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The Very High REsolution Spectrograph VHIRES
(by Christian Buil)

This report describe the conception of a very high spectral resolution spectrograph. The
target resolution is around R=42000 near Ha (i.e. FWHM line shape of 0,16 Aor7 km/s).
The definition, construction and adjustment took only 3 hours. No machining, but top
performances (and relatively costly) components.

The grating is an échelle Richardson model. Blank size: 220 x 110 x 30 mm. The graving
density is 110 grooves/mm and the blaze angle of 64.5°. This component is selected be-
cause Ha is precisely at the center of blaze function for order k = 25 (k = 25.01 to be
precise). Efficiency is maximized. A Takahashi refractor FSQ85ED (a fine apochromatic
astrograph) is used in autocollimation mode. The aperture diameter is 85 mm and focal
length 450 mm. An Atik Off-Axis Guider is used to inject stellar flux into the refractor
coming from a 50 microns optical fiber (from the guiding port).

An excellent Astrodon Ha filter (6 A pass-band) is mounted just in front of the CCD cam-
era for select order #25 (no cross disperser used, the goal is maximal simplification to
observe with some details in immediate vicinity of Ha line only - like a fix super Lhires III
spectrograph). The camera is an Atik460EX operated in binning 3x3 (equivalent pixels
size, 13.62 microns). The spectral covered domain is of 42 A (only, but remember the
very high resolution). The spectral sampling is 0,0462 A/pixel (bin 3 mode). At the tele-
scope level, the object is guided and the flux injected in the 50 microns fiber by using the
eShel interface (Shelyak Instruments). The system is simple, but there is no concession:
large aperture elements, high optical quality ...

From the telescope
(50 microns optical fiber)

Atik460EX camera

Astrodon F50-B5ED refractor (O = 85, F = 450 mm) Richardson Echelle grating
Halphat nm filter {110g/mm, 64.5%)

Fig. 1: The optical diagram of VHIRES

The following Fig. 2-6 shows some views of the VERY (!) preliminary setup:




The manner to maintain the grating is really improvised (prototype phase!)
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Fig. 7: The spectrum of a part M42 nebulae. Of course, the Ha line (HI) is nearly at the
center. Note the separation of [NII] lines. The shape of the emission lines is real: asym-
metric profile and enlargement are associated to gas velocity field in the nebula.
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Fig. 8: The proof, look the aspect of pure monochromatic lines from the Thorium-Argon
calibration lamp of eShel spectrograph and compare with M42 lines.
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Fig.9: Two example of A type star spectra with a well marked Voigt profile [Sirius ( left)
and Vega ( right)]. The Ha wing line extend out of CCD field (a more largest detector
format can be selected). Note the difference of HI line position relative to H20 telluric
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Fig. 10: the spectrum of the moon surface (i.e. Solar spectrum, a G2V star). The Ha pro-
file is well detailed. The H20 telluric lines begin to be also resolved:
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Fig. 11: A coolest star, Arcturus (a Boo) - type K1.5II1I.
Note symmetry of Ha and sharp Fe lines:

Betelgeuse (alpha Oril) - 14.849 / 03 / 2014 - C11 - YHIRES (R = 420001 + ALikdEOEX - 8 x 40 = - Castanet obs. - C. Buil
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Fig. 12: More largest metallic lines are noted on Betelgeuse spectrum

Some Be stars:
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Fig. 13: B Lyrae

(M2Iab):



delta Sco - 15.144 / 03 / 2014 - C11 - YHIRES (R = 42000) + ALik4GOEX - Castanet obs. - C. Buil
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Fig. 14: & Scorpii
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Fig. 15:  Tau (note details in the emission line, probably fast time evolving)
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Fig. 16: k Dra (note the diversity of Ha profile from Be star to another):
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in Ursa Major):
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Fig. 18: The famous P-Cygnii star (34 Cyg):
epsilon Aur - 14.909 / 03 / 2014 - C11 (0 = 0.28 m) - VHIRES (R = 42000) + ALikdGOER - 9 x 300 = - Castanet obs. - C. Buil
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Fig. 19: The actual aspect of Ha profile in € Aurigae system:



And some active stars:
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Fig. 20: The super giant Rigel (8 Ori):
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Fig. 21: a Auriga (Capella is not a quiest world, look the distorded aspect of Ha profile)
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Fig. 22: The last object of this first light session with VHIRES, a Cyg (Deneb)



Complements:
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Fig. 23: Fast time evolution (two days) on B Ori (top) and k Dra
(telluric linesare removed for clarity)

Magnitude test on Be stars:

For astrophysical analysis, the reasonable signal to noise ratio of 50 for the red contin-
uum is reached with a 28 cm telescope on V= 6.0 stars in a one hours exposure (stack of
12 x 300 sec. frames). For the same results, the corresponding magnitudes for a 40 and
a 60 cm telescope is evaluated to V = 6.6 and V = 7.3 respectively.

Vmag and exposure time for the following spectra:

B CMi Vmag = 2.89 Exposure time = 10 x 300 sec R = 48000
HD3435 5.96 7 x 300 40000
HD 17180 6.09 11 x 300 48000
HD61224 6.53 9 x 300 48000
AC Mon 6.74 12 x 300 48000
FS CMa 8.50 12 x 300 48000
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Projektkooperation in der Amateur-Astrospektroskopie

(von Ernst Pollmann)

Kommunikationsvielfalt und die Méglichkeiten der heutigen Digitaltechnik verdandern in
rasantem Tempo nahezu alle Bereiche unseres Lebens. Sowohl die Astronomie der Ama-
teure als auch die professionelle Fachastronomie belegt dies nahezu taglich in beeindru-
ckender Weise mit in Datenbanken verfligbaren Bildern und Entdeckungen. Naturlich sind
auch in der beobachtenden Amateur-Astrospektroskopie diese, z. T. segensreichen Ent-
wicklungen anzutreffen, welche dazu flihren, dass in zunehmendem MafB Beobachtungs-
resultate im Austausch zwischen Einzelbeobachtern zu wichtigen Bestandteilen globaler,
vielfach professioneller Projekt- und Forschungsvorhaben werden. Das Eremitendasein,
noch vor gar nicht langer Zeit ein typisches Erscheinungsmerkmal in der Amateurastro-
nomie, kann deshalb wohl heute ruhigen Gewissens der Vergangenheit zugeschrieben
werden.

Die Einbindung individueller, amateurastronomischer Beobachtungsaktivitaten in interna-
tionale Gemeinschaftsprojekte, sowie die Teilhabe an professionellen Forschungsvorha-
ben ist inzwischen nahezu selbstverstandlich geworden. So resultiert aus dieser Teilhabe
in enorm starkem MaBe auch die Motivation zu Einzelbeobachtungen, die nicht selten
eine jahrelange Projektmitarbeit zur Folge haben. Was kann also dem Einzelbeobachter
schoneres widerfahren, als in dieser Form in Gemeinschaftsvorhaben eingebunden zu
sein. Vor diesem Hintergrund ware aus meiner Sicht besonders die auf dem Sektor der
Amateur-Astrospektroskopie international aktiv tatige Organisation mit Namen ARAS zu
erwahnen, in der ich inzwischen seit vielen Jahren mitwirke. Das Acronym ARAS steht fiir
~Astronomical Ring for Access to Spectroscopy" wobei sich die Organisation selbst aus
der Aktivitatsvielfalt international spektroskopisch aktiver Amateurastronomen speist. Es
wilrde zu weit fihren, die Vielzahl der z. T. von der professionellen Astronomie angereg-
ten Kooperationsprojekte hier aufzuzahlen, weshalb ich daher dem geneigten Leser eher
ein Besuch der ARAS-Webseite unter http://www.astrosurf.com/aras/ mit ihren weiter-
fihrenden Projektverlinkungen empfehlen mdchte.

Die Periastron-Passage des Be-Doppelsternsystems & Scorpii

Eines der herausragenden Kooperationsprojekte von professioneller Fachastronomie und
Amateurastronomie der Vergangenheit war zweifelsfrei die sog. Periastron-Passage des
Be-Doppelsternsystems 9 Scorpii [1]. Dieses Ereignis im Juli 2011 stand besonders stark
im Fokus spektroskopischer Radialgeschwindigkeitsmessungen (Radialgeschwindigkeit =
RV). Eine im Sommer 2010 am OHP-Observatorium in Stdfrankreich mit Fachleuten der
professionellen Astronomie verabredete Kampagne fiihrte zu unerwarteten Ergebnissen
u. a. im RV-Verlauf, die die Existenz eines dritten Korpers im System & Sco nicht aus-
schlieBen [2]. & Sco ist ein helles, interferometrisch detektiertes Doppelsternsystem, be-
stehend aus einem Primarstern des Spektraltyps B0, einem Sekundarstern des vermute-
ten Spektraltyps B auf einem Orbit mit der Exzentrizitat e = 0.94. Der Primarstern dien-
te im 20. Jahrhundert als Standardstern zur Spektralklassifikation. Wegen der entdeckten
Helligkeitszunahme im Sommer 2000, verursacht durch die Entstehung einer zirkumstel-
laren Gasscheibe um den Primadrstern, stand & Sco unter kontinuierlicher Beobach-
tung.Das System ndherte sich im Jahr 2011 wieder einer Periastronpassage. Weil die
damalige orbitale Periode systematische Fehler enthielt (die Periastronpassage in 2000
ereignete sich einige Monate spater als nach interferometrischen Messungen vorherge-
sagt), war der fir Juli 2011 vorhergesagte Zeitpunkt von erheblicher Bedeutung. Wegen
der langen Orbitalperiode von ca. 11 Jahren und der hohen Bahnexzentrizitdt war dies
eine der seltenen Gelegenheiten, tiefe Einblicke in die physikalischen Geschehnisse dieses
Prozesses zu gewinnen. Zudem ist & Sco einer der nahesten Be-Sterne mit einer Paralla-
xe von 6 Millibogensekunden und erlaubte somit, die aquatoriale Gasscheibe sowie Sto-
rungen in ihr interferometrisch aufzulésen. Prazise RV-Messungen (in Abb. 1 besonders
die maximale Einsenkung bei ca. JD 2455740) ermdéglichten es, wesentliche Verbesse-
rungen in der Vorhersagesicherheit des Periastrons zu erreichen.
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Abb. 1: Radialgeschwindigkeitsverlauf der Ha-Emissionslinie im Spektrum von & Scorpii.
Die Vergleichsmessungen am Stern a Serpentis (RV = 2.6 km/s = konst.) dienen der
Beurteilung der Zuverlédssigkeit der Messungen an & Sco.

Die zweite RV-Einsenkung bei etwa JD 2455760 lieferte einen Hinweis auf einen dritten
Kérper im System in der Néhe des Begleitsterns.

Langzeitmonitoring des LBV-Sterns P Cygni

Als zweites Beispiel einer internationalen Projektkooperation ware das Langzeitmonitoring
von photometrischer V-Helligkeit und zeitgleicher Ha-Emissionsstarke (sog. Aquivalent-
breite EW) am Leuchtkréftigen Blauen Veranderlichen (LBV)-Stern P Cygni zu nennen.
Diese Projektkooperation verfolgt das Ziel, den intrinsischen (d. h. vom Stern selbst her-
rihrenden) Ha-Linienfluss auf Basis dieser Messungen zu dokumentieren. Das inzwischen
26 Beobachter umfassende Projektkonsortium konnte Juni 2013 eine erfolgreiche Bilanz
dieser in 2008 gestarteten Zusammenarbeit im AAVSO-Journal [3] als intrinsischen
Langzeit-Ha-LinienfluB vorstellen (Abb.2).
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Abb. 2: Langzeitmonitoring des relativen Ha-Linienflusses aus
Division von photometrischer V-Helligkeit / Ha-EW.
Dieser Quotient ist dem tatsédchlichen physikalischen Linienfluss proportional
und liefert Informationen (lber die zeitliche Massenverlustrate des Sterns, seine Stern-
winddichte und dessen Ionisationsstruktur

11



Dabei wurde deutlich, dass dhnliche Ergebnisse aus Untersuchungen seitens der professi-
onellen Astronomie [4], nicht die Ergebnisqualitdt unserer Amateurkampagne erreichten.
Grund daftir war deren Verwendung nicht zeitgleicher EW- und V-Werte.

Ha-Emissionslinienstédrke und Radialgeschwindigkeit von { Tauri

Die bereits seit langerem bestehende Zusammenarbeit mit Dr. Domagoj Ruzdjac vom
Hvar-Observatorium der Universitat Zagreb (Insel Hvar, Kroatien) am Be-Doppelstern ¢
Tau, zeigt als drittes Beispiel die nutzbringende Zusammenfiihrung von Beobachtungsda-
ten aus Amateur- und professioneller Astronomie. Die Ergebnisse eines gemeinsamen
Langzeitmonitorings, an dem im Ubrigen 15 weitere Amateurbeobachter beteiligt waren,
vorgestellt auf dem XIth HVAR-Astrophysical Colloquium ,The Most Mysterious Binaries"
[5], resultierten u. a. aus der Beobachtung zeitlicher Veranderungen der Ha-
Emissionslinienstarke (EW) und der Langzeitradialgeschwindigkeit (RV) als Folge des
Gasscheibenverlustes um den Primarstern (Abb. 3). AuBerdem konnte in meinen Daten
in Zusammenarbeit mit Th. Rivinius (ESO-Chile) eine ca. 70-tagige, bis dahin nicht be-
kannte RV-Periode der Hel6678-Absorptionslinie gefunden werden.
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Abb. 3: Im Langzeitmonitoring von { Tauri spiegelt das historisch niedrige Niveau der Ha-
Emissionsstérke (EW) von ca. 3.5 A im April 2013 (Jul. Datum JD ca. 2456397) den na-
hezu vollkommenen Verlust der Be-Sternscheibe um den Primérstern wieder. Die Ha-
Emissionsstérke ist direkt proportional der Masse einer solchen zirkumstellaren Gasschei-
be.

Réntgenemission und zirkumstellaren Umgebung des Be-Sterns y Cassiopei

AbschlieBen méchte ich diese, aus einigen typischen Beispielen bestehende Ubersicht mit
dem professionellen Forschungsprojekt zur ,Untersuchung lber die Beziehung zwischen
der Rontgenemission und der zirkumstellaren Umgebung des Be-Sterns y Cas", in der
EW- und RV-Messungen meines Kollegen Roland Biicke (Hamburg) und mir als wesentli-
che Bestandteile eingegangen sind (Abb. 4).

Es sind die oft jahrzehntelangen Beobachtungsdaten, an denen es der heutigen professi-
onellen Astronomie vielfach mangelt und weshalb gerne auf den Datenfundus der Ama-
teurastronomen zurlickgegriffen wird. In zwei Verdéffentlichungen sind die Ergebnisse
dieser Untersuchungen beschrieben [6] und [7].
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Abb. 4: Ha-EW Messungen von R. Blicke (Quadrate) & E. Pollmann (Sternchen). Bemer-

kenswert sind die rapide Zunahme ab etwa 2001, sowie die Spitzen bei 2007 und 2010.

Die beiden letzteren Ereignisse sind zeitgleich bei einer Zunahme der visuellen Helligkeit
beobachtet worden.
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Intermediate Report January 2013
Campaign: Photometry and Spectroscopy of P Cyg

(by Ernst Pollmann & Wolfgang Vollmann)

Introduction

The international observing campaign, Photometry and Spectroscopy of P Cyg, begun in
2008, is a co-operative project of the American Association of Variable Star Observers
(AAVSO), Active-Spectroscopy-in-Astronomy (ASPA) and Bundesdeutsche Arbeitsge-
meinschaft Veranderliche Sterne (BAV). One goal of the campaign is the monitoring of
the behaviour of the Ha-line equivalent width (EW) and the contemporaneous changes of
the V-band magnitude of P Cyg. Another goal is to gather further information about the
intrinsic flux of this spectral line.

P Cyg stars are characterized by very high luminosity and belongs to the spectral classes
Ope to Fpe. Their irregular brightness variations, with time scales from weeks to months
and to years, covers amplitudes up to several V magnitudes, connected with density in-
homogeneity in their mostly spherical shell. P Cygni itself has been discovered on August
18th 1600, as its brightness suddenly had risen up to the 3th V magnitude. Also in the
following century the star showed remarkable changes of brightness in the process from
weeks to years, with occasional weakenings up to the limit of the visual visibility. Since
1786 no strong changes of the brightness did happen anymore. A slow brightness in-
crease from 5.2 to 4.9 V magnitudes took place in the years 1786 to 1879. Since this
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time the variable is a B1 super giant of the so called class the “luminous blue variable
(LBV-stars). Typically for these stars are the profiles of individual lines. They consist in
the simplest case as an emission line with blueward shifted absorption component. Such
profiles do point to a mass-loss of the star in form of a stellar wind. After the knowledge
nowadays, P Cygni stars are in a development phase, which lies temporally before the
Wolf-Rayet stage of massive stars. de Groot and Lamers could show [13] that the theory
of this phase of development is applicable, and in further spectroscopic investigations by
Lamers et al. [14], Makova [3-11] & Richardson et al. [12] the physically properties of P
Cygni have been determined:

Spectral type: Bl Ia
Ter = 19300 £ 2000 K
Rstar/Rsun =76 £ 14
Lstar/Lsun =5.86 £ 0.3

Details

In our campaign is assumed that the variability of the EW is caused by variations of the
con-tinuum flux and not by variations of the line flux [3], which would indicate variations
in the stellar wind density. Therefore, the variability of the continuum flux shall be our
primary concern, when the properties of the stellar winds and rate of mass loss are stud-
ied. To find correlations of photometric to spectroscopic data, an AAVSO-call for observa-
tion was started at the beginning of the campaign, for measurements with photoelectric
photometers (PEP) and DSLR measurements as well, based on the Johnson-V system. In
the meantime 16 photometric observers are involved worldwide.

Photometric measurements
Fig. 1 shows the comparison of PEP-measurements (123) and DSLR measurements (141)

until 4.Nov. 2012. Exept for occasional outliers (which occurs in both) the observations
on the 0.01mag accuracy level are rather alike on in the process.
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Fig. 1: Comparison of AAVSO-PEP observations with DSLR-observations

Photometric and spectroscopic changes in P Cygni seems to be weak anti-correlated on
short- and long-term scales. We observed a total change of 35 A in the equivalent width
(EW) of the Ha line and of ~ 0.25 magnitudes in the V-band brightness. Our observa-
tions extend from JD 2454671 (23 July 2008) through IJD 2456244 (12 November 2012).
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Results

Fig. 2 compares the time behavior of the V-brightness (upper) and the Ha EW (lower) in
our campaign. In addition the data from Richardson et al. [12] have been plotted. As can
be seen, their used 20 day-average V magnitude does not recognize the quick variations,
which was found very clear in our monitoring.
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Fig. 2: Our photometric and spectroscopic observations
of the V magnitude (upper) and the Ha-EW (lower) during the campaign
(including data of Balan et al. [1] & Richardson et al. [12]).

As can be seen in Fig. 2, when EW decreases, the contemporaneous stellar brightness
increases and vice versa. Strict anti-correlation is expected if the variation of the contin-
uum flux is independent from variations of the EW. If the Ha line flux is constant over
time, an increase of the continuum brightness will yield a smaller line flux from the
measured EW and vice versa.

To find out if and how the flux obtained from the spectral line profiles varies, the EW
measurements is corrected for continuum variations [2]. It is important to consider the
absolute flux of the line because its variations are caused by the effects of mass loss,
stellar wind density and changes of the ionization state of chemical elements in it. In the
current campaign we have already obtained 170 nearly simultaneous measurements of
the EW and the flux in the V-band.
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Fig. 3 attempts to display if and to what extent the intrinsic line flux (as continuum-
corrected EW) depends on V-magnitude. From a statistical point of view one can say that
the low 0.25 correlation coefficient (which should be zero after the continuum correc-
tion), with considera-tion of the measurement uncertainties, suggests the conclusion that
the Ha line flux is inde-pendent of V-magnitude. Comparable investigations of this kind
have been published by Richardson et al.[12]. The essential difference of these investiga-
tions (Fig. 3 of [3]) to our work is, that they used non-contemporaneous EW & Vphot for
their consideration of correlations. Their selected 20-daily average shows a weakly sug-
gested positive correlation, whereas our correlation result in Fig. 3 (this paper) does de-
liver an extremely small correlation coefficient of only 0,25 from 170 spectra. Thus, we
have some doubts regarding the persuasive power of the positive correlation (which they
found) of the relative flux with the interpolated magnitude. We would be very interested,
together with the authors of [4], to perform a new, comprehensive analysis with the data
from both investigations to clarify these circumstances. With consideration of the stan-
dard deviation and possibly other kind of errors, the temporal variation of the line flux of
Ha in the plot of Fig. 4 will represent the result of variations in the mass loss rate, stellar
wind density and changes of the ionization from August 2005 until November 2012. Al-
though the data set of our monitoring of 170 spectra is of rather modest extent, we tried
nevertheless to find a certain periodicity in the time behavior of the observed Ha line
flux.
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Fig. 4: The intrinsic Ha-line flux from
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The usage of the period search program AVE did detect three dominant periods in the
power spectrum, 242d, 363d and 600d (Fig. 5). Although the 600d period finds a certain
confirmation in Markova s investigations about variability of the Ha EW at [5], our data
set is, so far, still too limited to give these three periods a greater degree of confidence.
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Fig. 5: Scargle periodogram with data from Fig. 4

Variations of the mass loss rate manifest themselves in P Cyg generally also in a varying
absorption depth and proportionally to it in a varying emission strength of the Hel line at
6678 A, which is developed in the helium-forming zones closer to the star due to its

higher exitation potential.

While Markova preferentially investigated the correlations of velocity variations to varia-
tions of emission and absorption intensity in only 58 spectra at Hel A3926, A3867,
A471, as well as NII A4630 and SI IV A4116 [6], our more extensive spectrum collection
(> 160 spectra from 2003 to 2012 at Hel A6678) does clearly show the variability of the
emission and absorption intensity and their correlation to each other. Fig. 6 shows “ex-
treme” Hel6678-spectra, taken between April 2003 and Nov. 2012 for illustration of the
variability of the absorption depth and the emission strength as a consequence of a vari-
able mass loss rate of the star (in units of the normalized continuum).
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Fig. 6: Variability of the absorption depth and emission strength in
extreme-profile-spectra (JD 2452983, 2455703, 2455754, 2455889)
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In the plot of Fig. 7 it can be clearly seen, that a portion of the profile at 6674.5 A varies
2.8/1.5 times stronger than the variation of the emission intensity at 6678.138 A.

The grey-scale diagram of the 100 spectra in Fig. 8 clarifies, that the absorption maxi-
mum around 6675 A is shifting with times towards shorter wavelengths and could be due
to increasing optical depth as a result of increasing mass-loss.
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Fig. 8: The moving absorption maximum (around 6675 A) of the He6678 line profile with

time. 100 Spectra sorted by Julian Date
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The plot of absorption depth versus emission strength in Fig. 9 shows, that both meas-
ured variables are related only with a correlation quality of ~ 0.44. Even if the emission
comes by recombination, one would expect that a higher density (= higher mass loss)
produces both, more absorption and more emission. The small coefficient of correlation
could therefore be an expression for not implausible temperature variations in the stellar
wind, whereby the absorption can increase also without change of mass loss, thereby
without the emission increases. The following observers took part at the project:

AAVSO (Vmagnitude):

Ormsby, R. E. Crumrine, J. Fox, K. Hutton, N. Stoikidis, D. Williams,

E. G. Williams, Ch. L. Calia, Th. L. Peairs, J. G. Horne, M. Durkin, D. Loughney, W. Voll-
mann, G. Galli, E. Hgeg, D. R. Garcia.

Spectroscopy (Ha-EW)

M. Fuji, B. Mauclaire, J. Guarro, B. Hanisch, E. Pollmann, Th. Garrel, V. Desnoux, O.
Thizy, J. N. Terry, Ch. Buil, St. Charbonnel, P. Dubreul, A. Lopez, Th. Lemoult, F. Teys-
sier, from literature: Balan et al. [6].

The data of EW, V(phot) and line flux are available at the following website:
http://astrospectroscopy.de/Data PCyg Campaign/Campaign data 2013.txt
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ABSTRACT

Aims. The work is aimed at a study of the circumstellar disc of thghirclassical binary Be starAqr.

Methods. We analysed variations of a double-peaked profile oftheemission line in the spectrum af Aqr that was observed
during various orbital phases in 2004-2012. We applied tkerBte Fourier Transform (DFT) method to search for péciodin the
peak intensity (YR) ratio. Doppler tomography was used to study the struaifitiee disc around the primary.

Results. The dominant frequency in the power spectrum ofttheV/R ratio is 0.011873 day corresponding to a period of 84.2(2)
days which is in agreement with the recently reported drp#god of the systenP,, = 84.1 days. The YR ratio shows a sinusoidal
variation phase-locked with the orbital period. Dopplempsaf all our spectra show a non-uniform structure of the distind the
primary: a ring with the inner and outer radii\g, ~ 450 km s* andV,,; ~ 200 kms?, respectively, along with an extended stable
region (spot) aVy ~ 225 kms* andVy ~ 100 kms®. The disc radius ok 70R, = 0.33 AU was estimated assuming Keplerian
motion of a particle in a circular orbit at the disc outer edge

Key words. binaries: spectroscopic — circumstellar matter — stars: emission-line, Be — stars: individual (= Aquarii) — techniques:
photometric —techniques: spectroscopic.

1. Introduction emission lines on a time scale of a few years. A generally ac-
. . . cepted explanation of these variations is global osailfegtiin
Classical Be stars are fast-rotating non-supergiant B-BIars yq cjrcumstellar disc caused by formation and evolutiom of
with Balmer series emission lines in their spectra. The emi§,a_armed spiral density pattern that slowly precessemarihe
sion lines are explained in terms of recombination that oeci;,, (Kato 1983; Okazaki 1991, 1997). The main observationa
in a geometrically thin, equatorial, decretion circumiaiellisc, ,qherties of the YR variations and theoretical suggestions were

according to a model first proposed by Struve (1931), thenrmagh nmarized in Mennickent et al. (1997). The most complete
ified and further developed by many authors, and confirmed gg;,

cently by direct interferometric observations (Quirrecibat. al mpilation of Be stars showing theR variations contains 62
ey i kazaki 1997). El fth k ina-
1997" Gies et al. 2007: Carciofi et al. 2009: Grzenia et al3p01 CPISCtS (Okazaki 1997). Eleven of them were known to be bina

0= ; e ) X ries at the time. The time scale of th¢R/ariations is typicall
The relative intensity of the emission lines usually varytiome ypicaty

. much longer than rotational periods of the star or the dist an
scales from days to decades and sometimes they may even diggg not correlate with orbital periods of the binaries. gy
pear entirely. Itis widely accepted that the origin of theakil- - 5506 hinary systems, Per (Bozic et al. 1995; Gies et al. 1998),
ity is caused by processes occurring in the circumsteliraind /96 pon (Peters 1972), 4 Her (Harmanec et al. 1976; Koubsky
non-radial pulsations of the B-star photosphere (Porterig Ret al. 1997), V744 Her (boazan et al. 1982)Dra (Juza, et al.
inius 2003). Typically the dominant feature in Be star SEe&E  1991) . Cap (Rivinius et al. 1999) and FY CMa (Rivinius et al.

an asymmetric double_—peakl;l;i _emis_sion Iine._ 2004) present an exception from the rule. For example, in the
Most Be stars exhibit variations in the ratio of the blue (vi-

olet) and red emission peaks /@ variations) of the Balmer

Article number, page 1 of 6
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0.58— . —
case of 4 Her, the AR variations are orbital phase-locked anc 05l s, T "_5 i |
coherent over more than 80 cycles (Stefl et al. 2007). °§ ' :,. Y .'-'

7 Agr (HR 8539, HD 212571) is a bright, rapidly rotat- & . . . 5, % ~

loss. Analyzing itsH, line profiles and photospheric absorp-

ing (vsini ~ 300kms?) classical Be star with a variable mass* 05458 . =
#
tion during its discless phase in 1996-2001, Bjorkman et ¢ :

(2002) suggested that Agr is a binary system with an or- 052, '.:.. ; : N
bital period of P, = 84.1 days. The system consists of two | . . i
stars with masseMl; sin®i = 124M, andM,sin®i = 2.0M,, || s EERTE Low state ‘
and the orbit is viewed at an inclination angle of°5075°. 05 "% 10 15 20 25 30 3
The components mass ratio and separationMygV; = 0.16 Number of Orbital periods (P, =54 1days)

anda = 0.96sirm'i AU, respectively. Using the evolution-Fig. 3.  The equivalent width of, emission line vs. of the orbital
ary tracks from Schaerer et al. (1993), tiEeetive temperature cycles of the system. The epoch of beginning of observai®sasown

Ti” = 24000 1000 of the primary component, and its luminog0o. The notes and bands in figure mark values oftthesquivalent

ity log(Lpa/Lo) = 4.1 + 0.3, (Bjorkman et al. 2002) estimatedWidths selected for "high” and "low" state.

the primary’s mass to bil; = 11+ 1.5Mo.

Variability of the Balmer line profiles ofr Agr, which ap- . . .
peared double-peaked most of the time, have been reporteoot)f)',ne non-overlapping 70 A orders in the range 5285-6597

McLaughlin (1962) and Pollmann (2012). McLaughlin (196%é with R ~ 26000. Five spectra were obtained in September-
observed strong R changes ranging from 0.5 to 4.0, and se Jecember 2012 at the 0.81 m telescope of_the Three College Ob-
eral periods of absence of bright emission lines (1936—195¢rvatory (near Greensbhoro, NC, USA) using a fiber-fed ézhel
1944-1945, 1950). Based on théqr spectra obtained betweersPectrograph manufactured by Shelyak Instruments and &b SB
October 2004 and August 2011 together with the available-spe 1-/XMEI CCD camera. The spectra cover a range 4600-7200
tra of the data base Be§%ollmann (2012) found a dominant® with a R ~ 10000. These data were reduced with IRAF
frequency in the power spectrum of thgR#tatio that correspond ~ The amateur community contribution to the campaign in-
to a period of 88 + 0.8 days. This value coincides within thevolved 14 observers from Germany, France, Spain, Mexico,
errors with the above mentioned orbital period of the system Switzerland, and the USA. They used 0.2m to 0.4 m telescopes
In this paper we attempt a new period analysis of tiiR V with long-slit (in most cases) and échelle spectrograplhis i
variations in theH,, line profile ofr Agr and probe the disc struc-spectral resolving power fro = 1000 toR = 22000. Data re-
ture based on spectroscopic observations obtained ovéiptaul duction was performed using Maxim-DL 3.06 (Daction Lim-
orbital cycles of the system. In Sect.2 we describe our ebserited, Sehgal Corp.) for Pollmann’s data, while the most othe
tions, in Sect.3 period analysis of thg, line profile variation is amateurs data were reduced with software packages dedelope
presented. The Doppler tomography of the system and mapleffar amateur spectrographs, such as VSped IRIS3. Spectral
of the circumstellar disc are presented in Sect.4.2, ancethdts  line parameters were measured with the spectral clasgificat

and conclusion are presented and discussed in Sect. 5. software package MK32 No systematic dierence in the YR
ratios or theH, line equivalent widths (hereafter EY\) were

found between professional and amateur data.
2. Observation and data reduction

) . . 2 IRAF is distributed by the National Optical Astronomy Obssn-
Seventy two spectra were obtained in 2004-2006 with the 1.Qi@, which are operated by the Association of UniversftieResearch
telescope of the Ritter Observatory of the University oféftd in Astronomy, Inc., under contract with the National Scieffunda-
(Toledo, OH, USA) using a fiber-fed échelle spectrograpimwition.
a Wright Instruments Ltd. CCD camera. The spectra consist&chttpy/www.astrosurf.corvdesnouydownload.html

! httpybasebe.obspm/basebe 5 httpy/www.appstate.edugrayrgMK /MKbook.html
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V/R ratio folded on the orbital period of the system 84.1 day, = 0.0

corresponds to the inferior conjunction of the secondary.

3. Variability of the H, line

As noted before, thél, line profile of r Aqr is double-peaked
and strongly variable. Examples of th&, line profile for two

epochs of observations are shown in Figure 1. We measured
the V/R ratio in theH, emission line using peak intensities of
the V and R components which were separately fitted with a
singe gaussian. The values of th&R/atio vary in the range of
0.8 - 1.2 (Fig. 2) and do not correlate with E\V (Fig. 3). The
latter ranges between 0.52 and 0.58 A and shows no peripdicit
We refer to the spectra with a strondéy line (EWy, > 0.544)

as to a “high state” and to those with a weaker line as to

a “low state” for the following analysis. The Discrete Faairi
Transform (DFT) methdtiwas used to search for periodicity in
the V/R variation during our observations. The dominant fre-
quency in the power spectrum is 0.01180300028 day* cor-
responds to a period of &1+ 0.2 days that is in agreement with
the system orbital period d?,, = 84.1 day found by Bjork-
man et al. (2002). The resulting power spectrum and tHe V
ratio folded with the dominant frequency are presented g+ Fi
ure 4. Therefore, we conclude that theRWariations inr Aqr

are locked with the orbital period, at least on a time scale of
~ 3000 days or 35 orbital cycles. The shape of thR Variation
curve is sinusoidal.

4. Doppler tomography and Disk model.
4.1. System parameters

There is an apparent discrepancy between the dynamical and
the evolutionary mass of the system that was outlined, but no
resolved by Bjorkman et al. (2002). A system brightness dur-
ing the discless epoch (1996—-200%)= 4.85 mag, along with

an interstellar extinction oAy = 0.15 mag and a&HIPPAR-
COSdistance 3483%c (Perryman & ESA 1997) result in an

absolute visual magnitude dfly = -2.96'52% mag, while a

more recent distance Zzﬂgpc (van Leeuwen 2007) gives an

My = -220'512 mag. Applying a bolometric correction of

6 httpy/www.univie.ac.gtopgPeriod04

Article number, page 3 of 6



2 All data All data High - Low High - Low
TP ottt 71 7 7 7] SLANALNREFSCSgASREARRRAER

600 _'_ TTTTT I TTTTT TTTTT TTTTT 4_ T 600 _'_ TTTTT I TTTTT TTTTT TTTTT _l_
151 - 300 4 == ] 300 -
g [ 1z F 1 3 [ 1z F H 1
£ 1 — E oF - £ 1= = E oF % -
C 15 o 4 === - 5 - ]
0sf - -soop = 0sF - e &
0 FERIEEE . _SEOE_ _TEN '600—"|||||||||||||||||||||||1_ 0 ‘-mu B ‘Goo‘fuuuu|||||||||||||||||||‘|'
-600 -300 ® 300 600 -600  -300 0 300 600 -600 -300 ® 300 600 -600  -300 0 300 600
V(km/s) V(km/s) V(km/s) V(km/s)

Low state Low state High state High state
2 600 _'_ TTTTT I TTTTT I TTTTT I TTTTT 4_ 2 -------------I----= """ 600 _'_ TTTTT I TTTTT I TTTTT I TTTTT 4_
B c . r 5 c .
N R 1 wsp 1 aof =
= I - r ] = - r ]
s I — 1lg r ] g F 1e C ]
© | = e -4 € __ __ © | = -1 € __ __
SR — - 1 =t 15 F ;
L e s ; C ] 2 ;
05 ——=— o 300 = 0.5 — 800 -
L - - ] o ] L &l o ]
F o — C ] - ] C ]
Olw_m_u_u_[ -Goo—rlllIIIIIIIIIIIIIIIIIIII-'_ 0 2o ot | S | -Goo—rllllIIIIIIIIIIIIIIIIIII-'_
-600 -300 ® 300 600 -600  -300 0 300 600 -600 -300 ® 300 600 -600  -300 0 300 600

V(km/s) V(km/s) V(km/s) V(km/s)

Fig. 6. The trailed spectra around,Hine folded with the orbital period of the system and the esponding Doppler maps are shown. The
orbital period ofP,, = 84.1 days, the primary mass &; = 14.0M, , and the mass ratio of g 0.16 are used to overlay positions of the stellar
components on the Doppler maps. The inclination angle/Q° is arbitrarily chosen based on suggestions by Bjorkman. ¢2@02). ¢o, = 0.0
corresponds to the inferior conjunction of the secondary.

BCy = —2.36+ 0.10 mag forTer; = 24000+ 100K (Mirosh- Table 1. Adopted parameters afAqr.
nichenko 1997), one gets a luminosity of logLl, = 4.02+0.24

for the larger distance and log/ll, = 3.72 + 0.08 for the Period 84.1(1) days
smaller one. The location of these fundamental parameters I* 1. 14.0(1.0)Mo
the Hertzsprung-Russell diagram (Fig.5, left) correspmnthe  T; 24000(1000) K
evolutionary masses of 10.54vand 9.5 M,, respectively (Ek- 109 L/Lo 4.7(1)

strom et al. 2012). Both these values are noticeably lowam th Ri” 13.0(1.4R,
the primary’s dynamical madd; sin®i = 124M,, from Bjork-  vc 453kms?
man et al. (2002). Since the radial velocity curves of botmco My* -4.64(25)
panions were well-established over the entire discledsghethe g mass ratio >0.165
dynamical mass seems to be more reliable than the evolugional System inclination 6585
mass. For the most probable orbital inclination to the lifie o M2 2.31(16Mo
sight isi = 65— 85° (Bjorkman et al. 2002), the primary’s mass a separation 0.96 AU
range comes to 12.5—17.0JMFig.5, right). This mass range Distance 740(90) pc

requires a higher luminosity for the system. However, agicay

to new evolutionary models with rotation taken into accdht

strom et al. 2012), a star wiffie;s = 2400K gets beyond the *based on L, andeff

main-sequence if its mass exceed$ M,. As Be stars are con- 1, yncertainties are given in parentheses.

sidered to be main-sequence objects (e.g., Frémat et &),200

we therefore adopt a mass of 14100 M, for the primary. This

constrains its luminosity at log/L, = 4.7 = 0.1, which in turn

leads toMy = —4.64 + 0.25 mag and a distance of 7490 pc. 4.2. Doppler tomography

A separate study of stars near the object’s line of sight ¢tvhi

is beyond the scope of this paper) is needed to verify thigtres The H,, line profiles ofr Agr were recorded at various orbital

Nevertheless, the mass adjustment will only change themirc phases of the system. Our finding that th&RWwariations are

stellar disc scale, but not the qualitative results of oudeiiing. locked with the orbital period suggests an idea thatHhdine

In Table.1 we present summary of adopted parameterstafr  profile variability is caused by a complex structure in the ci

binary system. cumstellar disc. We used Doppler tomography (Marsh & Horne
1988) to study the structure of the disc around primany Aqgr.
The Doppler maps were built by combining time-resolved spec
tra of the object using the maximum entropy method as imple-
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S. Zharikov, A. Miroshnichenko, et al.: Doppler tomogragtiyhe circumstellar disk of Agr.

| . | . L
50 100 150 200
X (Ry)

Fig. 7. The geometrical model of Agr. The blue and orange filled circles mark the primary arelgbcondary, respectively. The decretion
circumstellar disc is shown in brown colour. The red regionthe disc are constructed on the basis of the Doppler toapbyr and correspond
to a one-armed spiral density pattern. Scales of both axegiaen in solar radii. Arrows show the direction of the binestation, and the cross
indicates the centre of mass of the system. Parameters sy$tem are given in Table 1.

-100 -50

mented by Spruit (1998) Figure 6 shows trailed spectra aroundbtained over multiple orbital cycles of the system. Thermai
the H, line and their corresponding Doppler maps of all speconclusions of our data analysis are:

tra (top, left panel), “low” (low, left panel) and “high” (i,

right panel) states, and affirence between each spectrum in — Ve re-analyzed fundamental parameters of the sys-
a "high" and the average spectrum in the “low” state (tophrig €M We found that primary star has a massvaf =
panel). The orbital period of 3 = 84.1 days, the primary mass 14+ 0.1Mo and a radius of 18 + 1.4R.. The latter is

of My = 140 M,, and the mass ratip= 0.16 (Table 1) are used ~ nearly twice as large as that of a ZAMS star with the
to overlay positions of the stellar components on the Dapple Same mass. The inclination of the system is enclosed in
maps. The inclination anglie= 7( is arbitrarily chosen based ~ the range of 65— 85° degrees.

on discussion in the previous sectiafy, = 0.0 correspondsto ~ — Jhe V/R variations for the H line of = Aqr shows
the inferior conjunction of the secondary. The locationtst @ Sinusoidal behaviour with a period that coincides with
main components in the system, such as the position of the cen the orbital period of the system. Therefore, based on the
tre of mass, the primary, the secondary, and the Roche lobe of"€sults of Bjorkman et al. (2002), Pollmann (2012), and
the secondary star, are indicated. The Doppler maps ofet-sp ~ the analysis presented here we propose to inciudgr

tra show a non-uniform structure of the disc around the pyma N the list of Be binaries that show orbital phase-locked

a ring with the inner and outer radii 8, ~ 450 kms? and V/R variations. The YR variations reported here were
Vou ~ 200 kms?, respectively, together with an extended sta- coherentover more than 35 cycles.

ble region (spot) a¥y ~ 225 kms? andV, ~ 100 kms?®. We — There is an S-wave in thid, trailed spectra, and the
note that EWY, is a function of the total flux and surface bright- DOPpler tomograms demonstrate a corresponding bright
ness distribution of the disc. The "spot" is brighter and enex- extended spot within the circumstellar disc. The radius
tended in the “High” state compared to the “Low™ state. How- ©f the primary’s circumstellar disc is 65R.. The spot
ever, the brightness of the extended region is significdagher is located in the outer part of the disk that faces the sec-

than the total disc brightness and corresponds to an S-wave t Ondary. The position of the spot in the disk is stable, but

can be seen only in "High-Low" trailed spectra. The discuadi IS relative intensity correlates with the E)Vvalue. In

of ~ 65R, = 0.33 AU was estimated assuming Keplerian motion 9€neral, the structure of the spot looks like a one-armed

of a particle in a circular orbit at the disc outer edge. spiral density pattern. However, there is a faint hint of the
Based on the results of the Doppler tomography the geomet- S€cond arm at the opposite side of the disc. The bright-

rical model of ther Agr system is presented in Figure 7. est part of the spot begins at-90" from the major axis
of the system and continuest0120® counterclockwise

with decreasing intensity (Figures 6 and 7).

5. Discussion and Conclusion Long-term VR variations in Be stars are well explained by

In this paper we attempted a new period analysis in tfievari- 2 model of global one-armed oscillations in the equatorii;ﬂsj
ations in theH, line profile ofr Agr and probe the primary’s cir- first proposed by Kato (1983) and developed by Okazaki (1991,

cumstellar disc structure, based on spectroscopic okgmmsa 1997). In this model the one-armed perturbation slowly (on a
time scale of~ 10 years) precesses in the opposite direction to

7 httpy/www.mpa-garching.mpg.dehenkpulydopmap the semi-Keplerian motion as a result of pressure forceken t
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disc. Taking into account deviation from drlpoint potential Perryman, M. A. C. & ESA, eds. 1997, ESA Special Publicatival, 1200,

leads to a slowly revolving prograde oscillation mode alsitw Thte IH|PF’A|ZCQS ;?d T\:hCHgsfﬁ:g%ieségsstrgmetriCAart\d mmtar
i i H H catalogues aderivead trom the ace Astro on

avery_long time S(_:ale semi-periods (Papaloizou et al. 199 Peters, G? ). 1972, PASP, 84, 334 p y

following studies include otherfiects, although the number ofpgimann. E. 2012, Information Bulletin on Variable St&623, 1

free parameters and their large range lead to a low predictpbrter, 3. M. & Rivinius, T. 2003, PASP, 115, 1153

power of these models (fi& Harmanec 2006). Quirrenbach, A., Bjorkman, K. S., Bjorkman, J. E., Hummel,AC, Buscher,

A significant number of Be stars are binary systems (PorterD: T QLTSE{?SQA% T.. Mozurkewich, D., Elias, II, N. M., &aler, B. L.
& Rivinius 2003; Oudmaijer & Parr 2010; Mwoshmchenquivmiusi' T. Stefl. S., & Baade, D. 1999, AGA. 348, 831

2011). Nevertheless, in the current models, the oscitigi&Eriod  Rivinius, T., Stefl, S., Maintz, M., Stahl, O., & Baade, D. 20B&A, 427, 307
weakly depends on the orbital parameters. For example fi©kt&chaerer, D., Charbonnel, C., Meynet, G., Maeder, A., & BahaG. 1993,

ani & Okazaki (2009) found that the oscillation period ireses  A&AS, 102, 339

L s - . . : ; Spruit, H. C. 1998, ArXiv Astrophysics e-prints
with increasing binary separation gnddecreasing binary masssnuve, 0.1931, ApJ, 73, 94

ratio. However, two well-established exam_ples of Orbitm$e- Stefl, S., Okazaki, A. T., Rivinius, T., & Baade, D. 2007, intddmomical Society
locked systems 4 Her and Agr have relatively large separa- of the Pacific Conference Series, Vol. 361, Active OB-Stdraboratories
tions and small mass ratios 0.06-0.016 (Koubsky et al. 1997 or Stellare and Circumstellar Physics, ed. A. T. OkazakiPSOwocki, &

and 0.165 (Bjorkman et al. 2002), respectively. Therefore, S-LSteﬂ- 274F 2007, AGA. 474, 653
must underline that, in fact, there is a number of Be systeitts w'2" -6€UWen - <UL AGA, 474,

phase-locked )R variations, but no explanation currently exists
for this phenomenon within the framework of the one-armed os
cillation model. Itis likely that careful accounting of &ibleffects
from the secondary on the structure of a decretion circutaste
disc can improve the situation. In any case, it is very imguotrto
continue observing Aqr and other phase-locked systems spec-
troscopically, photometrically, and interferometrigetib search
for more clues to them nature.

Finally, the data, presented in this paper, manifest a fur-
ther increasing role of the amateur spectroscopy in staliar
trophysics (c.f., Miroshnichenko et al. 2013).
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