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ABSTRACT

Context. The bright southern Cepheid RS Pup is surrounded by a citellarsnebula reflecting the light from the central star. The
propagation of the light variations from the Cepheid ingiuke dusty nebula creates spectacular light echoes thatecabderved up
to large distances from the star itself. This phenomenonn®notly unique in this class of stars.

Aims. For this relatively distant star, the trigonometric paaalavailable from Hipparcos has a low accuracy. A carefuéolaion of
the light echoes has the potential to provide a very accugatametric distance to RS Pup.

Methods. We obtained a series of CCD images of RS Pup with the f/EMMI instrument covering the variation period of the star
(P = 41.4d), allowing us to track the progression of the light wawafs over the nebular features surrounding the star. Weurezhs
precisely the phase lag of the photometric variation in #vegions of the circumstellar nebula.

Results. From our phase lag measurements, we derive a geometriacksté 1 992+ 28 pc to RS Pup. This distance i§exted by a
total uncertainty of 1.4%, and corresponds to a parallax-6f0.502+ 0.007 mas and a distance modulug:cf 11.50 + 0.03.
Conclusions. The geometric distance we derive is by far the most accuoageGepheid, and among the most accurate to any star.
RS Pup appears both as somewhat neglected and particuiamysing to investigate the mass-loss history of Cephdidanks to its
highly accurate distance, it is also bound to become an itapbluminosity fiducial for the long period part of the pefituminosity
diagram.

Key words. Stars: individual: RS Pup, Stars: circumstellar mattearStdistances, Stars: variables: Cepheids, ISM: reflectiu-
lae, ISM: dust, extinction
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@ 1. Introduction - its pulsation period, which is one of the longest known ealu

N . . __among Galactic Cepheids, is subjected to strong variations
~The variability of RS Pup was discovered by Miss Reitsma,

C\l Kapteyn's assistant in 1897, and independently of her by In spite of the wealth of information that can be retrieved
<t Innes ). The period of about 41.3 days, determined fggm thoroughly studyln_g these peculiarities, RS Puppis ha
O the turn of the 2% century, was the longest period among thBeen a neglected Cepheid for 2-3 decades.

O Cepheids known at that time. Long period Cepheids are im- Before our_interferometric works (Kervella et dl. 2p06;
LO) portant because, owing to their larger mass, they evolvemaerand et al[ 2006, 20p7), the nebula around RS Pup was the
C\l rapidly than their shorter period counterparts. In additihey only certain case of a direct relationship between a Cepheid
O are key objects in calibrating the period-luminosity rielaship, and interstellar material. Another Cepheid, SU Cas, also ap
O and the exact knowledge of the behaviour of this relatignahi pears close to a reflection nebula (Milone efal. 1999; Tuéner
—!_the long-period end is critical for establishing the cosui® Eyand1984), but the physical association is more uncefaia

(T tance scale because being more luminous, long-period @ph@ebulosity around RS Pup was discovered by Westerfund]j1961

_C can be discovered more easily in remote galaxies. No other Cepheid is known to be so intimately associated with
RS Puppis (HD 68860, SAO 198944) is one of the most inthe interstellar matter. Westerlund already remarked ‘that
portant Cepheids in our Galaxy due to its peculiarities: nebula may be large enough to permit the detection of possi-
- itis embedded in a reflection nebula, ble variations in its intensity distribution due to the ligharia-

- it is situated in the region of a stellar association (Pspip), tions of the star’. This fiers a unique opportunity to determine
the distance of the Cepheid by comparing the angular and lin-

Send offorint requests to: P. Kervella ear radii of the denser rings in the reflection nebula. The po-
* Based on observations collected at the European South&itional coincidence of RS Pup with the reflection nebula can
Observatory, Chile under ESO Programme 078.D-0739(B). indeed be used for determining the distance and luminosity o

Correspondence to: Pierre.Kervella@obspm.fr the Cepheid, based on the light echo phenomenon occurring
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around such a large amplitude variable (Ha72a; see adapter of the telescope was rotated in order to align thee-dir
Sugerma3). This distance is independent of the restits of the gap with a lower density part of the nebula. Thespix
obtained by other methods applicable for such variablesstascale of EMMI is 01665+ 0.0008’.pixel! on the sky, pro-
Another aspect of this positional coincidence is the studh® viding a good sampling of the point spread function (PSFheve
relationship between stellar pulsation and matter expétlem under good seeing conditions.

the star.

Moreover, Westerlund (1963) pointed out that the reflection Immediately before or after the RS Pup observations, we ob-
nebula surrounding RS Pup is a part of a stellar association cserved as a PSF reference the K1lIl star HD 70555. We observed
sisting of early-type stars, which allowed him to derive the this star in addition to RS Pup in order to subtract the winigs o
tance of the newly detected Pup lll association. The spatial the difraction pattern of RS Pup from the nebula. We obtained
incidence of the Pup Ill association and RS Pup allows amottfe series of exposures through tBefilter of EMMI at seven
determination of the distance of the Cepheid independeritlyepochs, complemented by a single epoct/pR, andI?. The
the methods based on the pulsation. images inVRI colors will be discussed in a forthcoming arti-

Ring-like structures in the nebula surrounding the Cephefte. The exposures were obtained randomly between 28 Qctobe
imply that the circumstellar matter, at least partly, arages 2006 and 24 March 2007, but resulted in a reasonably good cov-
from the pulsating atmosphere of RS Pup. The mechanism f§age of the pulsation cycle of the star. The individual expe
the formation of this circumstellar envelope (CSE) is catiye times were relatively short, between 20 and 180s, in order to
unknown. Deasy 8) proposed several scenarios, rang@Ygid the saturation of the detector even very close to tie st
from evolution of the star before its Cepheid phase to ma&Be journal of the observations is presented in THble 1. ta t
loss during multiple crossings of the instability strip. painted shutter open time obtained on RS Pup with EMMI in all bands
out by Havlen a) and Szabadps (2003), it is unlikely thggaches more than 3.5 hours. The raw frames produced by the
RS Pup is the only existing Cepheid—nebula associatiored®adnstrument were pre-processed in a standard way (bias @mov
on IRAS photometry and IUE ultraviolet spectra, Dedsy (J9g8at-fielding, cropping) using the Yoriékand IRAF* software
identified mass loss in a number of Cepheids. The highest magskages. The resulting frames were precisely co-aligaggju
loss rate is attributed by this author to RS Pup 1d,.yrt). the IRAF scriptimcoadd (gemini package).

This level is very significant, comparable to that of the Mitars

(which host dense molecular and dusty envelopes), andigpla In order to better vizualize the light echo phenomenon, we
the “bubble” structures that have been carved by this strédn computed a continuous movie of the progression of the light
interstellar medium. echoes in the nebula, using a spline interpolation of the-mea

The available observational material on RS Pup mostly copidred epochs for each pixel (excepting the night of 20 Deeemb
sists of photometric data covering more than a century. TR806). Snapshots of this interpolated movie are presemted i
analysis of these data is instrumental in determining tise hfig- |1 for ten regularly spaced phases, and the movie itself
tory of variations in the pulsation period, which will be dis (50 interpolated epochs) is available from the A&A web site i
cussed in a forthcoming paper. Changes in the pulsationqber!V'PEG format_. The variation of the Iur_nlnosny of_RS Pup is vis-
bear information on the evolutionary stage of the Cephaid-(s ible on these images from the changing extension of the wings
ular period changes) and the physical processes occurrihgi ©f its PSF. The morphological changes of the nebula with time
pulsating stellar atmosphere (period changes on timeszfal are considerable, and they will be further studied in a fath-
years). Recent high resolution spectroscopic obsenatigtn INd paper. This movie was not used for the analysis developed
the HARPS instrument were reported by Nardetto et[al. (Rodglow.

). They show very broad spectral lines at certain phases ) ) _
indicative of the presence of strong shock waves. To obtain absolute coordl_nates on a common World. coordi-

In the present article, we describe our application of thetli Nate system (WCS), we retrieved from the IPAC architfe
echo method to determine the distance to RS Pup. The obsef/d-> images covering the field of view of our images. The
tions obtained with ESO’s NTT are reported in Sdft. 2. A d@strometric calibration was obtained by matching the ceord
tailed description of the processing steps that were apptie nates of the_ bnghtest sources with their counterparts & th
derive the photometry of the nebula is given in SBct. 3. IFynaIZMASS archive images. The absolute astrometric accuracy of

we derive the distance to RS Pup in Sd§t. 4, and compare 8iff 2MASS images is about 0.1Skrutskie et al[2006). Due
value to existing estimates in Seﬂt. 5 to the presence of stronger scattered light in the visihle as-

trometric uncertainty is estimated to be of the order of’ Q2
one pixel) over the EMMI field. As we do not aim at obtaining
absolute astrometry, this calibration method ifiisient.

2. Observations

We observed RS Pup using the 3.6m ESO New Technology
Telescope (NTT) installed at La Silla Observatory (Chibd
equipped with the ESO Multi-Mode Instrument (EMMI). This

instrument is a multipurpose imager and spectrograph (Brekk 1 httpy/www.Is.eso.ordasilla/sciopgntyemminewRed

et al. )_' For the reported 0bservations_, we used the red The transmission curves of the EMMI filters are availablexfro
arm of this instrument, based on two back-illuminateck2k i www.Is.eso.ordasilla/sciopgntemmjemmiFilters. html

CCDs (15um pixels) arranged in a mosaic, with a 7.82 arcsecs httpy/yorick.sourceforge.ngt

gap between the two detectors. The useful field of view iss |gRaF” is distributed by the National Optical Astronomy
9.0x9.9 arcmin. We restricted our processing tox® arcmin, opservatories, which are operated by the Association ofdisities
still leaving a considerable margin around the nebula of &S P for Research in Astronomy, Inc., under cooperative agreemith the
In order to avoid a heavy saturation of the detector, we posiational Science Foundation.

tioned RS Pup in the gap between the detectors. The Nasmy#hhttpy/irsa.ipac.caltech.edu
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Table 1.Log of the EMMI observations of RS Pup and its PSF calibrati@,70555. MJD is the median Modified Julian Date of
the exposures. The phasgwere computed using thé&{, P) parameters given in Se.2.

Date uTC MJD Star Filter ) Exposures Airmass FWHMJ
2006-10-28 8:12:23 54036.3419 HD 70555 B 25sx 6 1.17 1.19
2006-10-28 8:37:14 54036.3592 RSPup B 0.6854 18010 1.10 1.14
2006-10-29 7:54:05 54037.3292 HD70555 B 25sx 6 1.21 1.25
2006-10-29 8:23:17 54037.3495 RSPup B 0.7093 18010 1.12 1.13
2006-12-20 3:30:42 54089.1463 RSPup B 0.9592 18010 1.40 2.01
2006-12-20 3:57:31 54089.1649 HD 70555 B 25s5%x 6 1.33 1.97
2007-01-13 5:28:49 54113.2283 RSPup B 0.5404 18010 1.01 0.91
2007-01-13 5:54:39 54113.2463 HD70555 B 25s% 6 1.01 0.70
2007-01-22 2:39:17 54122.1106 HD70555 B 25sx 7 1.16 1.16
2007-01-22  3:09:38 54122.1317 RSPup B 0.7552 18012 1.08 0.96
2007-01-27 3:49:50 54127.1596 HD70555 B 25sx 6 1.02 0.88
2007-01-27 3:55:38 54127.1636 HD 70555 V 6sx6 1.02 1.13
2007-01-27 4:00:11 54127.1668 HD70555 R 2sx 6 1.01 0.98
2007-01-27 4:04:58 54127.1701 HD70555 | 3sx6 1.01 0.98
2007-01-27 4:18:53 54127.1798 RSPup B 0.8770 179x5 1.01 0.88
2007-01-27 4:35:02 54127.1910 RSPup V 0.8773 45x 8 1.00 0.89
2007-01-27 4:47:06 54127.1994 RSPup R 0.8775 2012 1.01 0.80
2007-01-27 4:59:11 54127.2078 RSPup | 0.8777 30s 10 1.01 0.81
2007-03-24 0:16:25 54183.0114 RSPup B 0.2244 180 10 1.01 0.88
2007-03-24 0:44:32 54183.0309 HD 70555 B 25s5x 6 1.00 0.74
3. Data analysis were then all equalized to 1.19using thepsfmatch task of
) IRAF. This command convolves the images by a kernel that is
3.1. PSF subtraction and photometry computed to match precisely the images to a reference frame

(in this case, the first observation of HD 70555 obtained unde
slightly degraded seeing conditions on the night of 200628))

On the images of RS Pup, large spikes are created by the $eemputing the median of these re-rotated images resulted in
ondary mirror spider support and the inhomogeneities obtiie very dficient removal of the background objects, leaving only
tical surfaces in the telescope. Fortunately, from onetsténe the PSF of the central star, as shown in Kjg. 2 (bottom). The
other and over long periods of time, the distribution of tigh latter image is rotated to a null parallactic angle, and the i
this diffraction pattern is very much reproducible, and it can bage scale is logarithmic to show the faint extensions of tBe P
efficiently measured and subtracted. We therefore observed imings. The background stars disappeared almost compléiely
mediately before or after RS Pup the bright K111 star HD 7855in all the images presented in this article, the positiorhefdb-

As shown in Fig[l2 (top), the field around this star is reldsive served star is marked with a spot. Apart from the small actefa
rich in background stars, due to its low Galactic latitue@®). close to the center, this image shows the actual PSF prodiyced
Its position near RS Pup is an advantage to match the airsjastfee NTT with a seeing of 1.19 for a null parallactic angle, i.e.,
but the presence of background stars, which must be remowéth the altitude direction of the telescope aligned aldrepter-
before subtraction from the RS Pup images, creates sofiite dtical axis of the image. We finally prepared an adapted rafsre
culties. PSF frame for each individual image of RS Pup by re-rotating

Due to the alt-az configuration of the NTT, the pupil of théhe image presented in Fif]. 2 (bottom) to the same parailacti
telescope (and all the attached PSF defects) rotate at aeangangle.
rate that is a function of the altitude and azimuth of the ohje
The position angle of the firaction spikes is given by the paral-
lactic angle at the time of the exposure. These optical detre
caused by the secondary mirror support and the optical elesneln order to properly subtract the image obtained at $ecti3.1
and therefore they rotate with the telescope pupil. Duriog n we matched the PSFs of each RS Pup image to the same FWHM
mal operation of the telescope, the field de-rotator (a meichh of 1.19’, which is also the FWHM of the PSF reference im-
device on which the instrument is mounted) takes care of-rotage. We normalized photometrically all images to the firs on
ing continuously the instrument in order to keep the positdb using a sample of twenty field stars and aperture photometry
the objects constant on the detector. Of course, any defeoti (with a large 20 pixels aperture) with théot task of IRAF.
duced by the instrument itself does not rotate with the telps The measured standard deviation of the photometry obtained
pupil (such as ghosts created by internal reflections, esjdeé these twenty stars using a 5 pixels aperture@€D3 mag over
filters). our complete image sample.

To take advantage of thisffect, we “re-rotated” the PSF  The night of 20 December 2006 is a special case as the very
exposures obtained on HD 70555 for the nights of 2006-10-28ge FWHM is not caused by a poor seeing, but by a defocus
2007-01-13, 2007-01-27 and 2007-03-24. In other wordsigusiof the telescope (the true seeing was around)0.lh order to
the parallactic angle information, we aligned precisely BSF recover useful information from this night, we used a sgecia
spikes with each other, letting the background star fieldteot processing method. For this particular night, we degratied t
We chose these four nights as their seeing FWHM is comd@A/HM of the reference PSF image from Sgct. 3.1.1 to match the
rable (from 0.70 to 1.14’), and they are all dierent in terms 2.0’ FWHM of the RS Pup image. We thus obtained a special
of parallactic angle. Thefiective FWHMs of these exposuresPSF image set matching this series of images.

3.1.1. Preparation of the reference PSF

3.1.2. Preparation of the images of RS Pup
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1

Fig. 2. Top: Image of the field around HD 70555 showing thé-ig. 3. Top: Rectangular zones (shown as light grey patches) se-

wings of the PSF of the NTT and the background st&astom:  lected to compute the photometric ratio between RS Pup and th

Reference NTJEMMI PSF extracted from the observations ofeference PSF frame, superimposed on a single frame obtaine

HD 70555 obtained over four epochs. on 28 October 2008ottom: Result of the PSF subtraction of
the top frame.

3.2. PSF subtraction and photometry of RS Pup

The goal of the whole procedure described in this section ismeasurement of the flux in the wings of the PSF of RS Pup.
subtract the wings of the RS Pup PSF withoffiéeting the neb- However, the measurement itself is madgfidilt by the pres-

ular features over which the light echoes propagate. Fepilni- ence of the relatively bright nebular features that tendds the
pose, it is necessary to compute the flux ratio between RS Ralptometry towards higher flux.

and HD 70555. We initially thought about computing this@ati  We thus selected two regions close to RS Pup that show a low
from predicted magnitudes of RS Pup, but in practice thiots nnebular contribution on all images (F@. 3, top). Over thzee
possible due to its irregularly evolving period. This makelf- regions, we smoothed the result of the division of each image
ficult to phase precisely our measurements over archiveopiot of RS Pup by the corresponding PSF image, using a median box
etry (even if only a few years old). So we resorted to a direfitter. We then took the minimum value as the ratio between the
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Table 2. Measured photometry of RS Pup. erence to convert the measured ratio with RS Pup into magni-
tude. TheHipparcos catalogue (ESA 1997) givasg = 6.249.
Date MJD phase mg  o(mg) Although neither star was actually present on the detether,
2006-10-28 54036.3592 0.6854 9.329 0.033 measured photometry of RS Pup is relatively accurate (@ble
2006-10-29 54037.3495 0.7093 9.343 0.038 and Fig|]5). From these magnitudes, we derive the followdfig r
2006-12-20  54089.1463 0.9592 7.778 0.059 erence epoch of the maximum lighy = MJD 54090836+0.08
2007-01-13  54113.2283 0.5404 8.970 0.040 (JD 2454091.336). For this fit, we adjusted a phase ahifto
2007-01-22  54122.1317  0.7552 9.315 0.044 match the measured photometric data points, using an erp

2007-01-27 54127.1798 0.8770 8.564 0.037

2007-03-24 541830114 02244 8328 0.067 lated light curve constructed from archival photometryir{gs

Berdnikov’s dat&). We find no systematic magnitude shift down
to a+0.02 mag level.

two frames. This method ensures that we do not overestimate; While the shape of the light curve has remained stable
flux from RS Pup due to the nebula. As an example, the result@fhich justifies the fit of the recent photometric data to tbe-n
the subtraction is shown in Fig. 3 (bottom) for a single frafe mal light curve), the period of RS Pup has varied dramajicall
each night, we computed the median of all subtracted images ©Ve' the last century. There are short term changes supesedp
operation that further reduced the residuals of the PSRanbt ON & uniform secular period increase (to be discussed intla-for
tion. As an example of the result of this processing, the enaGOMiNg paper). The instantaneous periocPok 414389 days

of RS Pup obtained on 27 January 2007 is shown in[fig. 4. S derlve’('d from the most recent part of the “Observed minus
visible in this image, the field de-rotator of the NTT wagset Calculated” O —C) diagram, i.e., from th® — C residuals cal-
by 60" for the observations to avoid masking dense parts of thelated for the epochs between 2002 and 2006. We used this
nebula inside the CCD gap. North is up and east is to the left bfp> P) combination to phase our measurements.

this image, but the other figures of this article are not e

for the rotational ffset.

7,5

Phase

Fig. 5. Photometry of RS Pup from our observations, superim-
posed on itsB band light curve foiTy = MJD 54090836 and
P = 414389 days.

After the PSF subtraction, the images of the night of the 20
. . . December 2006 were deconvolved using the Lucy-Richardson
Fig. 4. PSF-subtracted image of the RS Pup nebula obtained Q8 orithm in order to match the PSF FWHM with the other im-
the night of 27 January 2007 at a phase 0.8770. ages in the series (normalized to a FWHM of T’L%After this
procedure, we checked the consistency of the photometry of a
ample of stars in the field and found a good agreement within
ss than:0.1 mag. Although the quality of the data of this par-
lar night is low, this step is important in the contextrab-
ular photometry to limit the contamination among neighlogr
parts of the nebula.

The derived flux ratio is the same between the frames 9
tained over one night to a few percent. We used the standard
viation of this dispersion as the statistical uncertairitye ratio.
To estimate the systematic error, we obtained apertureophot
etry of a sample of faint stars close to RS Pup (butfigtded
by the nebula), in the subtracted images. The dispersioheof t  The variation of the aspect of the nebula over the six phases
measured magnitudes at all epoch8.03 mag) was taken as thefor which we have high quality images (excepting the night of
measurement uncertainty_ 20 December 2006) is presented in g. 6.

The PSF calibrator (HD 70555) was chosen in the spec-
trophotometric catalogue assembled by Cohen 197993.
gives us the possibility to use it as a convenient photomegfi & available from httpywww.sai.msu.sigroupgclustef CEPPHE/
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4. Distance determination their variation curve and the curve of the Cepheid is smdilis T

4.1 Selection of the nebular features translates into a large shift in distance foffeient values oN;.

The determination of the distance to RS Pup following th% Photometrv of th bular feat
method of Havlen[(197Pa) is based on the measurement of t g Photometry of the nebular features

phase dierence between the variation of the star and the variphe measurement of the surface magnitude of an inhomoge-
tion of isolated nebular features. When a particularly éesd neous nebula depends on the choice of aperture size. Clgoosin
localized feature can be isolated, we can make the reasdnabloo large aperture can lead to a degraded estimate of the var
hypothesis that the light flused by this feature dominates theytion of each individual component, while a too small apertu
light diffused by the other superimposed layers. In other worqgy| produce inaccurate measurements due to the limitedgsho
although several layers contribute to the local photom@tithe - metric signal-to-noise ratio (SNR). One advantage of thefah
same projected position on the plane of the sky), the phi&iseto normalization of the PSF of our images before their photoimet

of the phot_ometnc variation can be considered identicahsd co-referencing is that our nebular photometry is mostliiss-

of the localized “blob”. tive to the seeing fluctuations between each night. We cae-the
fore use each pixel of the nebula image individually to measu
® - photometry, when the SNR is ficient. We thus did not adjust
centroids on the nebular features, as they are highly Vatiab
but instead we chose one fixed position for each of them over
which we obtained the photometric measurements. Tieetive

. o photometric aperture on each pixel therefore correspantieet
seeing PSF, with a constant FWHM of 1”1for all images (see
: Sect|3.1)2).
e | » In all the subsequent analysis of the nebula variation, the
. A o * night of 20 December 2006 will be used only for verification

purposes, and not for the fit itself. The deconvolution pdoce
that we used specifically for this night shows no indicatidén o
b v introducing a photometric bias on the photometry of thdatel
sources, but could possibly create artefacts in the sughoe
tometry of the nebula.

e 4.3. Measured phase offsets

4 The measured properties of the selected features and the am-
g plitude and phase of their respective photometric vaniatiare

listed in Table[B.

30" ® . The phases and amplitudes were subsequently averaged over
* a 5x 5pixels box (83" x 0.83”) centered on each position.

. The fit was obtained by adjusting the phase, mean value and

@mplitude of the photometric curve of RS Pup to the photom-

cumstellar nebula of RS Pup. Due to their phase-shifteatiari Sty Of €ach pixel using a classicef minimization through a
cycles, not all features are simultaneously visible onithizge, Levenberg-Marquardtalgorithm. The fit was obtained sapbra

obtained on 13 January 2007 at a phasé ef0.5404. The size on each pixel of the & 5 pixel boxes. The standard deviation of
of the circles marking each region corresponds approxisnte the measurements over theS pixels box, added quadratically

the 5x 5 pixel boxes used to average the derived parameters.tO the fitting e_rror_bars was taken as its_ associated ‘_J”D‘%”‘?‘i
While the estimation of each phaséset is more precise, this

conservative approach is intended to account for posshméop
The selection of the regions of interest was done in two stepgetric contaminations by other nearby features. The fistddi
hase and amplitude values correspond to the average @f thes
Earameters over these boxes. Figﬂre 8 shows the best fitscurve
for the selected nebular features detailed in Tﬂ)le 3. mfthi
i . . ure, the plotted error bars correspond to the standardtitmviaf
2. select within this sample the features showing the 1arg¢fe 5. 5 pixel window used to average the adjusted parameters.
photometric variation amplitude. The data point marked with a cross was excluded from the fit-
Step 2 is necessary to select the features that are most fikel ting process as it corresponds to the night of 20 Decembet,200
correspond to a single position in the nebula, thus avoitieg When the telescope was accidentally out of focus.
confusion of several superimposed layers located®greint dis- It is interesting to remark that the feature #1 selected by
tances. This also selects the most accurate phase meastsemdavien (1972a) corresponds approximately to our featurat#2
This procedure resulted in a selection of ten prominent laebuthough an exact identification is maddfdiult by the absence
features. Figurﬁ 7 shows the position of these regions. \Weechof relative coordinates in his article (we used his Fig. 1gvidn
features that are located as close as possible to the ¢temigh obtained a minimum light phase ¢f = 0.52 — 0.57, depend-
avoiding the closest regions where residuals from the P8F sing on the level of dilution of the photometric curve, whilew
traction are present. They are the most discriminatingfedis- obtain~ 0.55 (Fig.l]a). Considering the unknown uncertainty
tance determination, as the integer number of cyl|ldsetween on Havlen'’s feature position, the agreement is satisfaciidre

Fig. 7.Positions of the isolated nebular features chosen in the

1. identify visually all the well-defined compact nebulal
features that show a clear variation over several images,
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Table 3. Measured photometry of the selected nebular featuresx®maly columns list the coordinates of the selected pixels in
the data cube. The angular raditu®f these pixels is counted in arcseconds from RS Pup, andztimeith is measured from north
(N = 0°, E = 9¢°). The coordinates of RS Pup in the image, in pixels from thitolbo left, arex = 6193+ 0.2,y = 6282 + 0.2.
“Mean” is the average value, an® the amplitude of the adjusted photometric curve, express&DU and A¢; is the phase
offset with respect to RS Pup, with its associated total erew {ext).N; is the computed integer number of periods between the
variation cycle of RS Pup and that of the featutds the derived distance to RS Pup. The six selected featorésd final distance
computation are marked within the first column (see Segt. 4.4 for details).

# x(pix) y(@x) 6 (") Azimuth() Mean (ADU) A (ADU) Agi Ni d +o (pc)
1 578 748 21.10 139 18563 313+ 11 0.983:0.020 5 2034:7
2+ 522 710 21.16 170 185 15 280+ 17 0.809+0.012 5 19695
3+ 493 659 21.65 196 17519 274+ 43 0.989+0.013 5 19855
A 528 668 16.58 186 17411 241+19 0.576+£0.009 4 198Q-4
5% 549 694 16.03 167 23214 275+ 28 0.504+0.083 4 2016t 38
6 542 624 12.89 213 1843 291+ 20 0.102£0.023 3 172614
7+ 568 587 10.96 249 1559 274+ 15 0.098+0.023 3 2028t 16
8+ 655 456 29.28 312 999 151+20 0.207+0.036 8 201G:9
9 695 717 19.42 80 8%6 83+ 4 0.697+0.016 5 21046
10 569 719 17.28 149 1976 220+9 0.602+0.014 4 191G:6

three other features he selected are located further away frreduce our sensitivity to the dispersion of the measuretsilel-

RS Pup and do not correspond to ours. atively to the plane of the sky. Features located closer rohéun

from us than RS Pup will have a smaller apparent angular sepa-
ration from RS Pup, and the distance estimate will be unicerta
We suspect this is the case for the nebular feature #6 in fable

We assume in the following that the integer number of periodtpwever, fits with all ten blobs included, or inversely witlx s
N; separating the photometric variation of RS Pup from the-vaffatures clipped out, leads to exactly the same unweigivierd a
ation of each nebular feature is increasing with the anglitar age value of 1992 19 pc, so this clipping does not introduce
tance from the star. This is a natural consequence of oungssu any significant bias.

tion that the selected features are located close to themfn

the sky (see discussion above). This means that a nebutardea

with indexi located closer to RS Pup than another regjiovill 10%
haveN; < N;. From the phaseftsetA¢; of each feature (with
1 <i < 8), we can derive a distanckto RS Pup assuming an
arbitrary value folN;, from the simple relation:

4.4. Distance estimation and statistical uncertainty

9%

8%

7%

_ (Ni+Ag)P
' T 57755103,

6%

whered; is in parsecsP in days, and; in arcseconds. As rightly 5 5%
pointed out by Havlen| §1972a), it is not possible to obtain ¢
unique distance solution, independently of the number ai-me
sured features. However, for the right values of fh@umbers, 3% j ! !
we expect a marked convergence of the estimdfadwards a S R A SR }
single value. As we assumed th¥tis increasing with the sepa- ! ! ! :
ration from RS Pup, we can summarize the determination of tr§ 1% ‘ : !
distance to a study of the relative standard deviation ofitldés- : : : : :
tances as a function of tlagriori assumed distance to RS Pup. 0 500 1000 1500 2000 2500 3000
Figure[d clearly shows the best convergence for a startihgva A priori starting distance (pc)
around 1990 pc. The best-fit unweighted average distdrafe
all d; in this case id = 1992+ 20 pc If we apply a weight- Fig. 9. Relative dispersion of thé distance estimates as a func-
ing of thed, measurements by the inverse of the phase variartign of the initial assumed distance to RS Pup for 10 (thirckla
of the corresponding nebular feature, we obtain 1983 p&imit curve) or 21 (thick grey curve) nebular features. The arrow
half ac of the previous value. The unweighted median distangeints at the minimum dispersion of 1.1%.
is 1997 pc.

The individual formal error bar on eacah value is usually
below 1%, and in some cases even better than 0.3%, but theirAs shown in Fig[R, other starting distances than 1990 pc
dispersion is larger due to their non-planar spatial digtion Provide some convergence, in particular around 650pc and
around RS Pup. To take this into account, the uncertainty 8340 pc, but the dispersion of thi is much larger than for
the average distance was computed using the unweighted bd&92 pc (2.4% and 2.8%, compared to 1.1%). They correspond
strapped standard deviation of gj| minus the two highest and to different sets of increasing; values. The corresponding re-
two lowest values of our set. A description of the bootstiagp ducedy?® are respectively?,, = 73, 775 and 151, for the three
technique can be found in Appendix B of Kervella et moozlmcreasing distances. The smal}g’gd for 650 pc is due to two
This clipping of fourd; distance values (out of ten) is useful tceffects:

4%

,,,,,,,,,,,

ive standard deviation of nebular feature distances (%)

:
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4.5. Systematic error sources and final distance

ol S L e 4.5.1. Astrometry and photometry

B R e R EEEE The pixel scale of the EMMI detector isi65+ 0.0008".pix 1,
‘ ‘ ‘ ‘ ‘ ‘ resulting in a systematic uncertainty of 0.4% on @&livalues,
! ! ! ! ! ! and consequently on the distance. The position of RS Pup was
8 Lo . . determined with an accuracy 0.2 pixel on the reference im-
‘ ‘ ‘ ‘ ‘ age, from the intersection of the largdfthction spikes created
! ! ! ! ! ! by the secondary mirror support (visible in Fﬂg 2, bottoi)is
al s S I I translates into a relative uncertainty of 0,038 each measured
! ! ! ! ! ! 6;. For the smallest angular distance of featuret#(10.96"),

Nit+i
(4]

! ! ! ! ! this corresponds to a relative uncertainty of 0.3%.

D I N A A S The angular separatiodisthemselves do not contribute to a
} ! ! ! ] ] systematic uncertainty as we considered pixel to pixel @inet

L 7 A e A T oo o try, without centroiding the features. The accuracy of &gis-

0 tration of the images with respect to each other is very high a
0 5 o 15 20 25 30 35 we used a cross-correlation over hundreds of backgroumnsl sta
Radial distance from RS Pup (arcsec) (star positions are constant on the detector). The photamet

_ o normalization of each image with respect to the first in the se
Fig. 10.Total phase\; + ¢; of the observed variations of the nebyjes was achieved using a sample of field stars with an acgurac
ular features around RS Pup as a function of their radial languyf 5 few 0.01 mag (Sedt. 3.1.2). The subtraction of the telesc
distance from the star for this values given in Tabl§] 3. The psF introduces additional photometric errors, but theyaicen
line is a two-parameter linear fit through the points (se¢)teXintg account in this statistical uncertainty. More genigrahe
The data points shown as open circles were excluded from fhigstometry is not expected to be a significant contributdhéo
fit (two largest and two smallest distance estimates fronséle  oyerall systematic uncertainty, as the residual fluctuatare re-

flected into the statistical phase uncertainties listectiolaf3.

4.5.2. Period and reference epoch

— The error bars on each phadéset¢; translate into constant The computation of the phasé&set relies on the assume® To)
uncertainties on thd; values, independently of the choserpair. An error on these two values will have an impact on the
N;. If the average distance becomes smaller (by reducing d#termined phasefiset of a given feature, and thus on its esti-
theN; simultaneously for instance), tnelative error of each mated linear distance from RS Pup. We derived the time of the
d; increases, while the errors themselves remain constant.@gual maximum light epocfip from our own data, and thus
a consequence, for the smaller average distances’the- obtained a value suitable for the epoch of our observatians.
comes smaller, while the standard deviation ofth@mains uncertainty of 0.08 day is attached to this estimate. Itdians
the same. Thg? is therefore a poor indicator of the con4into a maximum systematic uncertainty 008/41.4 = 0.2% on
vergence of the method, compared to the straight stand#ne distance. As they are spread over 147 days, our obseErgati
deviation. cover about 3.5 periods of RS Pup. Assuming an uncertainty of

— The 650 pc distance is nearly a third of 1992 pc, and it be:0.02 day on the perioR, this will create a maximura0.07 day
trays a geometrical aliasingdfect of the distribution of the uncertainty on the last maximum dates, equivaler#@®% on
selected blobs on the nebula. We can exclude this small dise distance.
tance (as well as 1340pc) using our verification fit with
a distinct set of 21 nebular features (see also 4.5,

which gives/\(rzed — 924 around 650-700pc compared tél.)S.S. Integer number of periods N; and scattering

X%4 = 674 around 2000 pc. The computation of the distance for each nebular regiongedba
on the hypothesis that they are located in the plane of the sky
, . at the same distance as RS Pup itself. This is underpinned by
~ One should also note that a distance of exactly twice 1992 reasonable assumption that the distribution of theufeat
is also a possibility. This is a natural consequence of thiowe  5round the star is, on an average, isotropic. Several fstur
as the numbeN; of cycles is exactly doubled for each blob, butqyid be located closer or farther from us than RS Pup, result
such a value ok 4000pc is excluded by previous determinang in a larger or smaller derived distance from these paetic
tions from other methods (see S¢bt. 5). This also appli@sget regions, depending on the integer rounding error made oNithe
integer multiples. values. However, it is unlikely that it is simultaneously ttase
We can checla posteriori that the derived distance is self-for all features, especially as we consider features |aceltese
consistent by fitting the derived total phadés- ¢; as a function to the star, hence with loh; values (TabI<E|3). Considering that
of the angular radius from RS Pup for both the slope and the zéhis uncertainty due td\; is of statistical nature (averaging out
point. The slope is proportional to the inverse of the distéaand Wwith several blobs), we do not introduce here a specific ayste
the zero point should give a null phase. The derived distanceatic error contribution. The statistical dispersion of theasure-
1993 pc, and the residual phase is very smidig(= 0.007) for mentsis included in the bootstrapped error bar given in. 8ekt
the selected features (F 10). The agreement is not sofgood  The scattering angle of the light from the Cepheid by the dust
the other distances where a local convergence is obselivadj g can in principle create an uncertainty on light echo distanc
further confidence that they are not correct. This question is discussed extensively by Havign (1972b).
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Although this is true in the case of scattering by a contiruoTable 4. Systematic uncertainty contributors on the distance of
dusty medium, we rely in the present work on spatially isslat RS Pup.
well defined nebular features. This makes our distance atim

mostly insensitive to the scattering law. At the limit, theas _Term Value Tsyst
tering by an unresolved, isolated compact dust region wbeld Ppixel scale (L665+ 0.0008’ 0.4%
fully independent of the scattering function. For this @asve  pggition of RS Pup +0.2 pixel 0.3%

do not introduce a specific systematic uncertainty due taithe

) : Reference epoch MJD 540836+ 0.08 0.2%
known scattering function.

Photometric period 44389+ 0.02 days 0.2%
Choice of features +16 pc (see text) 0.8%

) ] Total +20pc 1.0%
The choice of the nebular features and their number could pes

sibly create a bias. As a verification, we considered a distin

sample of 21 positions in the nebula, extending ug;te 40”

from RS Pup. We derived from this sample an unweighted avean Leeuweb)_ Given the limited accuracy of Hipparcos
age distance of 202518 pc (Fig[D, thick grey curve), onlyrl  (~ 1 mas), we do not have an explanation for this apparent de-

away from the distance obtained in S¢ct] 4.4 (192D pc). tection of parallax, in disagreement with our determimatio
The slightly diferent distance value is due to the inclu-

sion of poorly defined nebular features that show a “smodthed .
photometric variation curve due to the superimpositionesf-s 5.2. Infrared surface brightness
eral layers located on the line of sight. The estimation &f t

phase for these features Is thus slightly biased, as showni Hared surface brightness method, a variant of the Baade-
Havlen [1972a). An indication that this bias is presenta the o ccoring techniqug. Barnes et @005) included RS Pup in
unweighted median distance from this large sample is wl?their catalogue, with a Bayesian distance of 198422 pc

22 pc, closer to the value obtained with the selected featurgnd a least squares distance of 2 @089 pc, both in excellent
Moreover, the zero point of the retrospective two-paramkiie agreement with the present determination, although less-ac

of the blob distances givesp = —0.10, significantly worse than rate. However, a systematic uncertainty arises with thit-te
for (I):urcz%[rr]e_fully s?tlectefgeretferen(ie sartr_lple. tainty 66.8% nigue (not accounted for in the above error bars), due to the
(+16r§5] to Itsr'mzeegrl:oi’cv(:eof tﬁeanse{)isa T{ae ;Srréc;er ainty60.6% projec_;t_ion factor used to convert radial velocitigs to pl;_ibn
- ' velocities. Barnes et al. used a classipafctor first derived

by Gieren et al.[(1993), namely = 1.39 — 0.03logP, which
4.5.5. Final distance and uncertainty amountsto 1.341 inthe case of RS Pup ffog 1.6174). Fouqué
. . . . _ et al. ) derived a distance of 1830pc based on the same
As discussed in the previous section, several systematierun gaia hyt using a lower projection factor based on a mean rela
tainty sources have an impact on the distance of RS Pup deigyp, gerived by Nardetto et alf (2d07),= 1.366— 0.075 logP
mined from its light echoes. Tabfg 4 lists the most importass_correlation method), which leads to 1.245 in the ads
ones, with their estimated relative impact on the deterthdiie- pg pyp. This revision is based on recent hydrodynamical leode

tance. All these terms.have a linedfeet on _the.measure.d dis-of RS Pup itself, combined with high-resolution spectrqgco
tance. Adding quadratically all these contributions, wéaoba 1 easurements. The question of féactor will be further dis-

total systematic uncertainty of 1.0% (T_atﬂe 4). This smath ¢ s5eq in a forthcoming paper. The interested reader cantoef
ber shows that the light echo method is very robust in the cagfoenewegen'd (20p7) recent work.
of a periodic star with a well-defined variation curve. In fgar In conclusion, we can regard the infrared surface briglstnes
ular, the selection of the nebular features, although amitapt ;- o a5 supporting our result, although both its raniodn
point, is not a strong limitation to the final accuracy. Wil o oo matic uncertainties are larger than those of the prege
S(_aparately the sta’ustlcal and systematic uncertairthesfinal ometric distance measurement. For the sake of better idaual
distance to RS Pup is therefore: tion, Table[b gives a summary of the distance values of RS Pup
d=1992+ 20+ 20 pc obtained from various observational methods.

4.5.4. Choice of the nebular features

more promising distance determination comes from the

corresponding to a parallax af = 0.502+ 0.007 mas (total
relative uncertainty of 1.4%) and a distance modulugiof 5.3. Stellar association

1150+ 0.03 .
* mag RS Puppis was found to be a likely member of the Pup Il OB as-

sociation discovered by Westerlur[d (1963). Based on tharcol
5. Comparison with existing distance estimates magnitude diagram of about two dozen early-type stars in the
region of RS Pup, Westerlund derived a distance of 1 740 pc and
an age of 4 million years for this stellar aggregate. Thounh t
Due to its large distance, the trigonometric parallax of Rf P distance implies a spatial coincidence of RS Pup with Pup Il
measured by Hipparcos cannot be accurate. The origitia age of the Cepheid clearlyfidirs from that of the OB asso-
Hipparcos catalogue published a valuerof 0.49 + 0.68 mas ciation.
(ESA ), which is not significant. However, a revised par- The age of a Cepheid can be reliably estimated from the
allax was published by van Leeuwen et 007)7ra3= period-age relationship, whose existence is a consequétive
1.44 + 0.51 mas, corresponding to ar3etection, and the fi- period-luminosity and mass-luminosity relationshipgreif the
nal value that appears in the revised Hipparcos paralleec cahctual crossing number of the Cepheid through the instabili
logue isr = 1.92 + 0.65mas (van Leeuwe?a; see alsstrip is uncertain. The up-to-date form of the period-ada-re

5.1. Trigonometric parallax
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Table 5. Observationally determined distances of RS Pugistance is in good agreement with several other estimates,

“IRSB” stands for “infrared surface brightness”. cluding the value derived by Havleh (1972a) of 1 8200 pc
using the same method. This is, to date, the most accurate ge-
Dist. [pc] Method Source ometric distance to a Cepheid. A similarly straightforwdis-
1780+ 200 Light echoes Havle (1972a) tance determination using both geometric and physical ouksth
2040 Hipparcos parallax ESA(1997) is possible in the far-infrared spectral region. The irdthecho
75 - is stimulated by the variable heating of the dust grains @dus
2111 IRSB Fouqué et al[(20h3) o - . \

B by the periodic temperature variations during the pulsatd
20525, IRSB storm et al.[(2004) RS Pup. The advantage of the infrared band is that filseteof
2004+ 59  IRSB (least squares) Barnes et ‘@005) the interstellar extinction can be circumvented and théhotbis
1984+ 122 IRSB (Bayesian) Barnes et 4l. (2po5) independent of the scattering function of the dust graihsuifh
52125 Hipparcos re-reduction  van Leeuwgn (2407a) this mgthod hasl’_ b((j—:'en ﬁlaborated by Mayes ef al. {1985), it has
694381 Hipparcos re-reduction  van Leeuwen et :Eom)never een applied until NOw.

The light echoes of RS Pup are arguably the most spectac-
18305°  IRSB Fouque et al[(20p7) ular exarr?ple of this fascinatin% phen(?mengn. In contraSt Wi
1992+ 28  Light echoes Present work supernovae or stellar outbursts (see e.g. Tylgnda]2004y, th
are permanently observable using even moderately large tel
scopes, thanks to the large angular extension of the nebula (

tionship is (Bono et a[. 20p5): 2.5arcmin). In our images, we can monitor at all times the prop-
agation of more than seven echoes, as visible on the intggubl
logt = (-0.67+ 0.01) logP + (8.31+ 0.08) movie available from the A&A web site. This nebula undoubt-

edly holds a wealth of information about the mass-loss hjsto
wheret is the age in years. This formula, valid for the averagsf this star. It will thus be instrumental to understand thele-
metallicity of our Galaxy, gives an age of about 17 millioray® tion of Cepheids. Less than five years away from the centenary
for RS Pup excluding the possibility of physical membersfip of the discovery of the Period—Luminosity relation by Letgi
the Cepheid in a 4 million year old stellar grouping. The corpickering [1912), RS Pup could well become a “Rosetta stone”
tradiction between the ages of the Cepheid and the assotiafor this important class of stars.
has already been noted by Havlgn (1972b), though the age of
the Cepheid was much underestimated using the period-ageAgnowiedgements. LSz was supported by the Hungarian OTKA grant
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0=0.2244

Fig. 6. PSF subtracted images of RS Pup, sequentially in phase frenmper left to the lower right. The intensity scale is idzait
for all images.
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Fig. 8. Photometry of the ten nebular features used for the detatiomof the distance to RS Pup, with the corresponding &etjus
photometric curves. The coordinates of each pixel in thegesaare indicated ax* y” in the upper left corner (See Tallp 3 for
further details). The horizontal axis is in phase units, #redvertical axis is in analog-digital units (ADUS).
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Fig. 1. Snapshots of a spline interpolation of our observations®PRp. An MPEG movie showing the progression of the wave-
fronts in the nebula is available through the A&A web site. fogt image of part of the telescope pupil can be seen on theaig
the images.




