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ABSTRACT

Context. It has been recently discovered that Cepheids harbor csmilar envelopes (CSEs). RS Pup is the Cepheid that psesent
the most prominent circumstellar envelope known, the oragiwhich is not yet understood.

Aims. Our purpose is to estimate the flux contribution of the CSEialoRS Pup at the one arcsecond scale2Q00 AU) and to
investigate its geometry, especially regarding asymmettd constrain its physical properties.

Methods. We obtained near-infrared images in two narrow band filtergered om = 1.644 and 2180um (NB_1.64 and 1B2.18,
respectively) that comprise two recombination lines ofrogen: the 12—4 and 7-4 (Brackeittransitions, respectively. We used
NACQ'’s cube mode observations in order to improve the amgelsolution with the shift-and-add technique, and to datviely
study the symmetry of the spatially extended emission fteenGSE with a statistical study of the speckle noise.

Results. We probably detect at ao2level an extended emission with a relative flux (comparedh wie star in the same filter) of
38 + 17% in the NB1.64 filter and 24+ 11% in the 1B2.18 filter. This emission is centered on RS Pup and does eeept any
detectable asymmetry. We attribute the detected emissitiretlikely presence of an hydrogen envelope surroundiegtir.

Key words. Stars: circumstellar matter; Stars: variables: Cephefdars: individual: RS Pup; Instrumentation: adaptive apti
Infrared: stars; Atmospheridiects

1. Introduction sis of the speckle noise to enable the detection of the CSkein t

. . Sﬁ)eckle cloud surrounding the star’s image.
For almost a century, Cepheid stars ha\(e been_ use.d as dista CThis paper is focused on RS Pup’s envelope, which has been
indicators thanks to the well-known period-luminositya®n o\ for many yeard (Westeriyfid 141; Hal/fen 1972) for it
(.P'L.)’ also called Leavitt's law. A 900d callbratlon of thslq- is very extended: it has a spatial extension of arouhih2/
tion is necessary to obtain an unbiased estimate of thendista ,,, 4 “\\hich corresponds to about one parsec at RS Pup's dis-

After the detection of circumstellar envelopes (CSEs) !alcbut nce (about 2 kiloparseds; Kervella e} I, 4008). Its arigi

many Cepheids in the near- and mid-infrargd (Kervella ¢t ot . e - .
vy - - precisely known; it is especially unclear whether it iada
R006;|Merand et g|. 20§, 240[7; Kervella eflal. 2909a), % Wabt material ejected by the star or of a material that predates

shown that these CSEs could bias the angular diameter deterll'ﬁ]e formation of the star. Its actual shape has been widely di
nation using near-infrared mterferometh{ (Mérand eHZ@IOt_S). cussed: discrete nebular knots have been invoked by Karvell
A c_|rcums_tellar envelope cc_)uld have an Impact on th_e d!satangt al. (200B) to estimate the distance using light echoesreds
estimate if we do not take into account its flux contributitin. Feadt[[2008) argued that a disk-like CSE will bias this kifid o
could lead to a bias both in interferometric and photometee- <= Sr=Ajternatelv. a bipolar nebula has been consideye
surements and therefore influence the accuracy of the @stim ond & épar 20 ’9) making a ratio between two images of
distance. Because Cepheids are used as standard candi®s (e rentepochs. We were able to spatially resolve the CSE close

mate distances in the universe, it is important to undedstia@ g ;
properties of the CSEs around this kind of stars. to the star. The morphology of the CSE is discussed in @:t. 4.

We report new observations with VINNACO in the IB.2.18
and NB 1.64 filters using a fast imaging mode in order to chap, Observations and data reduction
acterize the extended emission around RS Puppis (HD 68860) a . ) )
sub-arcsecond angu|ar reso|uti@r0(01 pc at RS Pup distance)_ S Pup was observed with the NACO |nStrUment |nSta"ed at the
Data and reduction methods are described in $kct. 2. In.Seft@smyth B focus of UT4 of ESO VLT. NACO is an adaptive op-
B and[} we present two fiérent data processing analyses: thécs system (NAOS[ Rousset ef Bl. 2D03) and a high-resalutio

shift-and-add method, and a method based on a statistiagl-annear IR camera (CONICA, Lenzen e{jal. 2003), working as im-
ager or as spectrograph in the range Arb We used the S13

Send offprint requests to: A. Gallenne camera for our RS Pup observations (FoV of %53.5” and

* Based on observations made with ESO telescopes at Paraeat obL3.26 + 0.03 magpixel, Masciadri et [ 2093) with the narrow
vatory under program ID 382.D-0065(A) band filter NB1.64 (1o = 1.644um with a widthAa = 0.018um)
Correspondence to: alexandre.gallenne@obspm.fr and the intermediate band filter IB18 (1o = 2.180um with a
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width A1 = 0.060um). We chose the cube mode in order to applRS Pup’s reference star at 2,48 that by using this method we
the shift-and-add technique. We chose windows with>x&l2 have an absolute gain of 9% in Strehl ratio.
pixels and 25&258 pixels respectively for the narrow and the Our processing steps are as follows: we select the 10 % best
intermediate band filters. Each cube (10 for RS Pup and 4 foames according to the brightest pixel (as a tracer of thehbt
the reference star) contains 460 images at gne4and 2 000 ratio) in our 10 data cubes (4 for the calibrator). We then spa
at 2.18m. Each frame has the minimum integration time antiblly resample them by a factor 4 using a cubic spline interp
readout type for this mode, i.e 109 ms and 39 ms respectigely fation and co-align them using a Gaussian fitting on the eéntr
the 1.64 and 2.18m cubes. With these DITs and filters we areore, at a precision level of a few milliarcseconds (thishodt
in a quasi-monochromatic regime with a very good speckle cas described in detail in Kervella et|al. 2009a). Each cultkés
trast (Roddigf 1981). The large number of exposures allaws averaged to obtain ten final average images (4 for the calibra
to select the frames with the brightest image quality. tor). We finally compute the mean of the 10 average images of

Data were obtained on 2009 January 7, with the atmospher& Pup (or the 4 for the calibrator).
conditions presented in Tab[{a 1. The PSF (point spread func- The result of this method is shown in F[b 1 for the two filters.
tion) calibrator stars were observed just before or imntetlia The two upper frames are HD 74417 and RS Pup as seen through
after the scientific targets with the same instrumental gonéi- the IB_2.18 filter, while the two lower are in the NB.64 filter.
tions. Each raw image was processed in a standard way uslig spatial scale in all images is 3.3 fjas and we chose a log-
the YoricK] language: bias subtraction, flat-field and bad pixalrithmic intensity contrast with adjusted lower and highetroff
corrections. The negligible sky background was not sut#thc to show details in the halo. On the 16# image of RS Pup

To compare the AO system behavior and artefacts @ompared with the HD 74417 image we can see that there is a
RS Pup, we used the star Achernar and its PSF reference stablved circumstellar emission up tol” from the Cepheid.
observed the same night. These data were also acquiredén ctibis feature is fainter in the 2.18n filter. In both filters, be-
mode with the same camera in the NB54 and NB2.17 (o = cause of this emission, filiaction rings are less visible around
2.166um with a width A1 = 0.023um) filters. Only one cube RS Pup than around HD 74417.
was acquired per filter, containing 20 000 frames for Acherna For each final co-added frame (i.e the image shown irﬂ:ig. 1)
and 8 000 for the calibrator. The window detector size is@} we computed a ring median and normalized to unity. The result
pixels in both filters with an integration time of 7.2ms. Théng curves are presented in Fj§. 2 for two filters. The errasba
slightly different second filter and the shorter exposure tinare the standard deviation of values inside rings and ateeglo
compared with RS Pup is not critical for our analysis becausaly for few radii for clarity. We notice a significantfiiérence
we are interested in flux ratios. The smaller window size cut&tween the two curves, more pronounced in the N®& filter.
the AO PSF wings, but we will show in Seft. 3 that this does not
affect our conclusion significantly.

Once the pre-processing was over, we carried out a precérf: Achernar

tering as well as a sorting according to the maximum intgmdit \we carried out the same processing for Achernar and its-refer

the central peak to reject the images for which the corrasti@s  ence stas Phe (HD 9362). These two stars are unresolved by the

the least #icient. On the one hand, we applle_d the shl_ft-and-anirs (angular diameters are approximately 2 mas). With this w

technique to obtain the best angular resolution possitieth® dow size (6466 pixels) the field of view is four times smaller

other hand, we applied a statistical study aimed at exti@eti than in the RS Pup’s frames, and even if we can also see some

possible difuse (i.e. completely resolved) component inside gfjry rings in all the images, the background is dominatedHzy t

the speckle cloud of the central core (the star). These mdsth@O halo.

are explained in Sectd. 3 afld 4. We plot in Fig.[p the radial profiles of the stacked images,
normalized to 10 (for clarity in the graph).

3. Shift-and-add process

In this section we use the shift-and-add method and then ¢ ?ng Halo fitting

pare the RS Pup images with another star observed on the s&ugenow investigate the presence of a circumstellar envedgpe
night for which we do not expect an envelope. studying the radial profile of the stacked images we obtained
for both RS Pup and its PSF calibrator and compare them with
3.1. RS Pup the observations of Achernar. The main idea behind thisystud
" is to compare the variations of encircled energy (the rdtih®
Both stars, RS Pup and HD 74417, are unresolved by the tetere’s flux to the total flux) to the expected variations calusg
scope: difraction limits for an 8.2m UT are 55 mas and 41 magtmospheric condition changes. If RS Pup has indeed a circum
in filters 1B_2.18 and NB1.64 respectively, while angular di-stellar envelope, its encircled energy will be significahower
ameters are approximately one milli-arcsecond (1 mas)ddr b than that of our reference stars.
stars. We use an analytical function to fit the residual light out of
The shift-and-add method was originally proposed by Bat#se coherent core (i.e. the halo). We used a turbulence degdra
& Cady (198p) as a technique for speckle imaging. Applied frofile from[Roddigr[(1981)
NACOQO'’s cube mode, it enhances the Strehl ratio by selectiag t
frames that are the least altered by the atmospheric turbeldt 0.488 11 /r\?
also reduces the halo contribution when used with adapfive dnao(r) = f — [l + = ( )
tics by selecting the best AO-corrected frames. Tifieiency of 6

the cube mode vs. the standard long exposure mode is discusse

in Kervella et a. [2009b). Girard et]af. (2010) showed foe thwhere the fitting parameters are the FWiiMnd f proportional
to the flux of the envelope. In this case, the parameteorre-

1 httpy/www.maumae.ngyorick/dogindex.php sponds to the equivalent seeing disk for long exposure. NACO

11
6

: 1)

p? p
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Date UTC (start-end) 1) Filter Name seeing,ym seeing AM  Nbr To (cm) tg (ms)
2009-01-07 00:30:41-00:31:56 - NB17 HD 9362 0.72 0.558’ 1.15 1 9.2 3.1
2009-01-07 00:35:33-00:36:47 - NB64  HD 9362 0.77 0.62 1.15 1 9.0 2.9
2009-01-07 00:51:16-00:54:16 - NB17  Achernar 0.84 0.64 1.25 1 9.1 2.3

2009-01-07 01:01:30-01:04:28 - NB64  Achernar 0.83 0.63’ 1.27 1 9.1 2.3

2009-01-07 04:47:17-05:00:46 0.035 _IB18 RS Pup 0.740.08 0.54+0.04 1.03 10 13.60.4 3.6+0.2
2009-01-07 05:01:16-05:13:17 0.035 NB64 RS Pup 0.680.04’ 0.54+0.03 1.03 10 13.:0.1 3.4+0.1
2009-01-07 05:21:03-05:26:27 - 1818 HD 74417 0.5%0.01” 0.42+0.01”7 1.05 4 19.3:0.8 5.1+0.4
2009-01-07 05:26:57-05:31:43 - NB64 HD 74417 0.540.0” 0.43+0.01" 1.04 4 20.3:0.1 5.1+0.1

Table 1.Log of the NACO observationseeing,,,, are the seeing measurement¥ifrom the Diferential Image Motion Monitor

(DIMM) station, whileseeing are interpolated to our wavelength. The uncertainties tethe standard deviations over the number
of cubes. The start-end UTC indicated denotes the time whefirst and the last cube was recorded. The phasethe Cepheid
was computed usind™(To) from [Kervella et a).[(20048). AM denotes the airmass, while Ié the number of cubes recordegland

tp are the Fried parameter and the coherence time given by the@l@me calculator.

HD 74417

HD 74417

Fig. 1. Final frames from shift-and-add process. In the two uppaefsathe PSF calibrator star HD 74417 and RS Pup are shown in
the 1B_2.18 filter. The bottom panels show the same stars in thel 8 filter. The scale intensity is logarithmic.

resulting core, even for an unresolved source, is fairlygem Achernar (and its calibrator). The black lines are our datey{
and stfers from residual aberrations, this is why we decided toedian), while the gray lines represent the adjusted cuires
fit the halo at a large radial distance of the core. We willrlateertical scale is logarithmic and normalized to the totat.f\ve
define the core as the residual of the fit of the halo function &dso evaluated the normalized encircled enekyd, i.e. the ra-
our data. tio of the flux in the core (i.e within 1.22/D) to the total flux.
We show the resulting fits in Figﬂ 4. They were applied fofVe can already see from these curves that the flux in the halo

r > 0.26”at 2.18&m and 2.1%m while the range was far > S different in the images of RS Pup and Achernar. TheSerdi
0.2"af 1.64um for RS Pup (and its calibrator) and> 0.26”for ~ €NCeS can be linked to the emission of the CSE around RS Pup
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Fig. 2.0n the left are presented the radial profiles at 2rh8or RS Pup, Achernar and their reference stars. On thettigltgame at
1.64um. Radial profiles were computed using the median value orpore thick circular rings. The gray color denotes Acherna
andé Phe profiles, shifted by a factor 10 for clarity. The scal@garithmic for both axes.

g e
r o
— RS Pup @ 2.18 um | b HD74417@2‘18um7

I

parameters in Tabﬂ 2. Our fit gives a seeing variation ofraalou
9%, while the DIMM measurements give a 29 % variation, lead-
ing to the same conclusion as before about the accuracy of the
DIMM station seeing estimates. The encircled energies mea-
sured in IB2.18 areEend RSPup)= 0.417 andEe,(HD74417)
=0.517, giving an encircled energy rato- 80 %.

We evaluated the uncertainties according to the variatbns
the encircled energy in the cubes. Because we already eglect
the 10 % best frames, we kept these samples and plotted the his
AREARA, togram of the encircled energy to check the distributiorcfiom

Eonc ~ (Fig. B). At the first order, th&e distribution can be approxi-
RS Pup @ 160 A Fomaressam || ] mated by a Gaussian distribution. We then computed thewvelat
! K | I M 1 standard deviatiOtfr(Eenc)/gnC for both stars. We assessed the
’ ZZ K 1 uncertainty of the encircled energy ratiovith

| 1 ole) _ J[U(Eem)r +[a(5m)r o
LA LD 1L ‘ We assume that the relative standard deviation of the

€ Eenc Irspup Eenc lHp74417
s . = Eenj‘“ e encircled energy is a good approximation of the see-
. . ) ing variations. We measured a relative standard deviation
Fig. 3. Histogram of the encircled energy computed for 10 % (Eend/Eendrspup ~ 8% at 2.18m and~10% at 1.64m

best frames. The solid lines represent a Gaussian fit. while [o(Eand/Benduprasts ~4 % and~ 6 % respectively. We
also evaluated the statistical uncertainties with a boayist
method that gaver ~ 0.5% for both stars. These statistical

or a modification of the seeing between the two observationscertainties do not take into account the seeing variatidfe

This point will be discussed bellow with a statistical studghe therefore chose E{] 2 as a reliable estimate of the final uncer

Number
.
Number

J PR P A A Y
035 0.40 0.45

L db
0.40 0.45

Eenc

T T T T T

Number
Number

encircled energy. tainty. This giveso(g)/e ~ 9% and~ 12% respectively in
For RS Pup in the NBL.64 filter we found from our fit I1B_2.18 and NB1.64.
comparing the two FWHMS, i.€pkspup— PHD74417)/PHD74417 @ For Achernar, the fit gives a seeing variatien3% both

change of halo size of 11% and encircled enerfigg RSPup) in NB_1.64 and IB2.17. The encircled energies measured in
= 0.327 andEendHD74417)= 0.452 (see Tablf 2). This yieldsIB_2.18 areEendAchernar)= 0.495 andEendd Phe)= 0.505,

an encircled energy ratie ~ 72%. The local DIMM station giving an encircled energy ratie ~ 98 % (see Tabltﬂ 2). In
registered a seeing variation of around 26 %ff@ent values NB_1.64 we have 0.374 and 0.376 respectively, which gives
can be explained by the station location, which is not inside ~ 99 %. The encircled energies are nearly identical, giving
the telescope dome, but a few tens of meters below, renderiatjos close to 100 %. Using E. 2 as previously, we found a
it more susceptible to ground layeffects that are known to af- relative standard deviation 15% in IB.2.17 and~ 11% in

fect the seeing[(Sarazin et &l. 2P08). As a result the UT geeiNB_1.64. Because Achernar does not have an extended circum-
is consistently better than the one measured by the DIMM. Fstellar component in NB..64 and IB2.17, we attribute these
IB_2.18 we show the fitting curves in Fiﬂ. 4 and the resulting fitariations to the Strehl variations and the AO correctioaligy
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Fig. 4.Halo fit for all filters with logarithmic ordinates. The fluxase normalized to the total flukeft panel: halo fit from the radial
profile of images in the two filters for RS PuRight panel: halo fit from the radial profile of images in the two filters fachernar.
The fit in 1B_2.18 was for > 0.26” and in NB1.64 forr > 0.2” for RS Pup and for > 0.26” for Achernar. The dashed lines
denote the reference stars, while the thick lines denot€#mheid and Achernar. The fitted curves are plotted in gray.

The encircled energy ratio seems stable between the twoattar filter name o (N f Eenc
the 2% level in IB2.18 (see TabIE 2). NB_1.64 RS Pup 0.46 0.01 0.58+0.01 0.327
) , HD 74417 0.43:0.01 0.43:0.01 0.452
We can notice that the normalized curves of Achernar and Achernar 049 0.01 1.00+ 0.01 0.374
its calibrator almost overlap, and this is what is expectedih- 5 Phe 0.46:0.01 0.97+0.01 0.376
resolved stars without envelope taken in same atmosphadic a ~1B_2.18 RSPup 0.5&0.01 0.45:0.01 0.417
instrumental conditions. It is not the case for RS Pup (sgd#Fi HD 74417 0.50: 0.01 0.34+0.01 0.517
and[}). The additional emission coming from the envelope of NB_217 Achernar 05z0.01 0.59t0.01 0.495
the Cepheid adds a component that is clearly not negligible. ¢ Phe 0.54:-0.01 0.61+0.01 0.505

the same atmospheric conditions and AO correction between Table 2. Best-fit results for the residual halo whegeis the
star and its calibrator, the encircled energy ratio shoeldlbse FWHM and f is a parameter proportional to the flux of the halo
to 100%. That is what we obtain from Achernar’s data. Scalingbrmalized to the total fluxEenc represents the flux in the central
RS Pup’s images to the same window size (.es 0.42”) core (i.e. within 1.22/D) to the total flux. Note: The fittethaio
slightly change<E.n: because we normalized to the total fluxanalytical function is not normalized f i.e [ Inaordr # f.

but we still have a discrepancy of 100 % for the encircled en-

ergy ratio € ~ 79% ande ~ 87 % respectively in NBL.64

and IB.2.18). A smaller window on RS Pup makes the total flux

lower because we do not integrate all the envelope flux, conse ) )

quently the normalized encircled energy is larger and foeze The encircled energy of RS Pup can be written as

the Eencratio as well.

The drop inEenc 0f RS Pup compared with the statistics oveE,,. = —FCO“ + @Fenv

Achernar’s data and the fact that this drop is larger tharottee F + Fenv

directly estimated from the seeing halo variations, mo¢ivhe

following section where this drop is analyzed under the B whereF is the total flux of the star, without the extended flux,

tion that it is caused by CSE emission. Fcon is the flux in the coherent cor&py is the emission of the
environment and: is the fraction of the envelope flux that lays
in the core. For simplicity, we will assume<< 1, which means

3.4. Encircled energy variation that we assume that the CSE is significantly larger than the co
Accordingly we can write

In this part we evaluate the flux of the envelope using thetfeadt
the theoretical encircled energy ratio should be 100% aaicki Feon/F
additional component to the flux should decrease this ratio. Eenc~ 1+ Fon/F’
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Assuming that the encircled energy is stable in NACO fatacked image the radial intensity profi(e) and we estimate the
our observing conditions, we can calibrate the previousitda termash of Eq.[3 with
to obtain the extended emission flux:

_ EendCepheid) 1 oo =y 1) =y
" Eendreference) 1+ F(env)/F(Cepheid)

I(r)
W’

whereN is the number of frames in the cube (1999 frames in
The relative emissiolf (env)/F(Cepheid) can be estimated!B-2.18 and 457 in NBL.64) andy the gain of the detector in

with the encircled energy ratio from our measured Vamggder to convert noises in electron_unit. The rea_dou_t NGiss+
(Table[R). We can also take the uncertainty values assessetimated from the outer part of the images (see in fig. 5 the top
the previous section, defined as being the relative stardiard Panels). We estimate the speckle noise from the total vegiah
viation on 10% of best frames in the cubes. We found a relatithte cubes as
extended emission around RS Pup contributing ta: 38 % of 5 2 2
the star's flux in the NBL.64 band and 2411% in 1B.2.18. (1) = "(1) = o54(1) = oRon:

In the bottom panels of Fig] 5 we present the relative im-
4. Morphological analysis portance of the dierent noise sources. We see that theedént
variances show a fierent radial behavior, and we see in par-
We now present a qualitative analysis of the envelope madrphticular that the photon noise of the core never dominateseMo
ogy. In this analysis, based on the statistical propertieth® precisely, we can define two regimes:
noise owing to speckle boiling, we presented the rafie)/F as o , .
a function of the factord). This parameter is intrinsic to speckle = ¢() = os(r) for r < ry, in this regime, the speckle noise
temporal and spatial structures, is not expected to depeado ~ dominates the other variances;(> 3oron)
imuth, and is proportional to the envelope flux. We mappes! thi— o(r) ~ \/o2(r) + ‘Téor\n forr >ry
factor, and any azimuthal asymmetry should be attributetde¢o
morphology of the envelope. with r; ~ 0.22” in NB_1.64 band and; ~ 0.24” in 1B_2.18. The
fairly weak (< 171%°) wavelength dependency of the speckle
noise may explain the same order of magnitude between tlite lim
radius in IB2.18 and NB1.64.
The principle of the method is to recover the flux of the enve- Indeed there is another regime in the range10< r1 where
lope in the short exposures. Thdfdrence between a simple unthe Strehl variations occur. The PSF core is mairffgaed by
resolved star and a star surrounded by an envelope is thattthese variations. As said previously, we are interestelddriPiSF
envelope will prevent the flux between the speckles fromireadalo to detect the envelope between the speckles, whichys wh
ing zero. we neglect this term.
Statistical descripﬁisons of stéatllar jrss?eckles have beceﬁa pro
osed by many authorg (Racine gt al. 1999; Fitzgerald & h o
@) v)\//ho sk):owed that speckle noise is not negligible. T%ez' Speckle noise invariant
distribution of speckle statistics in AO were also studisd bwe use an interesting property of the speckle noise, namely
Canales & Cagigpl] (19P9). For example, Racine ¢t[al. (1999t its variance is proportional to the squared flux in thieecu
(hereafter Ra99) showed that the speckle noise domindies 0{Ra99),F /o is therefore an invariant. More precisely:
noise sources within the halo of bright stars corrected With
systems. We know that the total variance in the cube short @x= 9(r, 1, At, S, ...) F. (1),
posures after the basic corrections (i.e corrected for, lnad

4.1. Analysis method

pixels, flat-field and recentered) is where _the func;tiorg_is a function depending on the Wavelen.gth
A, the integration timeAt, the Strehl ratioS and atmospheric
a2(r) = o3(r) + ggh(r) + 0Bon + Tayenfr)s (3) Parameters.

We checked this property by plotting in Fiﬂ. 6 the maan
whereo? i the variance of the speckle nois:%h the variance function for each star, i.e we evaluatedydunction for each
s cube that we then averaged (the error bars correspond ttatine s
of the photon noiser3., the variance of the readout noise andiard deviation between the cubes). We took care to remove the
Uétrem the noise owing to Strehl ratio variations. We neglecteftlix contribution from the circumstellar envelope with thedues
the variance of the sky photon noise, which is negligibledn ofound in Sect[]3. Obviously there is no cleaffeience between
wavelength for bright targets. Because the Strehl ratimtians the two stars except in the core. This can be explained by the
occur in the coherent core and because we are particulaely in Strehl ratio variations we omitted before in the core. We @&sn
ested in the halo part, we omit these variations in the retftiof sess these variations by evaluating the encircled energaafth
section. frame of each calibrating cube (here we take 100 % of frames,
We present for one calibrating cube the variance obserwaidhout selection) and by using it as an estimator of thettbtiae
in the top panels of Figﬂ 5 for both filters. We plotted the ahdi tio in function of time. By fitting a Gaussian distribution Q¢
profile computed using median rings on all azimuths. Theelshor each star and both filters, we estimate the relative stahd
curve denotes the variance of the readout noise. We canagstinteviation for RS Pup to be(Eeng/Eenc ~ 15 % in I1B.2.18 and
some of the components in E@] 3 from our data. For example 17 % in NB.1.64. For HD 74417 we found 8% and~ 9%
from the stacked image that we obtained by summing the cubespectively at 2.18m and 1.64m.
we obtain the core and halo profile, as we did in S@ct. 3. We then The total invariance of thg function, i.e for the complete
obtain the photon noise variance using its Poissonian piyperadius, depends on the Strehl ratio variations. Neversiselge-
knowing that the variance is equal to the mean. We define &r tbause these variations occur in the coherent core, we céecheg
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Fig. 5. Left panel: at the top we plot the variance (circles) and the averageev@liangle) of one data cube of HD 74417 at .48
Bottom: contribution of the dierent noise sourceRight panel: the same for the 1.64m filter. The scale for all plots is logarithmic
in ordinates. The dotted curves show tleelBnits of the readout noise, while the gray curves denotétie fit.
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Fig. 6. Mean g function for each star. The error bars correspond to the RMf®. bottom plot represents the absolute relative
difference. We can see a largeftelience in the core owing to the Strehl variations. Fromr; the functions are similar at a 9 %
level in NB_1.64 and at 6 % in IR2.18.

them if we go far away from the central part. For> r; we All variables in EqD4 are functions of the pixel coordinates

found a mean absolute relativef@rence (see Figﬂ 6) of 5% in (X, y), but we omit this notation for clarity.

IB_2.18 and 8 % in NBL.64. So forr > r; the invariance of the  The parameterr can be estimated with the results from

g function is verified with a good accuracy. Sect.[B. The flux ratio between the two final images of RS Pup
We can measurg using our reference star. Assuming it iand HD 74417 is a function ef andF(env)/F,:

stable in time, we can define the observablas the average

of the flux of a given pixel in the cube, divided by the standard

deviation. DefiningFca = aFrs pup= @F. and making the dif- =

ference betweeRs andT (Where the index sci and cal referF(HD 74417) o F, @

to RS Pup and HD 74417 respectively) we have

F(RS Pup) _ Fs + Fenv _ 1+ Fenv/Fx« (5)

By measuring the total flux in our final images (Sﬂ:t. 3) and
usingFen/F. estimated in Secf. 3.4 we get= 1.06 + 0.13 at

F. + Feny aF, 1.64pmande = 0.96 + 0.08 at 218um. We also used the total
&=Tsci—Ica = - ) (4)  flux variations in our 10 (for RS Pup) and 4 (for the reference)
\/giFf + 0&on \/giazFf + 0hon averaged images to assess the uncertainties, but theyutia o
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Fig. 7. ¢ parameter (Ecﬂ 6) proportional to the envelope flux at grhleft) and at 1.64:m (right). The white circle represents the
r1 limit of Eq. [ separating the two regimes. The scale intgrisitogarithmic.

be small & 2%) compared td-.,,/F, uncertainties. As a first a ring, while in the subtracted image® (0 90°) we compute an
approximation we can simplify Eq} 4 with ~ 1 to obtain average value in a small window (see Hig. 8). Making the ratio
of these two averages (i.e. the average value in the smadlowmin
_ Fenv over the average value in the ring), we exclude a departane fr

&= ‘ 6) symmetry larger than 7 % in NB.64 and 6 % in 1B2.18.
GiFZ + ofon

¢ is thus directly proportional to the flux of the CSE. We
expect this function to be null if there is no envelope. The d
nominator is a radial parameter, therefore any spatial ety
in & will be linked to an asymmetry of the CSE.

From our diferent data cubes we computed a mghay sub-
tracting to eachi'scja mear'¢y, i.€:

I . L L 1M
f(X, Y) = ﬁ jz;(rsclj - 1Hcal) and Ilcal = E ; l—‘caLi,

wheren andmare the number of cube for RS Pup and HD 744 .
respectively. This process provides us with an average em ==
proportional to the flux of the CSE in each filter.

4.3. Symmetry of the CSE

In Fig. ﬂ we show the function for the NB1.64 and 1B2.18
band. For radii larger than, we expect the function to be null if §
there is no CSE (see E@| 6), whereas we clearly obtain ay®sifg
image, indicative of a likely detection of a CSE. The cenpiait
of the image withr < r; (white circle forr = r;1) denotes the part
where the previously defined functigris not invariant because
of Strehl ratio fluctuations. It is élicult to estimate and therefore Fus
does not supply reliable informations close to the star.

This method is useful for studying the morphology of th
CSE, in particular whether or not it has a central symmeikg, |

one expects for a uniform shell structure or a face-on disk; o )
P right we plot the diference of the initial (0) and 90¢° rotation

an asymmetrical shape, like in an inclined disk-like stuoetfor _ .
instance. Despite adaptive optics artefacts, the imagEigirﬂ images Where. we cut a small window to assess a mean residual
value. The ratio between the mean residual value and the mean

seem to present a uniform intensity distribution in agregme .
with a shell or a face-on disk structure. More precisely, st e value give us a level of symmetdgottom panels: Same process
mated a symmetry level using a residual map obtained by s@-164#m with a ring of radiusy <r <z = 1.1”. The scale
tracting 90 degree rotated versions of themselves fromrthe iNtensity is logarithmic.

ages presented in Fig. 7. The result of this subtractionagvah

in Fig.[8. In the initial image we assessed the average value i

gig. 8. Estimate of the symmetry levelop panels: on the left
Is plotted the¢ parameter at .28um with a ring of radius
g <r<rz= 0.92” where we computed a mean value. On the
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5. Conclusion angular resolution partnership between ONERA, Obsemeatte Paris, CNRS,
. and University Denis Diderot Paris 7. This work made use efSHVIBAD and

We present a study of the close environment (1000-2000 AU)aZIER astrophysical database from CDS, Strasbourg, Rrad the biblio-
the Cepheid RS Pup using near-infrared AO-assisted imagiggphic informations from the NASA Astrophysics Data Syst®ata process-
We used two dferent techniques to 1) measure the photometr‘iLg for this work have been done using the Yorick languageichviis freely

L . . - av5f|lable at httgfyorick.sourceforge.ngt
emission due to the CSE and 2) obtain an image proportiona
to the CSE through a statistical analysis of the large nuraber
short exposures in which speckles are still visible. References

Using a simple image modeling method, based on the un- , o
resolved PSF calibrator, we estimated (Sgt. 3) a likely- phgites: R- H. T & Cady, F. M. 1980, Optics Communications, 3%

- . % and 24 11 % of the star flux ond, H. E. & Sparks, W. B. 2009, A&A, 495, 371

tometric emission of 3817% an 0 Canales, V. F. & Cagigal, M. P. 1999, Applied Optics, Vol. 386
in the NB.1.64 and IB2.18 bands respectively for RS Pup’Seast, M. W. 2008, MNRAS, 387, L33
CSE. Apart from the actual interest to better understanthéees  Fitzgerald, M. P. & Graham, J. R. 2006, ApJ, 637,541 _
loss in Cepheids, the presence of such an extended emis$iég(d: J- H- V.. Kasper, M., Quanz, S. P, etal. 2010, in &igaf Photo-Optical

. . . . Instrumentation Engineers (SPIE) Conference Series, A86, Society of
may have an Impact on the distance estimate with the BaadePhoto—Optical Instrumentation Engineers (SPIE) Confezederies

Wesse_link methqd. o Havlen, R. J. 1972, A&A, 16, 252

Using an original statistical study of our short exposur@daKervella, P., Mérand, A., & Gallenne, A. 20092, A&A, 498,512
cubes, we qualitatively showed (Seﬂt. 4) that the envempekiervella, P., Mérand, A., Perrin, G., & Coudé Du Foresto2006, A&A, 448,
the two bands_(NBl.64 and IB2.18) has a centro-symmetnca:)lKgrve”al P. Mérand, A.. Szabados, L., et al. 2008, AGADABET
shape (excluding a departure from symmetry larger than 7 %velia, P., Verhoelst, T., Ridgway, S. T., et al. 2009b,4&04, 115
suggesting that the CSE is either a face-on disk or a unifot@zen, R., Hartung, M., Brandner, W., et al. 2003, in SgaigtPhoto-Optical
shell. Instrumentation Engineers (SPIE) Conference Series, 4841, Society

Our observations were obtained in two filters isolating the of Photo-Optical Instrumentation Engineers (SPIE) Caniee Series, ed.
. M. lye & A. F. M. Moorwood, 944-952
Brackett 12—-4 (:64;:“”]’ NB-1'6_4 fll_ter) _and Brackety 7—4 Marengo, M., Evans, N. R., Barmby, P., Bono, G., & Welch, DO20in The
(2.166um, IB_2.18 filter) recombination lines of hydrogen. We Evolving ISM in the Milky Way and Nearby Galaxies
therefore propose that our observations show the preséhge o Masciadri, E., Brandner, W., Bouy, H., et al. 2003, A&A, 4157
drogen inthe CSE of RS Pup. The star is naturally relativagltytf Mg[Zﬂﬂ' 2" ﬁZISZﬁ':eég’ ébE&éKgB/?Ic?ré Zibei/aléfg?gﬁz' ig§3155
in these spectral regions, because of deep hydrogen "".mmpMardetté, N., Groh, J. H., Kraus, S., Millour, F., & Gillet, R008, A&A, 489,
lines in its spectrum. This appears as a natural explangtithe 1263
high relative contribution from the CSE compared to thel@tel Racine, R., Walker, G. A. H., Nadeau, D., Doyon, R., & Mar@s1999, PASP,
flux. Another contribution to the CSE flux may also come frorg éé-l’ 5'5271981 broa. Obfics. Volume 19. b, 281376, 10. 28
. - . ; : oddier, F. , Prog. ics, Volume 19, p. -376, 19,

free-free continuum emission, or Ra.ylelgh Scattenng byuen- Rousset, G., Lacombge, FF.D, Puget, P., et al? 2003, in SocfeBhoto-Optical
stellar dust. However, this Cont”bunon 1S prOb,"ibly |[ﬂdtt0 a Instrumentation Engineers (SPIE) Conference Series, 4889, Society of
few percents of the stellar flux. The high relative brighthes Photo-Optical Instrumentation Engineers (SPIE) ConfezeSeries, ed. P. L.
the detected CSE therefore implies that the spectral ertisgy  Wizinowich & D. Bonaccini, 140-149
tribution of the detected CSE is essentially made of enmssi§arazin, M., Melnick, J., Navarrete, J., & Lombardi, G. 2008e Messenger,
in hydrogen spectral lines instead of in the form of a conti
uum. RS Pup’sinfrared excess in the broad B4 and IB2.18
bands is limited to a few percents (Kervella gtlal. 2009ajctvh
excludes a continuum CSE emission of 40% in the NB4 filter
and 24% in the IB2.18 filter as measured in our NACO images.

Our discovery is also remarkably consistent with the non-
pulsating hydrogen absorption component detected in thie vi
ble He line of RS Pup by Nardetto etfal. (2008), together with
a phase-dependent component in emission. The extended emis
sion we observe in the infrared is therefore probably cabsed
the same hydrogen envelope as the one that createsitbeni4-
sion observed in the visible. It should also be mentionetidha
result is consistent with the proposal py Kervella dt [al. 0@4)
that the envelope of RS Pup is made of two distinct components
a compact gaseous envelope, which is probably at the orfgin o
the observed NACO emission, and a very largeX) and cold
(~ 45K) dusty envelope] (Kervella et]dl. 2008) that is mostly
transparent at near-infrared wavelengths owing to the aedlu
scattering #iciency. These two envelopes appear to be largely
unrelated because of their veryférent spatial scales. However,
it should be noted that Marengo ef al. (2009) recently detect
large envelopes around several Cepheids using Spitzepréke
ence of hydrogen close to the Cepheids of their sample cauld b
investigated at high angular resolution using the obsgrténh-
nigue presented here.
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