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Figure 20. The left-hand panel shows the (1« — g, g — r) diagram, the right the (r — He, r — i) diagram pertaining to VPHAS+ survey field 1679. Both
diagrams are plotted as two-dimensional stellar-density histograms, rainbow colour-coded such that high source densities (80-90 per bin) are red and the lowest
densities (one per bin) are dark blue. The binning is 0.017x0.025 in the left-hand panel and 0.013x0.008 in the right. The synthetic unreddened main sequence
is drawn in, in black, in both panels. The GOV and A3V reddening lines obtained for R = 3.1, drawn as black dashed lines, are included in, respectively, the

(u— g, g —r)and (r — Hee, r — i) diagrams as useful aids to interpretation.

correction that had to be applied to the u photometry was, by far,
the largest.

The main stellar locus can be seen to be tightly concentrated in
both the blue and the red diagrams, and to favour lightly reddened
G and K stars. The superimposed synthetic reddening lines [GOV
in the (v — g, g — r) diagram and A3V in (r — Her, r — 7)] have been
drawn adopting the R = 3.1 reddening law widely regarded as the
Galactic norm. The blue diagram provides examples of three distinct
typical populations falling outside the main stellar locus. Below it,
at (u — g) > 1.5 and (g — r) > 1.5 (roughly) the plotted objects
will mainly be M giants. Above the main stellar locus towards the
red end, in the ranges 0 < (u — g) < 05and 1.5 < (g —r) < 2.0
lie the OB stars in and around Westerlund 2. Finally, the modest
scatter of blue objects lying above the GOV line roughly in the 0 <
(g — r) < 1 range will include intrinsically blue lightly reddened
subluminous objects.

It is interesting to note in the red diagram that there is some
evidence that early-A stars making up the lower edge of the main
stellar locus would better follow a different law, with R ~ 3.8 (see
the tables in Appendix A). Indeed, a reddening law of this type has
been inferred for the OB stars in Westerlund 2 by Vargas Alvarez
et al. (2013). Most of the thin scatter of points below the main
stellar locus, and some of the scatter above, in this same diagram
will be the product of inaccurate background subtraction in Ho.
But many of the objects lying above the main stellar locus will
indeed be emission line objects, and some of the stars below will be
white dwarfs. As expected, the red spurs of M dwarfs and M giants
are broader features than their [IPHAS counterparts (cf. Fig. 17 and
associated remarks).

For more discussion of these colour—colour diagrams, the reader
is referred to Groot et al. (2009, UVEX) and Drew et al. (2005,
IPHAS).
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7 NEBULAR ASTROPHYSICS WITH VPHAS+
IMAGES

Just over a decade ago, the SuperCOSMOS Ha Survey (SHS; Parker
et al. 2005) had only just completed. This was the last survey using
photographic emulsions that the UK Schmidt Telescope undertook.
The 3 h narrow-band He filter exposures reach a very similar lim-
iting surface brightness to the 2 min exposures VPHAS+ is built
around. Hence, the differences in capability are not about sensi-
tivity, as this is roughly the same in the two surveys. Instead, it
is about the great improvement in dynamic range on switching to
digital detectors, the good seeing of the VST’s Paranal site and the
added broad-bands.

SHS, with its enormous 5° diameter field, has been comprehen-
sively trawled for southern PNe (the Macquarie/AAO/Strasbourg
Ha or MASH catalogue; Parker et al. 2006; Miszalski et al. 2008).
The remaining discovery space for resolved nebulae is expected to
be at low surface brightnesses in locations of high stellar density,
and in the compact domain around and below the limits of the typical
spatial resolution of SHS (~0.5-3.0 arcsec). Both these conditions
will most often be met in the Galactic bulge, at a mean distance
of ~8 kpc. Data taking in the bulge and its maximally dense star
fields is planned to begin in mid-2014.

Among PNe, small angular size is due either to great distance or
to youth — the study of either compact category provides exciting
possibilities. As well as the bulge, the less studied outer parts of the
Galactic plane should be searched. In this respect, IPHAS, with its
direct view to the Galactic anticentre, is better positioned: the on-
going study of the anticentre PN population has revealed dozens of
new candidates (Viironen et al. 2009a), including the PN with the
largest galactocentric distance to date (20.8 £ 3.8 kpc; Viironen
et al. 2011). By following up such finds to measure chemical
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Figure 21. Two PNe, NGC 2438 (top) and NGC 2899 (bottom), as they appear in the SHS and VPHAS+ surveys. The SHS images are shown in the left-hand
panels, with the VPHAS+ images to the right. The bands used to form them are: NGC 2438 — SHS R/G/B = Ha/SR/SSS Bj, VPHAS+ R/G/B = Ha/r/i, NGC
2899 — SHS R/G/B = Ha/SR/SSS Bj, VPHAS+ R/G/B = Ha/r/g. The cut-out image dimensions are 300x 300 arcsec” for NGC 2438 and 200 x 180 arcsec?

for NGC 2899.

abundances, crucial beacons are obtained for the study of the Galac-
tic abundance gradient and its much disputed flattening towards the
largest galactocentric radii. VPHAS+ completed the access to the
outer plane over the longitude range 215° < £ < 270°.

Data from both IPHAS and VPHAS+ can make fundamental
contributions to the study of very young PNe — particularly by help-
ing to solve the two-decades-old puzzle of how PNe already emerge
with the observed wide variety of morphologies (round, elliptical,
bipolar, multipolar, point-symmetric, etc. — see Sahai, Morris &
Villar 2011). What does this variety say about the properties of
their asymptotic giant branch (AGB) progenitors? Detailed studies
of objects in the phases preceding the PN phase — AGB and post-
AGB stars, proto-PNe and transition or PN-nascent objects — are
underway (e.g. Sanchez-Contreras & Sahai 2012). Superb imag-
ing capabilities like those of the VST, accessed via VPHAS+, will
support this work.

Indeed, there is a serious paucity of very small PNe in the ex-
isting optical catalogues: there are no PNe with angular extent less
than 3 arcsec in the MASH catalogue (out of 903 objects; Parker
et al. 2006), and only 8 PNe in the catalogue by Tylenda et al.
(2003, 312 objects) in the size range 1.4-3 arcsec. There is just
one with a confidently measured diameter below 1 arcsec in the

larger Strasbourg Catalogue of PNe (1143 objects; Acker et al.
1994), which happens to be a bulge PN. IPHAS has demonstrated
that extremely young compact PNe can be reached (Viironen et al.
2009b), while Sabin et al. (in preparation) have found some 20 new
PNe with diameters of 1-3 arcsec in by-eye searches of IPHAS im-
age mosaics. Even smaller, but brighter, nebulae around symbiotic
stars of the dusty D subtype are emerging — the record so far be-
ing IPHAS J193943.364-262933.1, a new D symbiotic star with an
Ho extent of only 0.12 arcsec that has been confirmed via Hubble
Space Telescope imaging and recently studied with the 10.4 m Gran
Telescopio Canarias (Rodriguez-Flores et al. 2014).

Apart from opening up new discoveries, a further benefit of good
seeing is the clearer view of nebular structure that it offers. This
is nicely demonstrated in Fig. 21. SHS and VPHAS+- detect the
main features of the PNe NGC 2438 and NGC 2899 to very similar
depth — for example, the fainter outer halo is just detected in both
versions of NGC 2438. But, evidently, the VPHAS+ images better
resolve the fine sculpting within both nebulae as a consequence of
the seeing FWHM being under a half that prevailing in SHS data.
The extended dynamic range of VPHAS+ helps in this respect,
too, in that early saturation also obliterates detail. This advantage is
especially clear in the images of NGC 2899, where the structure in
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Figure 22. A cut-out at full resolution from M8, the Lagoon Nebula. This
is an RGB image centred on RA 18" 09™36°, Dec. —24° 01’ 51” (J2000),
and spanning 150 x 150 arcsec?. The filters are combined such that R/G/B =
Ho/ilr.

the bright nebulous lobes is preserved in VPHASH-, but is entirely
bleached out in SHS. The more the level of detail that can be picked
out, the more certain and subtle morphological classifications and
interpretations can become.

The combination of good seeing and high dynamic range also
makes the separation of fainter stars from background nebulosity
much easier. This capability is critically important to the study of the
young massive clusters, still swathed in diffuse H i1 emission, where
the analysis of stellar content is very much a focus of continuing
research. For example, Feigelson et al. (2013) have offered a critique
of the nuisance created by spatially complex nebulosity. The obvious
answer to this and the problem of dust obscuration is to turn to
selection using NIR and X-ray data. Nevertheless, the availability
of imaging data of the high quality seen in VPHAS+ data will
make it possible to extend SEDs for many more stars into the
effective-temperature (and reddening) sensitive optical domain. In
addition, understanding the shaping of the interstellar medium in
star-forming environments remains an important part of the picture
(see e.g. Wright et al. 2012 on proplyd-like structures in Cyg OB2).
The detail that the VST is capable of revealing both in obscuration
and ionized hydrogen in star-forming regions can be quite exquisite.
Here, in Fig. 22, we illustrate this with an excerpt from VPHAS+-
data on the Lagoon Nebula, showing the fine tracing of the shapes
of dark globules and eroding dusty structures that is achieved.

In planetary and other evolved-star nebulae, it is of course im-
portant to identify the ionizing object. The search for missing PN
central stars is a quest that VPHAS+ can aid greatly through the
provision of spatially well-resolved u and g data. Indeed, inspection
of the data used to construct Fig. 21 has revealed the probable cen-
tral star of NGC 28909 for the first time. As shown in Fig. 23, there is
very evidently a third very blue star just SW of the pair of stars that
have, in the past, been scrutinized as possible companions to what
is required to be an extremely hot (T > 250 000 K), but probably
faint central star (Lopez et al. 1991). This blue object was detected
on the night of 2012 December 20 at a provisional # magnitude
of 18.79 £0.02. It fades through g (19.36 40.02) to become unde-
tected by the pipeline, and scarcely visible to eye inspection, in r. Its
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Figure 23. The central star of NGC 2899 reveals itself. The top panel is
a 1x1 arcmin? thumbnail of the centre of NGC 2899 as imaged through
the u filter, while the bottom is the corresponding r thumbnail. The white
right-angled bars pick out the position of an extremely blue, relatively faint
star that is clearly present in all # (and g) exposures obtained, but is too faint
for detection in r.

coordinates are RA 09" 27™ 02¢72, Dec. —56° —06' 2279 (J2000),
just 1.7 arcsec from the more southerly of the pair of brighter stars
examined before by Lopez et al. (1991). Based on the g magnitude
and an inferred V flux, we have determined the central star’s effec-
tive temperature, via the well-established Zanstra method. Using
the reddening and integrated Hee flux from Lépez et al. and Frew,
Bojici¢ & Parker (2013), respectively, we estimate T, y =215 + 16
kK. This is cooler than the temperature given by Lépez et al. based
on the ‘crossover’ method, but still extraordinarily hot for a central
star well down the white-dwarf cooling track.

It was one of the major science drivers for the merged VPHAS+
survey that u data, supported by g, would result in the detection of
a broad range of intrinsically very blue objects — be they PN central
stars, interacting binaries or massive OB and WR stars. An extreme
example like NGC 2899’s central star provides the useful lesson
that selection via the u — g, g — r colour—colour diagram would
have failed to pick it out — because of the non-detection in 7. In
a case like this, the u, u — g colour—-magnitude diagram has to be
examined, in tandem with the appropriate images.
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8 VPHAS+ PHOTOMETRY AS A REFERENCE
SET FOR VARIABILITY STUDIES

As the northern survey, IPHAS, has progressed over the decade since
2003, there have been occasions on which it was possible to use the
growing data base as a high-quality reference for checking transient
reports — particularly of novae. The most spectacular IPHAS ex-
ample of this was the nova and variable, V458 Vul (Wesson et al.
2008; Rodriguez-Gil et al. 2010) where the eruption occurred a few
months after obtaining He images revealing a pre-existing ionized
nebula around the star. Indeed, there have been several instances
in which photometry of the progenitor object has been extracted
from the IPHAS data base and has been used to gain insight into
the prior presence or absence of line emission or to set constraints
on likely extinction (Steeghs et al. 2007; Greimel et al. 2012). Such
opportunities will certainly arise with VPHAS+ — and be richer
given the five filters offered.

In the southern hemisphere, novae will be more frequent, as will
other transient events. Furthermore responses to alerts, or the need
to demonstrate long-term flux variations, can bring into use repeats
of observations made necessary by initial quality-control failures.
An example of this is provided by Vink et al. (2008) who used
repeat IPHAS observations — taken on account of poor observ-
ing conditions — to discuss the LBV candidacy of G79.294-0.46.
With the increased attention being given to the reporting and ex-
ploitation of transient objects (including the forthcoming Gaia
alerts programme), this use of VPHAS+ will become more
common.

9 SUMMARY AND CONCLUDING REMARKS

This paper has introduced and defined VPHAS+-, the VST Photo-
metric Ho Survey of the Southern Galactic Plane and Bulge. The
data taking, the rationale behind it, the data processing and data
quality have all been described. The properties and limitations of
the survey’s narrow-band He filter, NB-659, have been laid out
and simulated in order to anticipate its performance. In addition,
we have provided tables of the expected photometric colours of
normal solar-metallicity stars to aid the interpretation of the sur-
vey’s characteristic photometric diagrams — most are to be found in
Appendix A, where the effect of changing the adopted reddening
law is illustrated. The VPHAS+ Ho filter transmission is redder,
wider and ~20 per cent higher throughput than its IPHAS counter-
part — a difference that feeds through to noticeably different (r —
Ha) colours for M stars.

We have validated the photometry that is delivered by
VST/OmegaCAM and subsequently pipelined at CASU, using test
data taken of a field for which SDSS photometry is available. We
find that the agreement is satisfactory, with the g-, - and i-band
calibrations differing by between 0.01 and 0.05 mag. However, for
the time being, the pipeline calibration should be regarded as pro-
visional — it will undoubtedly improve. Examples of the excellent
imaging performance of the VST/OmegaCAM combination rela-
tive to previous surveys have been provided, and we draw attention
to the valuable archival role this first digital survey can fulfil in
supporting discoveries of transient sources.

Exploitation of the survey is now beginning. The detection of a
compact ionized nebula around W26, the extreme M supergiant in
Westerlund 1, has already been published (Wright et al. 2014). Ap-
plications have been made for follow-up spectroscopy that will test
the quality of selection of specialized object types that VPHAS+
photometry makes possible. Progress is also being made via direct
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analyses of the photometry. For example, Mohr-Smith et al. (in
preparation) are conducting a search for OB stars in the vicinity
of the massive cluster Westerlund 2, and they are finding a close
match between the properties of known cluster O stars as derived
from VPHAS+ data and those inferred by Vargas Alvarez et al.
(2013, see also Drew et al. 2013). This and other early appraisals
of the data indicate that VPHAS+ will be an excellent vehicle for
automated searches for reddened early-type stars. Kalari et al. (in
preparation) are employing both narrow-band He and the broad-
bands to measure mass-accretion rates in pre-main-sequence stars:
they are finding that Ho mass-accretion rates in T Tauri stars com-
pare favourably to rates determined from the u band in the case of
the Lagoon Nebula, NGC 6530.

As the calibration of the survey data improves, the measurement
of accurate integrated Ho fluxes for many faint southern PNe and
other extended objects becomes possible, and will extend the work
of Frew et al. (2013, Frew et al. 2014). In due course these fluxes
can be compared with existing and also new radio continuum fluxes
coming on stream (see e.g. Norris et al. 2011) in order to determine
reliable extinction values for many faint nebulae currently lacking
data. This technique has already been applied to the case of W26 in
Westerlund 1 (Wright et al. 2014).

When it becomes possible to cross-match VVV and VPHAS+
data, it will open up the power of homogeneous photometric map-
ping of the central parts of the Galactic plane in up to 10 photometric
bands spanning both the optical and the NIR. Beyond the VVV sky
area, there is a synergy to be exploited in bringing VPHAS+ data
together with those of the all-sky 2MASS survey (Skrutskie et al.
2006) and with the UKIDSS Galactic Plane Survey (Lucas et al.
2008), in those parts of the first and third Galactic quadrants the
latter has covered. It is worth noting, however, that 2MASS alone is
too shallow to link effectively with VPHAS+ for sightlines where
the integrated visual extinction is less than ~5 mag. This does mean
that the longitude range 230° < ¢ < 300°, in particular, is presently
lacking sufficiently deep NIR photometry. In the longer term, many
of the sources of interest that VPHAS+ finds will benefit from ac-
curate parallaxes and other data from ESA’s Gaia mission — given
the similar sensitivity limits reached. Conversely in the meantime,
VPHAS+ has already begun to assist ambitious wide-field spec-
troscopy programmes such as the Gaia-ESO Survey (Gilmore et al.
2012) through the provision of the wide-field photometry needed
for target selection and field setup.

By the end of 2013, 25 percent of all observations making up
the survey had been obtained to the required quality, and in 2013
May a first release of single-band catalogues was made to the ESO
archive that contained roughly 10 percent of the eventual total
(based on data obtained prior to 2012 October 15). By design, the
characteristics of VPHAS+ are similar to those of the IPHAS and
UVEX Galactic plane survey pair in the north. In particular, the
double-pass strategy is shared, with the result that the majority of
detected objects are picked up and measured twice, with no more
than ~0.1 per cent of objects missed altogether. This feature has
informed the way in which the IPHAS DR2 catalogue (Barentsen
et al., in preparation) has been constructed — and it is intended that
a first band-merged VPHAS+- catalogue, for public release, will be
built along analogous lines during the second half of 2014. This
will incorporate data from the first three seasons of VST observing,
and give a complete photometric account of the Galactic mid-plane.
For ease of use, for every detected source, the catalogue will pro-
vide a single recommended set of magnitudes in up to five optical
bands.
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APPENDIX A: SYNTHETIC COLOUR REDDENING TABLES

Synthetic colours for main-sequence stars, computed as described in Section 4, are tabulated in full in an online supplement for three
representative reddening laws (Ry = 2.5, 3.1 and 3.8) and a range of reddenings (A = 0, 2, 4, 6, 8, 10). The form of the reddening laws
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Table A1. VST/OmegaCAM synthetic colours for B, A main-sequence stars in the (z — g), (¢ — r) plane reddened
with an Ry = 3.1 extinction law. (Full table online.)

Spectral Ap=0 Ag=2 Ag=4 Ap=06 Ag=38
wpe -9 (-n @-g (G-n @-9 (G-n @-g9 g-n @-g (g1
BOV —1.433 —-0271 —0.692 0.529 0.087 1.301 0.891 2.050 1.632 2.777
B1V —1.324 —-0.240 —0.584 0.558 0.195 1.329 0.995 2.076 1.719 2.802
B2V —1.209 -0.218 —-0.470 0.579 0.307 1.350 1.104 2.096 1.808 2.821
B3V —1.053 —-0.186 —0.315 0.610 0.460 1.379 1.250 2.125 1.923 2.849
B5V —0.828 —0.139  —0.092 0.655 0.680 1.423 1.460 2.166 2.080 2.890
B6V —0.728  —0.121 0.007 0.672 0.776 1.439 1.550 2.182 2.144 2.905
B7V —0.580  —0.100 0.152 0.692 0918 1.458 1.682 2.200 2.234 2.922
B8V —0.388  —0.076 0.340 0.714 1.101 1.478 1.850 2.219 2.344 2.940
BoV —0.198  —0.046 0.528 0.742 1.285 1.504 2.019 2.244 2.445 2.964
A0V —0.053  —0.005 0.675 0.780 1.431 1.540 2.153 2.277 2.514 2.995
AlV —0.019 0.005 0.709 0.790 1.464 1.550 2.181 2.287 2.525 3.005
A2V 0.021 0.025 0.749 0.809 1.505 1.568 2.217 2.304 2.538 3.021
A3V 0.038 0.059 0.771 0.840 1.531 1.597 2.241 2.332 2.541 3.048
A5V 0.067 0.125 0.805 0.904 1.567 1.658 2.269 2.390 2.523 3.105
A7V 0.044 0.199 0.788 0.975 1.554 1.726 2.252 2.456 2.474 3.169

Table A2. VST/OmegaCAM synthetic colours for B, A main-sequence stars in the ( — i), (r — Ha) plane reddened with an Ry = 3.1 extinction law.
(Full table online.)

Spectral Ag=0 Ag=2 Ag=4 Ag=06 Apg=38 Ag =10
Type r—1 (r—He) (r—i) (¢—-—Ha) @r—-—i) @¢—-Ha) @¢—-i) ¢—Ha) @¢—-i ¢r—Ha) (¢r—i) (—Ha)
BOV —0.150 0.054 0.278 0.198 0.694 0.316 1.100 0.409 1.496 0.478 1.884 0.526
B1V —0.136 0.048 0.291 0.192 0.708 0.310 1.114 0.403 1.510 0.472 1.898 0.519
B2V —0.123 0.045 0.304 0.188 0.721 0.306 1.126 0.398 1.523 0.466 1.911 0.513
B3V —0.104 0.044 0.323 0.186 0.740 0.303 1.145 0.394 1.541 0.462 1.929 0.508
B5V —-0.077 0.039 0.349 0.180 0.765 0.295 1.170 0.386 1.566 0.452 1.954 0.497
B6V —0.068 0.036 0.358 0.177 0.774 0.291 1.179 0.381 1.575 0.448 1.963 0.492
B7V —0.057 0.029 0.369 0.170 0.785 0.284 1.190 0.374 1.586 0.440 1.973 0.484
B8V —0.045 0.018 0.382 0.158 0.797 0.272 1.202 0.362 1.598 0.427 1.985 0.471
B9V —0.028 0.006 0.398 0.145 0.813 0.259 1.218 0.348 1.614 0.413 2.001 0.456
A0V —0.009 —0.005 0.418 0.133 0.833 0.246 1.238 0.334 1.633 0.399 2.020 0.441
A1V —0.003 —0.003 0.423 0.135 0.838 0.248 1.243 0.335 1.638 0.399 2.025 0.442
A2V 0.006 —0.004 0.432 0.134 0.847 0.247 1.251 0.334 1.646 0.397 2.033 0.439
A3V 0.021 —0.008 0.446 0.130 0.861 0.241 1.265 0.328 1.660 0.391 2.047 0.432
A5V 0.051 0.005 0.476 0.141 0.890 0.250 1.293 0.335 1.687 0.396 2.073 0.436
ATV 0.083 0.027 0.507 0.160 0.920 0.268 1.322 0.350 1.716 0.410 2.101 0.448

used is due to Fitzpatrick & Massa (2007). As an example of the tables available, we include excerpts from the second and fifth tables that,
respectively, provide Ry = 3.1 blue-filter and red-filter colours for B, A main-sequence stars.
Two further tables of synthetic colours are included in the supplement for K-M giants that have been computed using P98 library spectra.

Data are provided for the R = 3.1 mean Galactic law only, for the limited purposes of (a) giving an impression of how these luminous red
objects may contaminate the (# — g, g — r) diagrams at redder (g — r) through u red leak and (b) enabling comparisons with the M-giant spur

commonly seen in the (r — He, r — i) colour—colour diagrams.
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