot exceed the maximum
value of the neutron star radius), ryx and Tx are the blackbody
radius and temperature as inferred from the X-ray spectrum,
Tx = 104 eV, rx = 2(d/300 pc) km (Cropper et al. 2007). By
making an assumption of », we can obtain the lower limit on 7,
that corresponds to values of f between the central value and
the 3 o lower limit (15 < f < 35). Furthermore, since no contri-
bution from such a cold component is observed in the 0.1-1 keV
XMM-Newton spectrum, it must be R < 1, where

R:<_> ( ) *Jolfs, £/ lexp () — 1] di
rx fl/TX 3 /[exp (t) — 1] dt

0.1/Tx

13 The Predehl & Schmitt (1995) relation is affected by uncertainties for close
objects, due to the problems of modeling the ISM at small distance from the Sun
where microstructures weight more. We checked that, when using the relations of
Bohlin et al. (1978) as in Rea et al. (2007) and of Paresce (1984) extinction cor-
rections are consistent within 0.04 mag, well below the pure statistical error on the
source count rate.

!4 Note, however, that when applied to other XDINSs this scenario often re-
quires large neutron star radii.
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We repeated this calculation by varying the distance between 200
and 500 pc15 and for r, = 20, 15, or 10 km. Results show that
this scenario is only barely compatible with our data and requires
very small distances: d ~ 300—400 pc are only allowed within
3 ¢ and for neutron star radii as large as r, = 20 km, while if
r, = 15 km the only allowed combinations require ' = 15-22
and d ~ 200-250 pc. On the other hand, the lower the distance
the smaller is the size of the X-ray-emitting region and the more
difficult is to explain the small pulsed fraction observed in the
X-rays (which is ~4% in semiamplitude).

As we tested by assuming simple polar cap modeling and
blackbody emission, if d = 300 pc the allowed parameter space
is already confined to a very small region where the inclination
angles of the line of sight and of the magnetic dipole axis with
respect to the star spin axis are both <20°. If d = 200 pc, the al-
lowed region is even smaller and the only possible configura-
tions require the star to be either a perfectly aligned rotator or
viewed almost along its spin axis.

As discussed by Motch et al. (2003), Zane et al. (2004), and
Ho et al. (2007) spectral models consisting of bare neutron
stars surrounded by thin atmospheres may predict very different
amount of optical excess. However, such models are affected by
our poor knowledge of the properties of the condensate surface,
and whether they can produce optical excesses as large as that
measured here is still an open issue.

An alternative interpretation is that the optical emission is non
thermal, probably of magnetospheric origin (Pacini & Salvati
1983). As it can be seen from Figure 2, a power-law spectral
component £~ matching the B flux and with index o ~ 0-1.4
is not in contradiction with the upper limits measured at longer
wavelengths and, at the same time, is not expected to contribute
significantly to the X-ray band. These constraints on the optical
spectral index are compatible with the values determined from
the optical spectra of rotation-powered neutron stars, which are
all in the range 0-0.8 (see, e.g., Mignani et al. 2007a). In this re-
spect, we note that for the XDINSs for which the spin down lu-
minosity is measured (Cropper et al. 2004; Kaplan & van Kerkwijk
2005a, 2005b; van Kerkwijk & Kaplan 2008) it is £ ~ 5 x
103° erg s~!. If the case of RBS 1774 is analogous, and if we
take Lopt/E ~ 107 for the optical emission efficiency (as mea-
sured in old rotation-powered neutron stars by Mignani et al.
2004), this yields an optical luminosity of ~5 x 10?* ergs s~!. In
order to reproduce the observed flux of our candidate counter-
part, after accounting for the assumed interstellar extinction,
RBS 1774 should be at an unrealistically small distance of ~25 pc.
Thus, for the assumed value of E, a purely rotation-powered op-
tical emission is only compatible with a scenario in which our
source is at least a 2 orders of magnitude more efficient optical
emitter (see below). Similar conclusions can be reached if we
consider the case in which the observed optical emission of
RBS 1774 is due to a composite mechanism consisting of both
thermal emission from the neutron star surface and a rotation-
powered magnetospheric emission (as in the middle-aged neutron
stars PSR B0656+14 and Geminga; e.g., Kargaltsev & Pavlov
2007).

A further, intriguing possibility is that the optical emission is
nonthermal and powered by a mechanism different from rota-
tion. Interestingly, at least in the IR domain, hints have been
found for an increase of the low-energy emission efficiency with
the dipole magnetic field strength (Mignani et al. 2007¢). Indeed,

'3 We do not use the distance determination by Posselt et al. (2008) since their
model is currently under revision for the case of RBS 1774 (B. Posselt 2007, pri-
vate communication).
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in magnetars the efficiency is at least 2 orders of magnitude larger
than in rotation-powered neutron stars and the spectra show a typ-
ical (and unexplained) flattening toward the infrared (Israel et al.
2003). It is interesting to note the magnetic field strength of RBS
1774 as inferred from the absorption feature in the X-ray spec-
trum is the highest among all XDINSs (B ~ 10'* G), larger than
the QED critical limit and comparable with that of magnetars.
The optical emission of RBS 1774 could thus be powered by a
magnetar-like process. If the spectrum of RBS 1774 shows a
similar magnetar-like turn over, then the flattening is appearing
blueward of the IR band.

4. CONCLUSIONS

We report here the deepest optical observations so far of the
RBS 1774 field, performed with the upgraded FORS1 instrument
atthe VLT Kueyen Telescope. Based on the positional coincidence,
we have identified a likely candidate counterpart. RBS 1774 would
then be the fifth XDINS detected in the optical band, the second
by the VLT. For the most reasonable distance range to the X-ray
source, the measured brightness of the candidate counterpart
(B ~ 27.4) is barely compatible with purely thermal emission
from the neutron star surface, while, assuming a value of E sim-
ilar to that of other XDINSs, rotation-powered emission from the
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magnetosphere (eventually in combination with a thermal com-
ponent) requires RBS 1774 to have a very large optical efficiency
(~3 order of magnitudes larger than the Crab for d = 400 pc).
If the optical emission is powered by a different process, the
likely high magnetic field of RBS 1774 tantalizingly suggests
magnetar-like magnetospheric emission as a viable option. New
multiband observations, especially in the near-UV and in the
near-IR, are required to characterize the counterpart spectrum
and to assess the contribution of possibly different spectral com-
ponents. At the same time, high-resolution optical astrometry of
the candidate counterpart with the refurbished HST could yield
the first direct estimate of the RBS 1774 parallax and distance,
crucial to build the neutron star surface thermal map, and to pro-
vide confirmation of the optical counterpart through proper mo-
tion measurements.
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