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ABSTRACT

We report on the first deep optical observations of two y-ray pulsars, both among the very
first discovered by the Fermi Gamma-ray Space Telescope. The two pulsars are the radio-loud
PSR J1907+0602 in the TeV pulsar wind nebula (PWN) MGRO J1908+06 and the radio-
quiet PSR J1809—2332 in the ‘Taz’ radio/X-ray PWN. These pulsars are relatively young and
energetic and have been both detected in the X-rays by XMM—-Newton, which makes them
viable targets for optical observations. We observed the pulsar fields in the B and V bands with
the Very Large Telescope (VLT) in 2015 June/July to search for their optical counterparts.
Neither of the two pulsars has been detected down to 3¢ limiting magnitudes of m, ~ 26.9
and ~27.6 for PSR J19074-0602 and PSR J1809—2332, respectively. We discuss these results
in the framework of the multiwavelength emission properties of pulsars.
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1 INTRODUCTION

Pulsars are rapidly rotating isolated neutron stars, powered by their
rotational energy (see Kaspi & Kramer 2016 for a recent review).
Prevalently observed at radio wavelengths, they are also detected at
X- and y-ray energies and in the optical band, where they are chal-
lenging targets owing to their intrinsic faintness (Mignani 2011).
While in the 1980s/1990s pulsar searches in the optical were mainly
driven by their X-ray detection, since the launch of the Fermi
Gamma-ray Space Telescope in 2008 the wealth of pulsar y-ray
detections (see Caraveo 2014; Grenier & Harding 2015 for recent
reviews) have spurred their search both at X-ray and optical wave-
lengths. With over 200 y-ray pulsars now identified by Fermi,' the
number of those detected in the optical (or with at least a candi-
date optical counterpart) is still tiny (Abdo et al. 2013; Moran et al.
2013) owing to the paucity of sensitive optical observations (see
e.g. Mignani et al. 2016a for a summary). Recently, we detected a
candidate optical counterpart to the middle-aged y-ray pulsar PSR
J1741—-2054 (Mignani et al. 2016b), with the ESO Very Large Tele-
scope (VLT). In the same run, we observed other two y-ray pulsars
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!'See https://confluence.slac.stanford.edu/display/GLAMCOG/ for a con-
tinually updated list.

discovered by Fermi, PSR J19074-0602 and PSR J1809—2332, as
part of a dedicated pilot survey. The characteristics of these two
pulsars are summarized in Table 1.

PSR J1907+0602 was discovered as a y-ray pulsar during a blind
search for pulsations in unidentified Fermi-LAT sources (Abdo et al.
2009a, 2010). These characteristics make PSR J1907+0602 quite
similar to the slightly younger (11.2 kyr) Vela pulsar (Manchester
et al. 2005), one of the historical y-ray pulsars (e.g. Abdo et al.
2009b). Very faint radio pulsations from PSR J1907+0602 were
detected with the Arecibo telescope at 1.5 GHz (Abdo et al. 2010;
Ray etal. 2011), soon after its discovery as a y-ray pulsar. The radio
dispersion measure (DM = 82.1 £ 1.1 cm~> pc) puts the pulsar at
a nominal distance of 3.2 & 0.6 kpc (Abdo et al. 2010), accord-
ing to the model of the Galactic free electron density (Cordes &
Lazio 2002). This would make PSR J1907+0602 one of the faintest
known radio pulsars, with a 1.4 GHz radio luminosity of 0.035 mJy
kpc?. No radio parallax measurement has been obtained for this
pulsar. PSR J19074-0602 has been searched for but not detected
in a pulsar survey at 34 MHz (Maan & Aswathappa 2014). Both
the DM distance and spin-down age suggest that PSR J1907+0602
was probably born at the centre of the supernova remnant (SNR)
G40.5—0.5 (Abdo et al. 2010). After a preliminary detection by
Chandra (Abdo et al. 2010; Marelli, De Luca & Caraveo 2011),
the pulsar has been observed by XMM—Newton (Abdo et al. 2013).
No X-ray pulsations have been detected yet. PSR J19074-0602 is
likely associated with a pulsar wind nebula (PWN) detected at TeV
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Table 1. Coordinates, proper motion, position reference epoch (Kerr et al.
2015) for the two Fermi pulsars discussed in this work, together with their
spin period Ps, period derivative Py, and inferred values of the characteristic
age 7. = Py/2P, rotational energy loss E and surface dipolar magnetic
field Bs. The latter two values have been derived from the standard formulae
Eror =4 x 10 P/ P3 erg s~ and B, = 3.2 x 10"/ P, P G, derived by
assuming for the neutron star a moment of inertia / = 10 g cm? (e.g. Kaspi
& Kramer 2016). The values have been obtained from the ATNF pulsar
catalogue (Manchester et al. 2005).

PSR J19074-0602 PSR J1809—-2332

o (J2000) 19hQ7Mm54576 (0505) 18509™508249 (05030)

5 (J2000) +06°02'1476 (0/7) —23°32/22767 (0710)
s (masyr’l) - +12+8

ws (mas yr~1) - —2446

Epoch (MJD) 55555 55555

P (s) 0.106 0.146

P (10745571 8.68 344

7. (kyr) 19.5 67.6

Erot (10% erg s™!) 2.8 0.43

B, (10'2 G) 3.08 2.27

energies by MILAGRO, HESS, VERITAS, and HAWC (Abdo et al.
2010; Abeysekara et al. 2016).

PSR J1809—2332 is older than PSR J1907+0602, ideally half
way between the young, Vela-like pulsars and the middle-aged
ones (100 kyr—1 Myr). Like PSR J19074-0602, PSR J1809—-2332
has been identified as a y-ray pulsar by the Fermi-LAT during a
blind search for pulsations from unidentified sources (Abdo et al.
2009a). The LAT source (3FGL J1809.8—2332; Acero et al. 2015)
associated with the pulsar is identified with the Compton/EGRET
source 3EG J1809—2338 (Hartmann et al. 1999). The latter was
found to be spatially coincident with the dark nebula Lynds 227
and a PWN candidate detected in the X rays by ASCA (Oka
et al. 1999). The PWN, later dubbed the ‘Tasmanian devil’ (‘Taz’
for short), was then observed by Chandra (Braje et al. 2002;
Roberts & Brogan 2008), which also resolved the point-like source
CXOU J180950.2—233223 that Abdo et al. (2009b) identified with
the PSR J1809—2332 X-ray counterpart. The ‘Taz” PWN is also de-
tected in radio and located within the shell SNR G7.5—1.7 (Roberts
& Brogan 2008). PSR J1809—2332 has been also observed by
XMM-Newton (Marelli et al. 2011) but X-ray pulsations have not
been detected yet. The pulsar was searched for radio emission (Ray
etal. 2011) but it was not detected down to a flux limit of 26 pJy. A
pulsar search at 34 MHz (Maan & Aswathappa 2014) also resulted
in a non-detection. Since PSR J1809—2332 is not detected in radio
there is no direct measurement of its distance. This is estimated
to be 1.7 = 1.0 kpc from the distance to the dark nebula Lynds
227, which Oka et al. (1999) associated with the ‘Taz’ PWN. Using
Chandra, Van Etten, Romani & Ng (2012) measured a proper mo-
tion for PSR J1809—2332, which confirms the association with the
SNR G7.5—1.7, as proposed by Roberts & Brogan (2008).

The optical emission of young pulsars (. < 0.1 Myr) is ascribed
to synchrotron emission from energetic electrons in the pulsar mag-
netosphere (e.g. Pacini & Salvati 1983) and the spectrum is charac-
terized by a power law (PL). For older pulsars, the thermal emission
from the cooling neutron star surface also contributes to the optical
emission and the spectrum is the combination of both a PL and a
Rayleigh—Jeans (see e.g. Mignani 2011 for a review). Nothing is
known about the optical emission properties of PSR 1190740602
and PSR J1809—2332. Recently, Brownsberger & Romani (2014)
carried out observations of the two pulsar fields in H, with the

VLT observations of y-ray pulsars 2933

4.2 m SOAR telescope to search for bow-shock nebulae. No wide-
band imaging observations of the pulsar fields have been performed,
though.

Here, we report the results of our VLT observations of PSR
J19074-0602 and PSR J1809—2332, the first carried out with a
10 m-class telescope. In Section 2, we describe the observations
and data analysis, whereas we present and discuss the results in
Sections 3 and 4, respectively.

2 OBSERVATIONS AND DATA REDUCTION

The two pulsars were observed in service mode in 2015 June 20
and July 17, 19 (PSR J1809—2332) and 2015 June 16, 20 (PSR
J190740602) with the VLT and the second FOcal Reducer and low
dispersion Spectrograph (FORS2; Appenzeller et al. 1998). The
camera was used in imaging mode and equipped with its default
MIT detector, a mosaic of two 4k x 2k CCD chips aligned along the
long axis, optimized for wavelengths longer than 6000 A. With the
FORS2 high-resolution collimator, the detector has a pixel scale of
0.125 arcsec (2x2 binning) and a projected field of view (FOV) of
4.25 arcmin x 4.25 arcmin. However, owing to vignetting produced
by the camera optics with the high-resolution collimator, the effec-
tive sky coverage is smaller than the nominal FOV, and is larger
for the upper CCD chip (4.25 arcmin x 2.12 arcmin). The obser-
vations were executed with the standard low-gain and fast read-out
mode and through the high-throughput byigy (A = 4400 A; AL =
1035 A) and vigy (A = 5570 A; Ax = 1235 A) filters. The target
positions were placed at the nominal aim point of FORS2, close
to the lower edge of the upper CCD chip. To allow for cosmic ray
removal and reduce the impact of bright star saturation, we obtained
sequences of short exposures (180 s each). The total integration time
is different for the two pulsar fields. For PSR J1907+0602, we col-
lected 5400 and 4500 s in the bygy and vyicy filters, respectively.
For PSR J1809—2332, just a few sequences out of the planned
ones were executed, amounting to a total integration time of 1080
(buign) and 2700 s (vyicu) only. All exposures were taken in dark
time and under clear sky conditions, with average airmass ~1.19
(UHIGH) and ~1.3 (bHIGH) for PSR J1907+0602 and ~1.04 (bHIGH)
and ~1.1 (vgign) for PSR J1809—2332. The average image quality,
as measured directly on the frames, was ~0.9 and 0.5 arcsec in the
buigu and vyjgy bands, respectively, for PSR J1809—2332, whereas
for PSR J19074-0602 it was ~0.8 arcsec in both filters.

We reduced the data (bias subtraction and flat-fielding) using
tools in the IRAF?> package ccDRED. Per each band, we aligned and
average-stacked the reduced science images with the drizzle task
in IRAF, applying a o clipping to filter out hot/cold pixels and cos-
mic ray hits. We applied the photometric calibration by using the
FORS2 night zero-points and the computed atmospheric extinc-
tion coefficients for the Paranal Observatory.> We computed the
astrometry calibration using the wcstooLs* suite of programs and
reference stars from the GSC2.3 (Lasker et al. 2008). We obtained
mean residuals of <0.1 arcsec in the radial direction, using up to
30 non-saturated GSC2.3 stars, evenly distributed in the FOV but
selected to avoid the vignetted regions of the detector. To this value,
we added in quadrature the uncertainty of the image registration on

2 IraF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.

3 www.eso.org/observing/dfo/quality/FORS2/qc/qc 1. html

4 http://tdc-www.harvard.edu/wcstools
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Figure 1. 10arcsec x 10arcsec VLT/FORS2 vyigu-band images of the pulsar fields. The pulsar positions determined by Chandra (Kerr et al. 2015) are
marked by the ellipses. The size of the ellipses accounts for statistical uncertainties only and not for the systematic uncertainty associated with the astrometry
calibration of the VLT images (~0.1 arcsec). The PSR J1809—2332 position has been corrected for the pulsar proper motion (Van Etten et al. 2012). Quite
surprisingly, in the case of PSR J1907+0602 no stars are detected within the entire 10 arcsec x 10 arcsec region around the reference pulsar position.

the GSC-2.3 reference frame (~0.11 arcsec) and the 0.15 arcsec
uncertainty on the link of the GSC2.3 to the International Celes-
tial Reference Frame. We ended up with an overall accuracy of
~(.2 arcsec on our absolute astrometry. Thanks to the pixel scale of
the FORS2 images (0.125 arcsec), the uncertainty on the centroids
of the reference stars is negligible.

3 RESULTS

A reassessment of the coordinates of the two pulsars is given in
Kerr et al. (2015), where they compared those obtained from the
improved y-ray timing solutions to those obtained from Chandra
observations. For both PSR J1809—2332 and PSR J1907+0602,
the coordinates obtained from y-ray timing are affected by a more
or less large uncertainty in declination, of 1.32 and 14.41 arcsec,
respectively. Therefore, we assumed for both pulsars the Chandra
coordinates as a reference (see Table 1). We note that, as happens
in other cases (e.g. Mignani et al. 2016a), the pulsar coordinates
reported in SIMBAD?® are outdated. For PSR J1809—2332, we
corrected the reference coordinates for the measured proper mo-
tion (Table 1). To obtain their actual values at the epoch of our
VLT observations (MJD=57193). Owing to its faintness in the ra-
dio band, no proper motion measurement has been obtained for
PSR J1907+0602.

The coordinates of the two pulsars registered on the FORS2
vuieu-band images are shown in Fig. 1. No object is detected close
to the PSR J1809—2332 position, well beyond the uncertainties of
our astrometry calibration (Fig. 1a). Moreover, no evidence of ex-
tended optical emission that can be associated with the ‘“Taz” PWN
is found (Fig. 2a). This is not surprising since the angular scale

3 http:/simbad.u-strasbg.fr/simbad/
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of the PWN, which stretches ~10 arcmin north-west of the pul-
sar position, is much larger than the FOV of the high-resolution
FORS2 images (4.25arcmin x 2.12 arcmin for the upper CCD
chip), and half of it is covered by the dark nebula Lynds 227 (Oka
et al. 1999). Therefore, we cannot set significant constraints on
the optical surface brightness of the ‘Taz” PWN. We note that the
coordinates of PSR J1809—2332 puts the pulsar about 1 arcmin
south of the edge of the dark nebula Lynds 227, which would de-
note that the pulsar optical emission is not obscured by the nebular
gas. Surprisingly, in the case of PSR J1907+0602, no object is de-
tected even within a radius of 5 arcsec around the pulsar position
(Fig. 1b). This is consistent with the low average density of stellar
objects measured in the FORS2 FOV, p ~ 0.07 arcsec ™2 (Fig. 2b).
We note that the PSR J1907+0602 position is a few arcmin away
from the Dobashi dark clouds (Dobashi 2011), so that it might be
possible that the more tenuous clouds’ limbs increase the extinction
in parts of the FORS2 FOV. This would explain the low average star
density. We note that the possibility that the optical counterpart to
PSR J19074-0602 has moved out of the FOV shown in Fig. 1b, cen-
tred on the pulsar position at the reference epoch (MJD=55555), as
the result of its yet unknown proper motion is extremely unlikely. In
order to have moved away from the reference position by >5 arcsec
in ~4.5 yr, i.e. the time elapsed between the reference epoch and
that of our VLT observations (MJD=57193), the pulsar must have
a proper motion y > 1.1 arcsec yr~!. For its nominal DM distance
dpm = 3.2 £ 0.6 kpc (Abdo et al. 2010), this would imply an un-
realistic transverse velocity of >17 600 (dpw/3.2 kpc) km s~'. In
order to be compatible with the largest measured pulsar transverse
velocities (e.g. Chatterjee & Cordes 2004), such a large annual dis-
placement would require a pulsar distance <290 (dpm/3.2 kpc) pe.
This value is much smaller than one can expect accounting for the
uncertainties on the DM-based distance and is also not compatible
with the significant Ny along the line of sight to the pulsar mea-
sured from X-ray observations (see below). Therefore, we can rule
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(a) PSR J1809-2332

(b) PSR J1907+0602

Figure 2. Full-frame FORS2 vyig-band images of the PSR J1809—2332 and PSR J1907+0602 fields (upper CCD chip only, 4.25 arcmin x 2.12 arcmin).
In each image, the square represents the region reproduced in the two panels of Fig. 1. In both cases, the white regions at the top left and right of the image
correspond to the vignetted parts of the detector. In the top panel, the extent of the region covered by the dark nebula Lynds 227 in the upper part of the FOV
is apparent. In the lower panel, the relatively low stellar density in the PSR 7190740602 field is appreciated.

out that we could not identify the pulsar counterpart owing to its
unknown proper motion. We note that the size of the TeV PWN
detected around PSR J1907+0602 is at least 1° x 1°, way larger
than the FOV of Fig. 2b and the same considerations as for the ‘Taz’
PWN also apply in this case.

With no detected candidate counterpart, both pulsars remain
unidentified in the optical domain. We computed the optical flux
upper limits at the pulsar positions in both the vy and buign
bands from the rms of the sky background (Newberry 1991)
measured at the computed pulsar positions. We computed the
flux in an aperture of size equal to the image full width at

half-maximum and applied the aperture correction computed di-
rectly on the images from the growth curve of a number of non-
saturated reference stars in the FORS2 field. We applied the airmass
correction as described in Section 2. The computed 30 magni-
tude upper limits in the vygn and byigy bands are m, < 27.6,
my < 26.8 for PSR J1809—2332 and m, < 26.9, my, < 27.7 for
PSR J1907+0602. The deeper limiting magnitude in the vyicu
band for PSR J1809—2332 with respect to PSR J1907+40602, de-
spite the lower exposure time (2700 s against 4500 s; Section 3.2)
is mainly due to the better image quality (~0.5 arcsec against
~().8 arcsec).

MNRAS 463, 2932-2938 (2016)
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Table 2. X- and y-ray spectral parameters and fluxes for the two pulsars discussed in this work (Abdo et al. 2013; Acero et al. 2015).

In the X-rays, only the value of the non-thermal flux (F;‘) is reported.

I'x KT Y r, E. F,
(keV) (10~13 erg em~2s7h (GeV) (10~11 erg cm~2s71)
PSR J19074-0602 0.93f8:;f - 0.58 +0.14 1.85 +£0.03 446 +0.31 31.90 £ 0.55
PSR J1809—-2332 1.8+0.2 0.19 +0.04 1.32 +0.30 1.63 + 0.02 3.57+£0.15 44.79 £ 0.61

The value of the hydrogen column density Ny towards
PSR J1809—2332 and PSR J1907+0602 is derived from the fits
to their X-ray spectra (Abdo et al. 2013), and is quite similar:
4.9270% % 10> em™? and 4.117)3) x 10*' cm ™2, respectively. Ac-
cording to the relation of Predehl & Schmitt (1995), this cor-
responds to an interstellar reddening E(B — V) = 0.7470% and
E(B — V) =0.887012 for the two pulsars, respectively. We used
these values to determine their extinction-corrected optical flux up-
per limits. For the extinction coefficients in the vy and byicu
bands, we used the values of Fitzpatrick (1999) as a reference.
To be conservative, in both cases we adopted the largest value of
the interstellar reddening compatible with the associated uncer-
tainties. The extinction-corrected optical flux limits in the vygigy
and bygy bands are F, <2.8 x 107'% and F, < 2.8 x 107" erg
cm~2 s~! for PSR J1809—2332, whereas they are F, < 9.4 x 1071°

~

and Fy, 2.7 x 1075 erg cm™2 57! for PSR J1907+0602.

4 DISCUSSION

We compared the unabsorbed optical flux upper limits at the peaks
of the vygy and byigy bands with the extrapolation in the opti-
cal regime of the models best fitting the X- and y-ray spectra of
the two pulsars. As explained in Section 1, since they are both
relatively young (characteristic age 19.5 and 67.6 kyr), we expect
that any optical emission is mainly ascribed to non-thermal pro-
cesses in the neutron star magnetosphere, as observed in the Vela
pulsar. Therefore, we focus our comparison on the non-thermal
emission components. The X-ray spectrum of PSR J1907+0602
is fit by a single PL model with photon index I'x = 0.93701
whereas for the slightly older PSR J1809—-2332 (67.6 kyr) the
best fit requires the addition of a blackbody (BB) component with
kT = 0.19 &+ 0.04 keV to the PL spectrum (I'x = 1.8 &+ 0.2),
produced from hot spots on the neutron star surface (BB radius
Rpg = 1.5féf£ km for a distance of 1.7 kpc), with an unabsorbed
flux FEB = (1.75 4 1.3) x 107" erg cm™2 s~!. The unabsorbed
non-thermal X-ray flux FY' in the 0.3-10 keV band is (0.58 £
0.14) x 107"* and (1.32 £ 0.30) x 103 erg cm™2 s~! for PSR
J1907+0602 and PSR J1809—2332, respectively (Abdo et al. 2013).
The y-ray spectra of the two pulsars are described by a PL with an
exponential cut off (Acero et al. 2015), where the PL photon index
I', = 1.85 4+ 0.03 and the cut-off energy E. = 4.46 £ 0.31 GeV for
PSR J1907+0602, whereas I",, = 1.63 £ 0.02 and E. = 3.57 £ 0.15
GeV for PSR J1809—2332. These parameters correspond to 0.1—
100 GeV fluxes F,, of (31.9 + 0.55) x 107" and (44.79 &+ 0.61) x
107" erg cm™2 s~!, respectively. The X/y-ray spectral parameters
and the values of the corresponding non-thermal fluxes of the two
pulsars are summarized in Table 2.

In the optical, the unabsorbed flux upper limits are 0.31 and
1.86 pJy for PSR J1809—-2332, whereas they are 1.07 and 1.77
wly for PSR J19074-0602, computed at frequencies v, = 5.45 x
10° GHz and v, = 6.81 x 10° GHz, respectively, corresponding to
the peak frequencies of the vygu and byigy bands. The results are
shown in Fig. 3. In the case of PSR J19074-0602, the optical flux
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Figure 3. SED for PSR J1907+0602 and PSR J1809—2332. The optical
flux upper limits are labelled with the filter names. The blue and red lines
represent the extrapolation in the optical regime of the PLs best fitting the
X- and y-ray spectra, respectively, whereas the green curve in the lower
panel corresponds to the BB component to the X-ray spectrum of PSR
J1809—2332. The filled regions defined by the dashed lines correspond
to the lo error. The vertical blue and red rectangles indicate the spectral
energy range covered by the X-ray and y-ray observations, i.e. 0.3-10 keV
and >100 MeV, respectively.

upper limits lie between the extrapolations of the X- and y-ray PLs,
which confirms a turn-over in the y-ray spectrum at low energies,
as already implied by the extrapolation of the X-ray PL. The optical
emission could be compatible with the extrapolation of the X-ray
PL only if the actual pulsar optical fluxes were three orders of
magnitude fainter than our upper limits. For PSR J1809—2332, the
optical flux upper limits are below the extrapolation of the y-ray PL.
Therefore, also in this case the y-ray spectrum features a turn-over
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Table 3. Optical flux upper limits in the vaiGu band, optical luminosity, optical efficiency nopt = Lopt/ Erot, and optical to X- and y-ray

flux ratios upper limits for the two pulsars discussed in this work.

Fopt Lopl Topt Fept/F)?I Fopt/FV
(1071 erg cm=2 s~ 1) (10 erg s~1)
PSR J1907+0602 <94 <1.63 <58 x 1077 <13 x 1072 <29 x 1076
PSR J1809—2332 <238 <0.24 <5.7 x 1077 <1.7x 1073 <6.2 x 1077

at low energies, which is also observed in other pulsars (see Mignani
etal.2016a, and references therein). The byg-band flux upper limit
is just below the 1o uncertainty on the extrapolation of the X-ray PL,
and might indicate the existence of another spectral break, between
the optical and the X-rays. In the thermal regime, the extrapolation
of the X-ray BB predicts very faint optical fluxes, as expected from
the small emitting area and high temperature of the hot spots on the
neutron star surface. Any comparison with a BB spectrum produced
from the rest of the neutron star surface, presumably at a lower
temperature than the hot spots, cannot be discussed yet owing to the
lack of temperature constraints from X-ray observations. However,
thermal radiation from the bulk of the neutron star surface usually
contributes significantly to the optical emission for pulsars older
than 100 kyr (Mignani 2011), so that its contribution is expected to
be small in the case of PSR J1809—2332. In general, the picture that
emerges from the spectral energy distributions (SEDs) of the two
pulsars is that the optical emission is not obviously related to the X-
or y-ray one. Furthermore, multiwavelength non-thermal emission
spectra of pulsars can be quite different from case to case, even for
objects of comparable age, as also discussed, based on a broader
sample, by Mignani et al. (2016a). This means that it is difficult to
track a clear SED evolution, at least in the age range from a few to
a few tens of kyr. What causes the difference in the SEDs is still
unclear although it is likely that this is related to a difference in
the particle density and energy distribution in the magnetosphere
regions where the emission at different wavelengths is generated, as
well as to a more or less favourable viewing angle to these regions.

We used the unabsorbed optical flux upper limits in the vyigy
band to determine the upper limits on the optical luminosity Ly
and on the optical emission efficiency 7., defined as the fraction
of the rotational energy loss rate converted into optical luminosity,
Nopt = Lopt/ E.o, for the two pulsars. Similarly, we used the unab-
sorbed optical flux upper limits to constrain the pulsar multiwave-
length properties from the ratios between their unabsorbed, non-
thermal fluxes, Fop,/ Fy' and Fop /F, . In all cases, we conservatively
accounted for the uncertainty on the pulsar distance to compute the
upper limits on Loy and 70y and for the uncertainties on the X- and
y-ray fluxes Fy' and F,, to compute the upper limits on the Fyp/Fy'
and Fop/F, ratios. For the Vela-like pulsar PSR J1907+0602
(te = 19.5 kyr), we derived Loy < 1.63 x 10°° erg s=! and
Nopt S 5.8 x 1077, Fope/Ft £ 0.013, and Fop/F, < 2.9 x 1075,
We compared these values with the corresponding ones for the
11.2 kyr-old Vela y-ray pulsar (e.g. Moran et al. 2013). As far as
the optical luminosity is concerned, Vela has Loy ~ 10% erg s7!,
which makes it the least luminous of the young (z. < 100 kyr)
y-ray pulsars detected in the optical. Vela has a rotational energy
loss rate about twice as large as PSR J1907+40602 and an optical
emission efficiency nop ~ 1.9 x 107, the lowest of all y-ray pul-
sars detected in the optical (Moran et al. 2013), regardless of their
characteristic age. The upper limits on Ly and 7, obtained for
PSR J19074-0602 and a handful of other y-ray pulsars of compa-
rable characteristic age and with comparably deep detection limits
(Mignani et al. 2016a) are all above the values measured for the

Vela pulsar, owing to the much larger distance to these pulsars and
the much larger interstellar extinction along the line of sight. For
these pulsars, the limits on L, and 7,y are also well below those
obtained for very young y-ray pulsars (. < 5 kyr), such as the Crab
pulsar, which has an optical luminosity Loy =~ 10* erg s~! and an
emission efficiency nep ~ 107>, This shows that around a charac-
teristic age of 10 kyr the pulsar optical emission efficiency tends
to decrease. Whether all 10 kyr-ish old pulsars are as low efficient
optical emitters as Vela is, however, unclear yet owing to the lack
of detections of pulsars in this crucial age range. Owing to the rela-
tively low unabsorbed X-ray flux of PSR J1907+0602, the limit on
the Fop/ F{'isless constraining than those obtained for other pulsars
of comparable age (Mignani et al. 2016a), whereas the limit on the
Fopi/F, flux ratio is comparable to those obtained for most of them,
accounting for the large scatter in the value distribution and for the
uncertainties in the actual beaming factors in the optical and y rays.
Similarly as above, for the slightly older PSR J1809—-2332 (r. =
67.6 kyr) we derived Loy < 0.24 x 10*ergs™, o < 5.7 x 1077,
Fop/F{' S 1.7 x 1073, and Fop/F, $ 6.2 x 1077, The limit on
Nopt is comparable to that obtained for PSR J1907+0602, in line
with the trend of a decrease of 1, with the pulsar characteristic age.
The limits on the Foy/ Fy' and Fop/F,, ratios are more constraining
than for PSR J1907+40602, owing to the larger X- and y-ray fluxes
and are also in line with those reported in Mignani et al. (2016a).
The limits obtained for both pulsars (summarized in Table 3) con-
firm that, in general, the Fy,/F3' tends to be never above 1073 and
the Fop/F, never above 107° for pulsars in the 10-100 kyr age
range. This is a useful piece of information to estimate upper limits
on the expected optical fluxes when planning optical follow-up of
X- and y-ray pulsars.

As shown above, our observations support the scenario where
pulsars in the age range 10-100 kyr have a low efficiency in the
conversion of rotational energy into optical radiation with respect
to younger pulsars (see also Mignani et al. 2016a) and, as such,
they are more elusive targets in the optical band, in spite of their
relatively high energy budget (E. ~ 10°-10%7 erg s—'). Whether
this traces an evolution in the optical emission efficiency 7,y with
the characteristic age is unclear. At least in some cases, the lack of a
detection might be explained by an unfavourable beaming/viewing
geometry in the optical or by a very steep optical spectrum. In-
terestingly, the very young (t. ~ 5 kyr) pulsar PSR J0537—-6910
in the Large Magellanic Cloud, which has the highest Erm in the
pulsar family (4.9 x 10 erg s7!), is yet undetected in the op-
tical/near ultraviolet in spite of deep observations (Mignani et al.
2000, 2005, 2007). This implies an 7,y <1.2x 107, much lower
than the 1.2 kyr-old Crab pulsar (1o, ~ 107%) and comparable
to the limits obtained for pulsars of age comparable to Vela (e.g.
Mignani et al. 2016a). This might suggest that the 7,y evolution,
if indeed occurs, is more sudden than expected. Optical investi-
gations of pulsars younger than 10 kyr would be crucial to clar-
ify this issue. Unfortunately, for many of them the large distance
and interstellar extinction severely affect the chances of an optical
detection.

MNRAS 463, 2932-2938 (2016)
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5 SUMMARY AND CONCLUSIONS

We observed the two y-ray pulsars PSR J1907+0602 and
PSR J1809—-2332 with the VLT. With them, there are now six iso-
lated y -ray pulsars discovered by Fermi, for which the VLT obtained
the first deep optical observations. The others are: PSR J1357—6429
(Mignani et al. 2011), PSR J1028—5819 (Mignani et al. 2012),
PSR J1048—-5832 (Danilenko et al. 2013; Razzano et al. 2013),
and PSR J1741—-2054 (Mignani et al. 2016b). Of them, a candidate
optical counterpart has been found for PSR J1741—-2054 (Mignani
etal. 2016b), whereas for PSR J1357—6429 a candidate counterpart
might have been identified in the near-infrared (Zyuzin et al. 2016).
Thus, one can certainly say that the VLT leads the optical follow-up
of isolated y-ray pulsars, at least in the Southern hemisphere. The
VLT yielded the only optical counterpart identifications obtained so
far for the new southern y-ray pulsars discovered by Fermi.® In the
Northern hemisphere, a candidate optical counterpart to the y-ray
pulsar PSR J0205+6449 was discovered in archival data taken with
the Gemini telescope (Moran et al. 2013). Unfortunately, in this case
we were not successful in detecting the optical counterparts to the
target pulsars, and we could only set 30 upper limits to their optical
brightness of m, ~ 26.9 and m, ~ 27.6 for PSR J19074-0602 and
PSR J1809—2332, respectively. These are the deepest constraints
on the optical fluxes ever obtained for these two pulsars, which had
never been observed with 10 m class telescopes so far.
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