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ABSTRACT

Context. The source R Aquarii is a symbiotic binary surrounded by gdand complex nebula with a prominent curved jet. It is one
of the closest known symbiotic systems, and therefdifer® a unique opportunity to study the central regions ofetsystems and
the formation and evolution of astrophysical jets.

Aims. We aim to study the evolution of the central jet and outer teebfiR Aqr, taking advantage of a long term monitoring cargpai

of optical imaging, as well as of high-resolution integraldi spectroscopy.

Methods. Narrow-band images acquired over a period of more than 2dsyeare compared in order to study the expansion and
evolution of all components of the R Agr nebula. The magniificemethod was used to derive the kinematic ages of theriesatu
that appear to expand radially. Integral field spectrosatfgie [Om] 5007 A emission is used to study the velocity structure ef th
central regions of the jet.

Results. New extended features, further out than the previously knbaurglass nebula, are detected. The kinematic distanRe to
Aqr is calculated to be 178 pc using the expansion of the laogeglass nebula. This nebula of R Agr is found to be rougblyyears
old, while the inner regions have ages ranging from 125 toy#230s. The outer nebula is found to be well described by #sball
expansion, while for most components of the jet strong dievia from such behaviour are found. We find that the northetris
mostly red-shifted while its southern part is blue-shiftegparently at odds with findings from previous studies bubat certainly

a consequence of the complex nature of the jet and variatidogisation and illumination between observations.

Key words. binaries: symbiotic - circumstellar matter - ISM: indivalwobjects: R Agr - ISM: jets and outflows - ISM: kinematics
and dynamics

1. Introduction The hourglass nebula of R Aqr was first discovered by Lam-
pland (1922) and repeated observations have revealed tlsat i

Symbiotic stars are interacting binaries composed of atoi-c €xpanding - at a first approximation - in a ballistic way (S@lf
ponent, usually a white dwarf, and a mass-losing red giame. TUIrich 1985). The expansion of th_e Iarge_-scale nebula wed us
large mass loss from these evolved companions, the fasswiRY Baade (1944) to calculate a kinematical age of 600 yr. Solf
of the white dwarfs, and the occurrence of nova-like explosj & Ulrich (1985) refine this value to 640 yrs by applying a kine-
produce a rich circumstellar environment often taking terf Matical model using a hourglass geometry, with an equatoria

of bipolar nebulae, collimated jets, or generally complieca. €XPansion velocity of 55 knt$, and assuming that the expan-
sion velocity at each point of the nebula is proportionalhe t

The source R Aquarii (R Agr) is a symbiotic binary sysdistance from the centre.
tem, consisting of a Mifi Mira variable and a white dwarf, sur-  The presence of the central jet in R Aqr was first remarked
rounded by complex nebular structures extending across sepon by Wallerstein & Greenstein (1980), however Hollislet a
eral arcminutes. At large scales, R Aqr appears as a bipo[d999a) showed that the jet was present in observations ke
hourglass-like nebula with a prominent toroidal structaréts early as 1934. Since these earlier observations, the fBrajle-
waist, within which a curved jet-like structure is found. At S-shape of the jet has remained unchanged, while at smaller
distance of about 200 pc R Agr is the closest known symbiosicales its appearance has varied greatly even on shorttiess
binary, and therefore provides a unique opportunity toysind (Paresce et al. 1991; Michalitsianos et al. 1988; Hollislet a
detail the evolution of a stellar outflows. 1990, 1999b; Kellogg et al. 2007, this work). A detailed istie
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gation of the innermost’5of the jet has been carried out using@b!e 2. Log of the VLT+FLAMES spectroscopic observations. The
high resolution radio data (e.g. Kafatos et al. (1989): Méki irst column is the start of the observing night. The secoridron is the

: > : ! . Julian date at mid point of all exposures from the same pwintrhe
etal. (2094))‘#0\;1\’8\/6“ it has beendd(re]monds.tr?te(lj thaﬁl;?' third column shows the total integration time. The last oaiurefers to
ent wave ‘?”gt sthe appearance an the radial ve o_cmyrp . the telescope pointing. See text for more details.
the jet varies dramatically (Paresce et al. 1991; Hollis &Ihil-
itsianos 1993; Sopka et al. 1982; Solf & Ulrich 1985; Hollisk

1990, 1999b). Date JD tiI:\);a(ls%XcF;' POS
In this article, we present a detailed study of the R Aqr neb- —575765-032456203.683866  30: 100° 570 1
ula based on deep, narrow-band emission line imaging, eemjui 2456203 699699 ' 535 5
over a period of more than two decades, as well as on high spec- 5456203 769827 1228 3
tral resolution integral field spectroscopy of therfi{5007 A 2456203:786574 1228 4

emission from the central regions. The data and data reducti

is presented in Section 2, with the image processing teckesiq

employed in our analysis in Section 3. Sections 4 and 5 coj» Spectroscopy

tain the results of our analysis of the multi-epoch imagimigile

Section 6 is dedicated to the results from the integral fipets Integral field unit (IFU) spectroscopy was obtained on Oetd)

troscopy. Finally, in Section 7, we present our conclusions 2012, with the VLT equipped with the Fibre Large Array Multi
Element Spectrograph FLAMES (Pasquini et al. 2002) in GI-
RAFFE/ARGUS mode. The ARGUS IFU provides continuous

2. Observations and data reduction spectral coverage for a 14 x 7.3 FOV (formed from an ar-

ray of 0’.52 lenslets). The high resolution grating HR08 was

used in the spectral range from 4920 A to 5160 A, covering both

The imaging data presented in this paper was collected of@n] lines at 5007 A and 4959 A. The spectral reciprocal dis-
more than two decades at various observatories. Most of fhesion was 0.05 A pix. Observations were acquired at four
data were obtained with the 2.6m Nordic Optical Telescopkferent pointings in order to cover the inner region of the jet
(NOT) using the Andalucia Faint Object Spectrograph and-Cafsee [Om] frame in Fig. 1). All data were reduced using the ESO
era (ALFOSC). ALFOSC has a pixel scalé.09 pix! and a GIRAFFE pipeline v2.9.2, which comprises debiasing, flalfi
field of view (FOV) of 8.4 x 6".4. Previously, in 1991, we ob- correction and wavelength calibration. Individually redd ex-
tained a single H+[N u] image with European Southern Ob-posures were then combined to produce a master data cube for
servatory’s (ESO) New Technology Telescope (NTT) equippedch pointing. A log of the VLFFLAMES observations is pre-
with ESO Multi-Mode Instrument (EMMI, ©.35 pix* and a sented in Table 2.

FOV of 6.2 x 6.2 (Dekker et al. 1986)). More recent data were

obtained in 2012 with ESO’s Very Large Telescope (VLT) and it

Focal Reducelow dispersion Spectrograph 2 (FORS2 (Apper8. Image processing

zeller et al. 1998)). The standard resolution collimatdfORS2 i

was used resulting in a pixel scale 6f.85 pix'* and a FOV of 10 allow a careful study of the proper motions of nebular fea-
6.8 x 6/.8. At all epochs several narrow-band filters were usel§irés over the whole monitoring period, it was necessarydp m
Due to the moderate radial velocities present in the R Aguadl! images to the same reference frame. The first step was to
jet and bipolar nebula, all filters include all the light frarorre-  find the astrometry solution of each frame. Owing to the laick o
sponding emission lines, except the 20021[Nilter which only Suitable field stars near R Agr (particularly problematisiort

includes radial velocities larger tham5 km stconsidering the €Xposurestaken with very narrow-bandfilters), the fielchgets
[N 1] 6583 A rest wavelength. Filters centred at lso in- ric distortions and rotation in the NOT and VLT frames were

clude emission from the [N]116548, 6583 A doublet. Details computed from more populated fields observed with the same

of the central wavelengths (CW) and full widths at half ma)g‘lltgrs. Those fields were observed as close to the R Aqr obser-
Vations in time as possible in order to minimise the impact of

ima (FWHM) of all filters employed, as well as other observa—gy long-term &ects. The analysis allowed us to conclude that

tional details can be found in Table 1. As can be seen from hé adopted filters do not introduce additional geomettoah

table, most of the data were taken with the NEALFOSC, un- . % h ; uti 9 be obtained

der good seeing conditions. Airmass mostly never exceeded |o?s ant that Iatpommon ast{onlwettrldc SO utl?hn cian €o tgme

This allows safe comparison of this homogenous set of imagegsétome.”?sg# |orgjs We{_e g? ctuha S Aus'ggt € a:ck?ﬁp anth

All the individual frames were reduced (bias, flat field correg wesin and applied to the gr data using the python
ased Kapteyn package (Terlouw & Vogelaar 2015). Errors in

tlon')a\ﬁs;r&%ifi’gir?;asrgtrgfuélggs ?blstaé\J/:ations was obtained on he astrometric solutions were on averagel9 + 0”.07. No
P &ss than 50 stars per field were used, occasionally up to 200.

tober 2, 8, and November 2, 3 2016 in Terroux Observatory; C - ; : 4 :
berra, Australia using a 30cm f3.8 Newtonian telescope witk?%r the NTT 1991 images it was not possible to obtain a precise

astrometric solution at this stage.
CCD camera and narrow-band {@ (5010 A, FWHM=60 A) - - .
and (6560 A, FWHNE60 A) filters. The pixel scale was As a second step, all images were matched against a refer

) ) : . ence frame in all filters (data within Table 1) using the stars in
0”.84 pix". We obtained 34 frames for a total exposure ime gfo =5/ other than the R Aqr central star. This step was needed

;ﬂ‘;négﬂ’e‘gmﬁgzﬂgﬁr&e dsggr(:ler::?eu dp;ﬁf;ﬁg;l;fg)ﬁitﬁgﬁﬂ order to place all frames onto the same pixel scale forectir

' pixel-to-pixel comparison. The IRAF taskgsomap andgeotran
1 |RAF is distributed by the National Optical Astronomy Obsstory, Were used to perform the matching. With this step, all theéa
which is operated by the Association of Universities for&esh in As- Were resampled to the scale of the reference frame, namely

tronomy (AURA) under cooperative agreement with the Natiddci-  07.19 pixt. The RMS of the matching for [@], Ha+[N u],
ence Foundation. and [Nn] images was mostly smaller or equal t6.07. For the

2.1. Imaging
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Table 1. Log of the imaging data. The first column lists the start ofdbserving run. In the second column JD is the Julian Date @tpwint of
the observations. Column 3 lists the telescope and instiuosed. Column 4 contains the nebular lines included andehtral wavelength and
the FWHM of the filter. Column 5 is the total exposure time, @oh 6 is the number of frames added together. In Column 7 thehe FWHM
seeing as measured on the detector.

Date JD Telescope Filter Totalexp. Nr.of Seeing
instrument CWFWHM (A) time (sec) frames 0
1991-07-08  2448443.794005 NTFEMMI Hao+[N 0] 656873 300,30,1 1,1,1 11
1998-09-04 2451061.541661 NOALFOSC Ho+[Nn] 6577180 100 1 1.3
2009-07-08° 2455021.682257 NOWALFOSC H+[N 1] 6577/180 100, 2 1,1 13,12
2012-09-05 2456175.775466 VEFORS2 Hy+[N 1] 656361 90 3 0.7
1997-07-183  2450643.774977 NOWALFOSC [Nn] 658410 120,20,5 1,1,1 11
2002-06-26 2452452.731273 NOGALFOSC [Nu] 65889 600 1 0.8
2002-06-27 2452453.769479 NOGALFOSC [Om] 500830 60,30,10 1,1,1 0.9
2007-09-05  2454349.620787 NO#WALFOSC [Om] 500730 400, 30 1,1 0.7,0.6
2009-07-08 2455021.683102 NOALFOSC [Om] 500730 60 1 1.2
2009-08-24 2455068.647587 NOALFOSC [Om] 5007/30 600 2 0.6
2011-09-05 2455810.571493 NOGALFOSC [Om] 500730 180, 40 1,1 0.9,0.8
2012-09-05 2456175.775466 VIEFORS2 [Om] 5001/57 300,1 3,1 0.7
1997-07-18  2450645.740139 NOWALFOSC [On] 3727/30 900 3 1.1
1998-09-04 2451061.541661 NOWALFOSC [Ou] 3727/30 300 1 1.3
2002-06-27 2452453.769479 NOALFOSC [On] 372550 900 1 1.3
2007-09-05  2454349.620787 NOWALFOSC [On] 372651 600 1 0.7
2009-08-24 2455068.647587 NOALFSOC [On] 372651 1200 2 0.8
2011-09-05 2455810.571493 NOALFSOC [Om] 372651 600 1 0.9
2012-09-05 2456175.775466 VEFORS2 [Ou] 371773 540, 10 3,1 0.8
2007-09-05  2454349.620787 NOWALFOSC [O1] 630829 120, 30 1,1 0.6
2009-08-24 2455068.647587 NOALFSOC [O1] 6300'30 600 2 0.6

Notes. @ Published in Navarro et al. (2003) and Gongalves et al. (R003
® * indicate the reference epoch for the pixel by pixel matcliarga given filter (see Section 3).
© Published in Corradi (2003).

1991 Hr+[N u] image, the matching errors weogra = 07.12, 4. Overall properties of the R Agr outflows

opec = 0”.11. In [Om], only a few field stars are available, and . . .
therefore we adopted the matching solution from thei[@ame The R Aqr outflow consists of a bright, curved jet structura-co

obtained on the same night. An a posteriori check using the fE&ined within a larger bipolar nebula (Hollis et al. 1990heT
field stars available suggests a matching error generalbmbe NNEr regions of the jet extend along the north-east to swett
0.08 for this filter. In the case of the 1997 [Pframe, there direction, at an apparent angle of 40 degrees from the symme-

were no [Om] observations acquired, and consequently a solffy 8xis of the bipolar lobes which instead are very closen® t

tion was found directly from the five field stars available eThnOrth-south orientation. N , ,
matching errors werega = 0”.09, opec = 07.12. Solf & Ulrich (1985) also identified an inner bipolar nebula,

orientated along the same symmetry axis as the larger lalies b

Considering the large time spanned by our data, the possiBit2 smaller scale. However, 'ghls latter structure is notaisly
influence of proper motions of field stars used for astromesary  ViSible in any of ourimages. Figure 1 shows the large-scale m
also investigated. Proper motions were taken from the USNBJ20logical properties of these outflows and the faint newitiet
B1.0 catalogue (Monet et al. 2003), or from the UCAC4 cati€vealed by our deep imaging.
logue (Zacharias et al. 2013) if measurements from the forme
were not available. We conclude thap t_he corresponding®imo 4 ;1 structure and expansion of the bipolar nebula
the matching of the images are negligible.

The large system of lobes and their bright equatorial wast a

A correction for the proper motion of the central binary stanainly visible in the lower-ionisation light of &[N 1], [O 1],
of R Agr itself, which is non-negligible over the period cahts and [O1] (Fig. 1). Indeed, Gongalves et al. (2003) show large
ered given the proximity of the system, was then applied. VIN n]/Ha and [Su]/Ha flux ratios in the ring of the bipolar nebula
measured the proper motion directly in all non-saturatexbjes, that they ascribed to shock ionization.
while the value of the proper motion from UCACArx = 29.5 The appearance of the ring and lobes, at the high resolu-
mas yr, upec = —32.1 mas yrt) was used for the saturatedion provided by our images, is complex. In the light of low-
frames. Finally, all images were aligned with respect toctie- ionization ions, the ring is broken into knotty and filamewgta
tral star using the frame obtained on September 5, 2007 astractures, while it appears much smoother in the light ghlr
reference. ionization species such as {@. Furthermore, our deep im-
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VLT Ha+[NIl] 2012 * s . NOT [O1] 2009 -

~ NE4

streams —»

. ; »
N bipolar
;/Iobes
SW4 — S sw3 ' streams N y N
30" \ " —|
£ 30 E

VLT [Oll] 2012 - VLT [Olll] 2012 a

30" : ‘ 30" St ; : : R et .
Fig. 1. VLT 2012 Ha+[N ], [O 1], [O m] and NOT 2009 [Q] frames. On the [Gu] frame the white boxes represent the spectroscopic olismrsa
(see Section 2.2). The FOV of all frames 1s<{33'. North up, east left.

ages show for the first time fainter features that we desgnat The magnification factor was found using the 1991 and 2012
as streams in Fig. 1. Streams appear in the NE and SW directitn+[N 1] images. Owing to the dlierent instruments, filters
of the bipolar lobes extending up td.2 from the central star. properties, and observing conditions, we matched the point
On the southern side, the streams seem to replicate thedcursieread function of images using field stars, and we also leskca
appearance of the outer regions of the jet. them in brightness using a portion of the nebula itself.¢asing

The overall structure of the bipolar nebula does not shawagnification factors were then applied to the 1991 framd, an
notable changes over the 21 years considered (1991 - 20&2).thé¢ diferences with the 2012 image computed. A precise deter-
therefore use the so-called magnification method (see Red emination of the best-fitting magnification factor is limiteg the
1999; Santander-Garcia et al. 2007) to calculate the eigransighly inhomogeneous morphology of the nebula. By dividing
in the plane of the sky and hence the age of this structure. Tthe nebula into quadrants, we found that the best-fitithgal-
essence of the method is to find the magnification fadothat ues were as follows: NE 1.030, SE 1.033, SW 1.033. Due to the
cancels out residuals in theffirence image obtained by subfaintness of the NW region of the nebula no measurement could
tracting the first epoch, magnified image from the secondtepdze obtained from that quadrant, and for this reason we also de
image. The method assumes homologous expansion of the stfined a W region restricted to the prominent part of the waist i
ture, but also allows one to identify deviations from thisuamp- that direction where a value of 1.033 to 1.036 was derived.
tion.
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2 . ¥ 4.3. Kinematic distance

Ha The combination of our determination of the apparent exipans
/ of the bipolar nebula with the radial velocity measuremerfts
- : . Solf & Ulrich (1985) allows us to derive the expansion paxall
; of R Agr nebula. In particular, Solf & Ulrich (1985) found tha
the equatorial waist can be modelled as an inclined ringrpa
Py ¢ : ing at a speed Ofex, = 55 kms™.
ik % The angular expansion of matter along the major axis of the
PSR projected ring, over the periatt considered, iaa = o(M — 1),
e s whereq is the distance from the central source of the intersection
: ' of the ring with the plane of the sky. Knowing the linear speed
Vexp, the distance to R Agr follows immediately from the relation
(in convenient units)

Vexo km s At(yr)
Aa(”)

. o N Adopting the average value of the magnification factors de-
- X — ] termined above, and fitting an ellipse to the nebular ring éa:m
E

D(pc)=0.211 (1)

sure its major axis, we obtain a kinematic distance to R Agr of
; 178+18 pc. In general, this kinematic distance is in fair agree-
¥ ment with previous estimates. The nebular kinematics wese fi

used by Baade (1944) to derive a distance of 260pc, latesedvi
Fig. 2. Terroux image showing faint outer @ and H features. down to 180-185pc (Solf & Ulrich 1985). This value is also
FOV=9' x 9. See text for further details. in good agreement with the estimate of 181pc by Lepine et al.
(1978) based on the absolute magnitude of R Aqriah 4nd
an assumed value 6f8.1"M. Hipparcos parallax measurements

Assuming that the nebula has grown in time at constant V& Perryman et al. (1997) result in a slightly larger distané
locity, the resulting nebular age, computed with respedhéo 197pc, in strong agreement with the estimate based on the sep
first epoch, isT = At/(M — 1), whereAt is the time lapse be- aration of the orbital components measured by the VLA (Hol-
tween the two epochs, in our case 21.17 years. Mhealues lis et al. 1997b). More recently, parallax measurementsiof S
above imply an average age, weighted by errors, of the hipolaaser spots using VERA have indicat_ed ayet greater diste#fnce
nebula ofTpj, =653+ 35 years in 1991, which compares welP14-218pc (Kamohara et al. 2010; Min et al. 2014).
with previously published results (see Section 1). Yanglet a
(2005) find that R Agr could have experienced a nova explosign
in A.D. 1073 and A.D. 1074. Without knowing the initial con-""
ditions of the explosion and of the circumstellar mediunM)S Unlike the large-scale bipolar nebula, which within ourgmet
it is not possible to find further support to the relation begw errors in the determination of the apparent and radial metio
the bipolar nebula and the possible ancient nova outbusston is well modelled assuming a mainly ballistic expansion, jéte
discard it. shows a much more complex and irregular evolution. In our im-
?{g s, features identified by previous authors have brighten
aded, or even broken into multiple components moving along
different directions. The bulk motions of various regions of the
jet determined using our images are highlighted in Fig. 3yTh
demonstrate that, while the overall flow pattern is consistgéth
a radial expansion of the jet, in some regions there arefgignt
deviations, even perpendicular the radial direction ofaggion.
Their complex changes of appearance are probably the combi-

An additional set of imades acquired in the Terroux Observat nation of illumination angbr ionisation variations, and shocks.
9 q Yal This makes the magnification method inappropriate to descri

reveal new faint outer features in {@ and in Hr. A combined .them. To illustrate this, we will discuss the evolution otlin

[Om] and He image is presented in Fig. 2. It reveals the exigyy, - foatires across our multi-epoch imagery in the fuithgy
tence of a thick [Qn] arc along the east-west direction with ar \h-sections

extent of 6.4, and a thinner and fainterdHoop, which extends Figures 4 and 5 show the evolution over time of the north-

e e o e Y and southern regon of th et n the mostrelevant pochs
' and filters. We note that the bright central area is ofterrasgd,

The [Om] arc is confirmed by stacking up all our otherf) with strong charge overflow especially ireM[N n]. The inten-
and [On] long exposure frames, but at a low signal-to-noise raity level of the dfferent frames in both figures was adapted to
tio. Unfortunately, the It feature is undetected in our VLT im-maximize the visible information. The small blob near thace
ages, as their FOV does not fully cover the region. It is {ikeltral source in the [@] 2007 and 2009 frame, pointed to with
that these features are related to the mass loss from thd-recagows in Fig. 4, are a red-leak images of the central star (di
ant angor a nova eruption from the white dwarf in the earlieplaced because of atmospherifeliential refraction at the sig-
evolutionary stages of the system. nificant airmass of these observations). In Fig. 5 on the 2009

Structure and expansion of the jet

The estimated ages of the SW streams indicate that they
likely part of the extended nebula, rather than jet featufage
stream in the NE is not detected in our 199&-HN u] image
therefore no age estimate can be given.

4.2. New faint outer features

Article number, page 5 of 13
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— NE4 5.1. The NE Jet

Fig. 4. It has a complex, knotty, and variable appearanaanFo

stance, the feature that we name F first appeared in 2007 in the
SHKM [Om] filter. The 2012 image indicates that, contrary to the gen-

eral radial expansion, it is seemingly moving towards thetwe

The same applies to feature G, which appeared in 2011. Their
conical __— A westwards lateral movements are indicated by the two ariows
oy Fig. 3. Transformed into linear velocities, their motionsuid

r imply speeds of between 500 and 900 krhsThis is several
times larger than the bulk radial motions from imaging anetsp
troscopy, indicating that very likely they do not reflect thae
physical movement of a clump of material but rather are due to
changes in the ionisation conditions of the region.

At a distance of~ 20" (see Fig. 3) the northern jet splits
into two components, a brighter one bending towards théhnort
and ending in filamentary features such agg and NE4, and
a fainter, more dfuse one that seems to be a straight, conical
N extension of the innermost jet. The latter is only visiblethie
[O m] emission line and its cone-like morphology suggest that it
may be an illuminationféect (Corradi et al. 2011), further indi-
cating that the role of changing illuminati@xcitation is critical
in understanding the structure of the jet.

Burgarella & Paresce (1991) used optical emission line ra-
tios to conclude that the R Agr jet features are best fitteth wit
local shock-wave models, as was first suggested by Solf & Ul-

N rich (1985). Burgarella & Paresce (1991) found that theHdrig
l 1 ening of knot D (and fading of knot B) came some 15 yrs after
E

T The evolution of the northern, bright part of the jet is shawn

i O

X

/ Y
instrumental N\
artefact

SwW3 — %

the brightening of knot B (in the late 1970s), concludingttha
the shock wave was propagating outwards at 90-100 km's

Fig. 3. NOT 2007 [Om] image, with logarithmic display cuts that high-AS such, they predicted that the knot D should fade analdgous

light the overall structure of the jet. Arrows point the erpin direc- 15 yrs after |t_was observed t(.) brighten, which would approxi
tion. FOVis 1.5 x 2’ 0. mately occur in 2003. Inspection of ourH[N n] data, Fig. 4,

reveals that in 1991 B and D have similar brightness (just as
in observation from 1986 in Burgarella & Paresce (1991)). Ou

next Hr+[N u] frame is from 2009 were knot D, indeed, is much

[Om] frame, instrumental artefacts are visible as faint ”ght‘?ainter than knot B. while at the same time the knot A is the
thick lines emanating from the central star at PAs°1&%d 225. brightest. By 2012, the relative brightness of knot B is aau

In order to avoid confusion, some clarification of the nometthat of knot A, while knot D is the faintest. A similar tendgris
clature of the jet features used in the past is in order. Wer tef detected in our [@] data where by 1997-2002 knot B has almost
the earliest designated jet features from Sopka et al. (I882- disappeared, while knot A and D are clearly brighter. By 2007
after referred to as SHKM) assBkm, Cshkm, and the ‘loop’. knot B starts to brighten again and quite soon (2009) becomes
Later publications revealed more details of the jet closehe as bright as knot A. At the same time it does appear that knot D
central source, which were designated as knots A and B ig¥fading. The similar relative brightening of knot B is \dk in
Kafatos et al. (1983), and knot D and S by Paresce et al. (1988 [Om] frames. To conclude, the prediction of knot D fading
Knot S is a brightness concentration inside the loop featnte is confirmed (though perhaps at a faster rate than predidted)
is therefore often referred to as loeP. We keep the designa-addition, the re-brightening of knot B may imply that anathe
tions of the later authors. The aforementioned featurewiells shock wave is passing through the system. If so, it should-eve
as the new ones found in this work, are indicated in Figs. 4, 3,tually start again influencing knot D. However, from Fig. 4sit
and 5. evident that, by our latest epochs, knot B has stretched asifa

Most of our images, as well as previously published da@$ knot D, but the latter is not brightening together withtk®o
(imaging and spectra), show that the NE jet is brighter tten t ~ Over the years, features in the central area of the NE jet
SW jet at both large scale and in the central area (Paresceek H&Fig. 4) tend to get elongated along the expansion direiah
1994). However, our short exposureifPand [On] VLT images eventually break into separate components. For instaeagjrie
from 2012 reveal that in the central region?”), the SW jetis B breaks into B1 and B2. Similar stretching is happening with
brighter. This is also confirmed by our spectral data from220features A and D, which was seen to happen at 8 GHz radio band
(Fig. 7). This seems to have appeared a few years before 2912s early as 1992 (Méakinen et al. 2004). Our data shows that by
the images from 2002 and 2007 show equal brightnesses for REL2 in all filters feature A has a very elongated structureciv
and SW in the central area, while by 2009 and 2012 clearly tiseclearly indicative of imminent breakup. The delay betwep-

SW is more prominent. This central area is resolved in therrectical and radio can be just due to the lower resolution alstgla
high spatial resolution SPHERE images from 2014 by Schnijoptical wave bands.

et al. (2017). They also detect that the SW jet is brighten itea As indicated by the arrows in Fig. 3, the outermost NE jet
NE counterjet in these central areas. features expand radially during the period consideredr&ftbee

10"
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Fig. 4. NE jet in [Ou], [O m], and Hx+[N n] frames from top to bottom respectively. One square’is5”. The FOV of each frame is 20x 30”.
North is up, east to the left.

we use the magnification method (featuresikm and NE4, see ters. In Hy+[N 1] it has an arched shape, while in {@ it seems
Fig. 1) or measure directly the proper motion (featuegyi, a double arched or circular. In [Dit has a T-shape structure.
Figs. 1 and 4) to estimate their kinematical ages. The ages For feature NE4, an age of 2861 years is found. This age is
gether with approximate distances from the central stapagge much younger than the bipolar nebula, though older tharethe |
sented inthe Table 3. Ages are presented for the epochs@B91just as found for §ykm. Collectively our observations ofdgkwm,

06 and 2012-09-05. The distances are measured at the 201269xm, and NE4 imply that they are real physical structures, and
05 date because not all features were present on the 199&.imé#wat their apparent morphological changes are not dondriate
Due to the extended nature of most of these features, desgantbe changing ionisation.

from the central source are roughly estimated. Detailding&o

the measuring can be found in Appendix A. Here only the main

results are presented. 5.2. The SW Jet

The measurements of the brightness peak of featdi@\B The evolution of the SW jet from 1991 to 2012 in the most rele-

indicate an age between 125 and 180 years. The average pripgt filters is presented in Fig. 5. We refer to the SW jet whih t
motion,u = 0”.10+ 0”.02 yr'', is compatible with the calcu- following nomenclature. SW1 consists of several blobs fapa
lations in SHKM (0".082+ 0”.014 yr'1), indicating a roughly from the loop-S) seen in the 1991 &[N 1] frame in Fig. 5.
constant expansion velocity over the last 50 years or so. Fé&e rest of the SW jet visible in Fig. 5 is named SW2. The more
ture Gspkm Was twice as bright in 2012 than in 1991. In SHKMextended features SW3 and SW4 are also highlighted in Fig. 1.
a slow brightness change for that feature is mentioned, tbutfhe expansion of the SW jet is more uniform than the north-
is not clear if it was observed to be brightening or dimmingrn one, showing mostly radial motions (features le8pSW4,
The age found for that feature, 286 yrs, is much younger thaRd SW3 in Figs. 1 and 5). However, we are able to make a few
the bipolar nebula, though much older than the previously dgteresting remarks based on our observations.

rived jet age of about 100 yrs (Lehto & Johnson 1992; Hollis & First of all, the relative brightness of SW2, compared to
Michalitsianos 1993). If the §w feature is part of the jet, it SW1, has increased over the years. The complex was masgginall
is not surprising that the brightness has changed, as beght visible in our 1991 K-+[N u] frame, and overall is now as bright
variations have been seen among all features of the jet.ddie fas SW1. Significant structural changes are also detectalite i
ture also demonstrates the jet’s structurélledences at dierent SW2 (compare 1997 and 2002 {{in Fig. 5), and more struc-
wavelengths, given thatdixw keeps its structure in time whenture has become visible which seems to connect SW2 with SW3
considering single filter data, but its form varies ifffelient fil- via faint curved filaments (see Fig. 1).
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Table 3. Kinematic ages at epochs 1991-07-06 and 2012-09-05 tagsttiean approximate distances for the epoch 2012-09-0% the central
source for the ballistic features of the jet.

Feature Age 1991 Age2012 Distance Method Comments
yrs yrs i
North Bspkm  125-180 145 - 200 17 direct Stable expansion velocity owetabt 50 yrs,
u=0"10+0".02yr?
Cshkm 286+ 12 307+ 12 35 magnif.  Brightness variations.
Structural changes in filerent wavelengths.

NE4 285+ 61 306+ 61 45 magnif.

South loopS 160+ 40 183+ 40 10 magnif. Loop expanding steadily at least since 1960s.

Significant brightness change of knot S.
SW3 215+ 36 236+ 36 45 magnif.

SwW4 880+ 150 900+ 150 75 magnif.

[SW1

loop

1997/ [OI1]

swi]

e

2002|[Oli] B s

(ol [ol [o

SW1

1991 | Ha+[NI

2009 Ha+{Nil 2012

Ha+{NII]

Fig. 5. SW jetin [On], [O m], and Hx+[N u] frames. One square i$'5 5”. The FOV of each frame is 20« 30”. North is up, east is left.

Feature H, shown in the light of [@] in Fig. 5, is found to be loop+S, SW3, and SW4 (see Figs. 1 and 5). As for the NE jet,
moving faster than the surrounding jet at the epochs 20027 ,20details of the analyses are presented in Appendix A and Bable
2009, and then disappears or dissolves into the surrouretingThe feature loop preserves its horseshoe shape over ouvebse
emission. Its proper motion is on averagedD + 07.01 yrl. ing period in all filters in which it is detected. The brighsse
Taking into account the distance to R Agr found in Section 4éhhancement, knot S, was detected in 1986 by Paresce et al.
the average linear velocity would be250 kms?®. This is not (1988) is still clearly visible in our 1991 &[N n] frame (see
as fast as the lateral movements detected in the NE jet bait iFig. 5). At later epochs, the knot S becomes elongated along t
still faster than the jet in general, again possibly resglfrom a loop until it almost disappears, but that part of the loofysta
shock wave moving through the system rather than a real matigghter than the other regions. Figure 5 also shows that the
movement. If we assume constant velocity, it was ejectedl38loop is slowly expanding towards the south. The age found for
years ago. the looptS, 160 yrs, corresponds to an ejection event around

: ‘ : : 182 40. This is comparable with the ejection date
In the SW jet, kinematical ages could be calculated usﬂ ° year ; :
the magnification method for the radially expanding feaur 92+ 32 computed by SHKM. This also shows that no major
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changes have occurred in the evolution of the loop since th
observations in the 1960s. The estimated age of feature S\
215+ 36 years is much younger than the bipolar nebula, thou
older than the jet, just as found for NE4 anglu. In the case of
the newly-identified hook-shaped feature SW4 we find a ratt
large age value (880 150 years) but as the feature is very faini
we conclude that its age is consistent within the unceitsnt
with that of the extended bipolar nebula. The age of thegiali
features of the jet increases with the distance from theregen
consistent with continuous or repeated ejection eventsatitihe
more extended features have been slowed down by circuarste
material.

6. Radial velocity measurements

The [Om] 5007 A emission extends over the entire FOV of th
ARGUS IFU pointings, except for very few spaxels. This re
sulted in~1200 usable individual spectra in total. Radial veloc
ity measurements were obtained from each lenslet by Gauss
fitting of the [Omiy] line using thesplot task in IRAF. Every fit
was visually checked and multiple Gaussians were used wt
needed. The measured radial velocities were correcteddirs!
the local standard of rest (LSR), and then to R Agr systemic ve
locity of -24.9 km s* (Gromadzki & Mikotajewska 2009). Fig. 7. Rladial velocittiets of ti;tihemissiontloeatkzi IS(tDJITr:erimE()osedt r:anto
H : H ey-scale representation O € reconstructean age from the
di SJQ; L(r)élgdllnw?n%r;),flgessiﬁ&gt?aetrégr%ll)l/:g?ng.p\lﬁg Eiir:]i?iasiohy\nlqt?a?jm U data. The FO¥40” x 40”. Radial velocities are indicated by lines,

. . .. . whose colour indicates if emission is blue- or red-shiftexg whose
the discussion to the strongest emission peaks, definedss ﬂI‘ength is proportional to the absolute value of the velodityan and

spectral components whose integrated flux is larger thanaf5%,ink lines represent blue shifted velocities smaller tHarkm s*and
any other component from the multi-Gaussian fit at each $pax@dshifted smaller tham5 km strespectively. The length of the cyan
Results are presented in Fig. 7, where the radial velooitiesand pink lines are constant because otherwise they woulddsmall
the strongest peaks are plotted on top of the reconstru®ted [ to be visible. The white X-point marks the position of the tcehstar.
image. The distance used for the linear size is taken from this wbr: pc.

At position 1 (POS1, see Fig. 6), that is centred on the star,
the radial velocity varies from -33 te72 kms?, with the in- . _ _
nermost portion of the south jet being blueshifted, and tirehn  Another feature for which we can determine a radial veloc-
counterpart mainly redshifted. This trend continues ferdway ity from the data shown in Fig. 7 is feature F (see Section.5.1)
from the centre, at position 2 (POS2, to the north) that istiyos!t has a uniform radial velocity over the whole elongated fea
redshifted (from -5 to-97 kms?) and position 3 (POS3, to theture, +36+ 2km s1, with a narrow single gaussian line profiles
south), which is mostly blue-shifted with a few redshiftetre FWHM = 16+ 1kms™*. This would seem to imply that the fea-
ponents (from -56 ta-59 kms?). At position 4 (POS4), where ture F is moving almost completely perpendicular to the ithe: |
the southern jet significantly bends, most of the emission B sight, as its tangential velocity, 500 kmt{see Section 5.1),
comes redshifted, ranging from -3840137 kms?. This gen- is much larger than the measured radial velocity.
eral description is obviously complicated by the very cagmpl  In an attempt to clarify the overall Doppler-shift kinemat-
line profiles, which include additional emission compoisead ics of the jet, and compare with previous observations, we ha
well as extended wings spanning a range of radial velodigesextracted from the 3 ARGUS data cubes surrounding the cen-
large as~400 kms?. In general, however, it is clear that on théral star a position-velocity plot simulating an obseroativith
same side of the central star, both red- and blue-shifteidmeg a long slit, with a width of 1 arcsec, orientated along theegah
are found, which - assuming purely radial motions - is a clearientation of the jet at PA40°, and through the central source
sign of a changing direction of the ejection vector crossirey (Fig. 8). Hollis et al. (1990) adopted instead+29°, which was
plane of the sky. This in turn is usually associated to prsioces aligned with the inner jet at that time. Considering the allé?A
of the ejection nozzle as seen at large inclinations. change of the jet between the Hollis et al. (1990) and us @bou

From Fig. 7 it is evident that broken up components of fe@0 years later) it clearly indicates that the jet, on largées; is
ture B, namely B1 and B2 (see Section 5.1), havkedént radial rotating counterclockwise (CCW). The CCW evolution of tee j
velocities Viag,, = +73+27 km st andV,.q, = +22+22kms?, has also been seen in radio observations (Hollis et al. 997a
respectively. Similarly, we calculate their average FWHi\bE The extracted longslit (Fig. 8) confirms the overall struetu
78 + 23kms?! and 32+ 24kms?, respectively. As such, B1 of the jet. However, the figure also highlights the complesi-va
presents almost three times the radial velocity of B2 andlyeaation in velocity profile along the jet. A simple, ballistiba
twice its velocity dispersion. From their motion in the ptaof expanding, precessing jet would produce a perfect S-shape,
the sky, we see that the entire feature B (including compnewhile here we have an overall S-shape but with dramatic varia
B1 and B2) has been moving steadily towards the NE (Fig. 3ipns in the width of the S along the slit (much broader in tlg N
implying that their velocities in the plane of the sky shobkl perhaps reflective of the multiple components like B1 and B2,
similar. As such, we can conclude that the true spatial Vi§locand with significant tails out to very high velocities). Th&/S
of B2 is significantly lower than that of B1. jet, on the other hand, appears more regular in terms of veloc

10" (0.0086 pc)
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Fig. 6. Line profile examples from left to right POS1, POS2, POS3,R6O%4. Blue vertical line refers to a radial velocity 0 krh sAll radial
velocities are corrected for the systemic velocity.

ity structure but much more broken spatially with ‘gaps’liret Hollis et al. (1990) present long slit observations of theaea

emission. Furthermore, the artificial long slit spectrusodligh-  emission line as we ([@] 5007 A) but also find that overall

lights the acceleration in the inner parts of the jet (POSh)s the NE jet peak emission is approaching and the SW receding,

is consistent with the solution proposed in Makinen et 0@ contrary to our measurements. Though, it is clear from figir

that the jet features, after being formed due to increasdtemai that in the NE up to 7 from the centre both blue and red-

flow at periastron, are accelerated inside the fitsiahd then shifted components are equally bright. Reconstructing i

ejected as bullets. The outer parts, POS2 and POS3, seem t@m@our earlier data we see that most of their SW faint stredtur

pand freely. What is unclear throughout the length of thgstih  somewhere at our POS4, which is also red-shifted. Hollid.et a

is the contribution of illumination fects - perhaps the matter(1999b) employed a Fabry-Perot imaging spectrometer to ob-

and velocity structure of the two sides of the jet are symitetr tain velocity maps of the [N] 6583 A emission line, again find-

and the observed filerences are the result offiiring ilumina- ing that the northern jet is blue-shifted and the south teftesi.

tion. The QOSSIbIe }”Umlna_tlon_beam visible on thel[q)2007 They’ too, remark that the FWHM is extreme|y |arge (up to sev-

and 2012 images in NE direction does not seem to move oreé| hundred kms) and that the velocity structure at each po-

most, moves very little. However, the cone is not seen in thgion is complex, often presenting multiple componentsst s

southern direction indicating that this may be an imporfact e find in our data.

tor in determining the structure of the observed positietesity Considering all the above mentioned observations and the

profile. nature of our measurements, the apparent discrepanciebenay
explained by brightness variations of thefdient line profile
components, which would cause that, for example, a prelyious

Comparison with previous works faint blue component has become significantly brighter ft&an

) . ) ] red component. Furthermore, the higher spectral resolutfo

When comparing our RV data with previously published datta, gur data would allow us to better define the characterisfitiseo

a first sight it seems that there is a notable and intriguifigdi outflow for different components.

ence. We find that the NE jet is mostly red-shifted and the SW |t is unlikely that the dferences in radial velocity measure-

jet mostly blue-shifted, with occasional opposite velpsigns. ments with previous epochs are mainly due to precessfents,

Only in the furthest part of the SW jet covered by our IFU datgiven the long~2000 yr precessing period (Michalitsianos et al.
a significant redshifted component is detected. 1988).

Previously published data seem to indicate the contragicto Ve conclude that, at the intermediate scales of the R Aqr jet
behaviour, that is discussed in the following. A direct camp investigated in this article, most of the observed changebe
son with the RV data of SHKM is @icult because they do notMorphology and velocity are driven by changes in the illuarin
mention if their radial velocities are corrected for theteysic tion and ionising conditions of circumstellar gas at thiéeatent
velocity. Contrary to our findings, Solf & Ulrich (1985) fodn €Pochs of observations, as well as of local dynamididoss,
that the southern jet is mostly red-shifted and the nortiomen "ather than to a structural change of the entire jet of R Aqr.
blue-shifted. Also, they measured radial velocities fatfiees A Only in the innermost regions, significant structural cresg
and B of around -55 knT$ (based on an [N] 6583 A emission &re observed,_as shown by _Schmld etal. (2017).In th(_esemagm
line spectrum), which have an opposite sign compared to e of the discrepancy with the RV data betweefecnt au-
measurement for feature B0 to +70 knys with respect to the thors FOUId mdged be related to the ac'gual motion of thgsmh'.
systemic velocity. Only near the central star is there sogneea  Material. The discrepancies that Schmid et al. (2017) findsgi
ment with our measurements, as Solf & Ulrich (1985) found '§rther indication of the complexity of the R Agr system.
negative radial velocity, -20 knt¥, in the southern jet. Overall,

Solf & Ulrich (1985) say that the southern jet is red-shiftedl :

the northern blue-shifted but if one looks more carefullyhatr 7. Conclusions

Fig. 5 it is evident that Solf & Ulrich (1985) have red- and®u We have presented a multi-epoch morphological and kineadati
shifted components present at almost all measured pasition study of the nebula of R Agr. New morphological features (re-
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Fig. 8. Left. Extracted long slit spectra with the PA4(°, extending 18.7 from the central star in both direction. The black vertigz is the O
km sradial velocity. In POS1 also the spectrum of the centralistaisible. Right. The extracted long slit shown over the VLT pointings on top
of a matched VLT [Qn] frame. The central star is heavily saturated. The FOV 1§:830”, north is up, east is left, slit width is’1
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Appendix A: Ballistically expanding jet features.

In this appendix we present more details related to the agle an
yses of the ballistic jet features.

Appendix A.1: NE jet

Due to the structural change in later epochs of featuig® it

is difficult to obtain precise measurements. For the proper mo-
tion measurements the brightness enhancement was used in fil
ters Hy+[N ], [O 1], and [Om] .

For the rest of the NE features the magnification method was
applied. For feature §&xum, the Hy+[N 1] 1991 and 2012 frames
needed a further flux correction due to the fact that the featu
was about twice as bright in 2012 than in 1991, after using the
nebula for flux matching. For rematching, thegw feature it-
self was used. Following the same methodology as descnibed i
Section 4.1, the smallest residuals were found in the fraitle w
maghnification factor oM = 1.074+ 0.003.

Due to the change of shape godvarying exposure time,
and hence dierent level of details detectable ireH[N ] from
feature NE4 between 1991 and 2012, we chosefardnt fil-
ter for the magnification method. After careful visual exami
nation of our data we decided to use then]@009 and 2012
frames. Again, the same methodology was followed as for the
bipolar nebula, first convolving to the worst seeing and tthen
matching using the nebula. The smallest residuals for NE4 ar
for M = 1.010+ 0.002.

Appendix A.2: SW jet

The longer baseline from 1991 to 2012 in the-HN u] frames
was unsuitable for the magnification method to be used for the
feature loop-S due to the dramatic change in brightness of knot
S as well as the extreme saturation streaks exactly on tdypeof t
feature on 1991 frame. Given that the nebula is, in geneegy, v
similar in the [On] filter, we used its 1997 and 2012 observa-
tions (15.14 yrs time interval) to estimate a tentative gdior

the magnification oM = 1.09 + 0.02. L Just as for the NE4
feature, the [@] 2009 and 2012 frames were used to derive the
age of the SW3 feature via the magnification method. The best
fitting M was found to be 1.013 0.002. In a case of the fea-
ture SW4 the same &[N n] 1991 and 2012 frames, as for the
nebular age in Section 4.1, were usable.
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