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Zusammenfassung Herbig Ae/Be Sterne sind junge Vorhauptreihensterne miadda zwis-
chen 2 und 10 M. Es sind die massereichsten Sterne, die noch eine Vorleghgriphase
besitzen und damit das Bindeglied zwischen massearmen T Sunen und massereichen
Sternen bilden. Im ersten Teil der Arbeit werden anhand vai Herbig Ae/Be Sternen
deren Charakterisierung mit einer Vielzahl von hochaefttien Beobachtungsmethoden und
anspruchsvollen Auswertungen vorgestellt. Neben derifBesing der stellaren Parameter
konnten jeweils einzigartige Entdeckungen bei jedem éiereObjekt gemacht werden.

HD 144432 konnte als junges hierarchisches Dreifachsyklassifiziert werden. Die Rotations-
periode von HD 135344B ist mit 3.9 h so kurz, dass dieser $temmvor dem Zerreil3en steht.
Um den nur vier Millionen Jahre jungen Herbig Stern HD 142k@iinte mittels Spektroskopie
im optischen und nahinfraroten Spektralbereich ein magdwr Planet in kurzer Entfernung
um diesen Stern nachgewiesen werden.

Der zweite Teil der Arbeit stellt einen neuen Beobachturggus am VLTI vor. Das im
mittleren Infrarot arbeitende Interferometer MIDI wirdkombination mit einem im nahen In-
frarot arbeitenden Strahlvereiniger betrieben, der saigeten PRIMA FSU-A. Letzteres ist in
der Lage, die von der Atmosphare erzeugten Veranderuimgder optischen Wegdifferenz in
Echtzeit zu korrigieren. Das fuhrt zu einem stabilisierieterferometrischen Signal in MIDI,
was eine gesteigerte Sensitivitat zur Folge hat. Der Auftdee Datenreduktion und erste Ergeb-
nisse, sowie notwendige Modifikationen fur die endgéltignplementierung werden vorgestellt
und beschrieben.

Summary Herbig Ae/Be stars are intermediate-mass (2-10) jdre-main-sequence stars and
they are the most massive stars with a pre-main-sequence pfizhey are the higher-mass
counterparts to the T Tauri stars, hence fill the parameterespetween TTSs and high-mass
young stars in addressing the question of star formationfasaion of mass. In the first part
of this work, the characterization of three Herbig Ae/Bestasing several high-resolution ob-
servation methods is presented. Besides the determirafti@arious stellar parameters, unique
discoveries were made for each object. HD 144432 was disedve be a hierarchical triple
system. The rotation period of HD 135344B is found to be on®/I8 It is so short that this
star is rotating at or close to the break-up velocity. Arothrelfour million years young Herbig
star HD 142527, a massive planet with a semi-major axis of 0ri AU was discovered using
high-resolution optical and near-infrared spectroscopy.

In the second part of this work, a new observation mode at \i¢ presented. The mid-
infrared interferometric instrument MIDI is used with a n@#rared beam-combiner, called
PRIMA FSU-A. The latter one enables the correction for clesrig the optical path difference
caused by Earths atmosphere in real time. Therefore, thefenbmetric signal on MIDI is
highly stabilized and results in a significant increase sfsénsitivity. The setup, the data
reduction process with first results, and requirementsi@final implementation are presented
and described.
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Chapter 1

Introduction and thesis scope

Herbig Ae/Be (HAeBe) stars lderbig 1960 Finkenzeller & Mundt 1984Waters & Waelkens
1998 are intermediate-mass (2-10)1 pre-main-sequence stars. They are believed to be
higher-mass counterparts to the T Tauri stars (TTS), helickdi parameter space between
TTSs and high-mass young stars in addressing the questistaroformation as a function of
mass Appenzeller 1991 In addition, HAeBe are the most massive stars with a \@sgie-
main-sequence phase.

The stellar parameters of HAeBe stars are poorly determined and are only availabieaf
small number of stars. This lack of knowledge makes it vefffcdit to understand the sys-
tematic dependencies behind the large variety of obsenadtproperties and thus hampers our
understanding of the physical mechanisms that distinduiggh- from low-mass star formation.
The accurate knowledge of stellar parameters is crucialfmerstanding the structure and
evolution of their circumstellar disks where the formatmfrplanets occurs. | have developed
tools, which allow the fit of synthetic spectra to the obsdrgpectra and derive fundamental
parameters such as metallicity, effective temperatundasel gravity, and projected rotational
velocity. This parameter set allows the determination efrtiost fundamental parameter, the
stellar mass, which is crucial for understanding the foromeénd evolution of stars. In addition,
these spectra enable the measurement of stellar accratemand ages of HAeBe stars. The
projected rotational velocity, sin 7, of these objects is significantly highdddvis et al. 1983
Finkenzeller 1985Boehm & Catala 1996than that of TTSsWeise et al. 2010because of the
missing strong magnetic fields, which break down the ratatibthe star due to star-disk lock-
ing mechanisms. The evolution okin i depending on the mass and age of a HAeBe star is
still unknown. With the spectroscopic tools | have devethl parameters can be determined
and will provide a global picture for HAeBe stars.

The developed tools and present data set allow the detetarinaf the stellar parameters for
most of the HAeBe stars, which can be also used to validatelsifyf the evolutionary status of
HAeBe candidates listed in the literature.



2 1. INTRODUCTION AND THESIS SCOPE

Double ormultiple stellar systemsare of great interest with respect to star formation theo-
ries, as they provide constraints for star formation mqodaleh as fragmentation, accretion,
N-body dynamics, and orbit migration (e §okovinin 2008 and references therein). One very
interesting aspect of unequal mass binary systems is thddwer-mass companions allow for
much more robust and precise age determination than wouftbg&ble on the Herbig stars
themselves, thus constraining the system age under thenadzle assumption of co-eval for-
mation. Hence, such systems, once identified, provide tlguaropportunity to measure ages
of HAeBe stars. Although several imaging surveys have atdit that HAeBe stars have close
companions (e.d-einert et al. 1997Pirzkal et al. 1997 Kouwenhoven et al. 20Q5there are
relatively few studies constraining the physical propsrdf such companions.

The discovery oextrasolar planetsis one of the greatest scientific and philosophical achieve-
ments of our time and offers for the first time in human histarperspective to understand
the role of mankind in the universe. While we already have @dgmensus of planetary sys-
tems around solar type stars from large surveys carried yut.5. HARPS andepler (e.g.
Howard et al. 201,1Mayor et al. 201}, we currently do not know up to what stellar mass stars
can form planets. Due to strong stellar winds and radiati@sgure originating from high-
massive stars, the lifetime of a circumstellar disk arownthsa star is too short to enable planet
formation. In contradiction, planet formation around TT$Sexpected to be frequent. The tran-
sition, where planet formation occurs, is expected to bhentermediate-mass regime, i.e. in
the parameter space of HAeBe stars. The detection of eldrgdanets around HAeBe stars is
a challenging topic. High projected rotational velocitistellar activity, and ongoing accretion
make the discovery of sub-stellar objects around thesetsbgspecially difficult.

The circumstellar disks of several objects, HAeBe starsaelsag TTSs, show large gaps at ra-
dial distances?, 30 AU that cannot be explained by processes like photo-evéiparand grain
growth but are likely caused by disk clearing due to formimgngplanets (e.gverhoeff et al.
2017). In addition, discovering such systems are of high intesthey provide the strongest
constraint on the time available to form and migrate plandtse combined usage of high-
resolution optical (e.g. FEROS, HARPS, and ESPRESSO ing¢he future) and near-infrared
spectrographs (e.g. CRIRES with gas cell) are mandatorystmguish between periodic RV
signals, which can be caused either by a planetary companistnong stellar activity.

More detailed explanations on the different subjects ao¥iged in the individual chapters.
In this thesis we will address these issues on three individideBe stars in detail (Chapt@r

to 4) using data gathered with state of the art instrumentsudiaet high-angular resolution
imaging and high-resolution optical and near-infraredcgpscopy methods. The second part
of this thesis (Chaptés) is instrumental related and presents a new interferomebiserving
mode at VLTI where d{-band fringe tracker (PRIMA FSU-A) is used to stabilize thieifer-
ometric signal on the Mid-infrared Interferometric instrent (MIDI).



Chapter 2

HD 135344B: A young star has
reached its rotational limit

Abstract We search for periodic variations in the radial velocity loé tyoung Herbig star
HD 135344B to determine a rotation period.

We analyze 44 high-resolution optical spectra taken oviena period of 151 days. The spectra
were acquired with FEROS at the 2.2m MPG/ESO telescope irillaa $he stellar parameters
of HD 135344B are determined by fitting synthetic spectrehtodtellar spectrum. To obtain
radial velocity measurements, the stellar spectra ares-aragelated with a theoretical template
computed from determined stellar parameters.

We report the first direct measurement of the rotation pesfalHerbig star from radial veloc-
ity measurements. The rotation period is found to be 0.169HB which makes HD 135344B
a rapid rotator at or close to its break-up velocity. Thedapiation could explain some of the
properties of the circumstellar environment of HD 135344iBlsas an inner disk with proper-
ties (composition, inclination) that differ significantisom the outer disk.

adapted from Niller, A., van den Ancker, M. E., Launhardt, R., Pott, J. &dé&le, D., and
Henning, Th., 2011, A&A, 530, A85



4 2. HD 135344B: A YOUNG STAR HAS REACHED ITS ROTATIONAL LIMIT

2.1 Introduction

Herbig Ae/Be (HAeBe) starsHerbig 1960 Finkenzeller & Mundt 1984Waters & Waelkens
1998 are intermediate-mass (2-10JY pre-main-sequence stars. They are believed to be
higher-mass counterparts to the T Tauri stars (TTS), helicihdi parameter space between
TTSs and high-mass young stars in addressing the questistaroformation as a function of
mass Appenzeller 1994

Stellar rotation is a crucial parameter in the evolution mfdar momentum, magnetic fields,
and accretion processes. It is known that HAeBe stars exdidniificantly larger projected ro-
tational velocitiesp sin 4, than TTSs. Typicab sin ¢ values for HAeBe stars are in the range
from 60 to 225 km s! (Davis et al. 1983Finkenzeller 1985Boehm & Catala 1995 whereas
most TTSs have sin i values of about 10 kms (e.g.Weise et al. 2010 This result indicates
that mechanisms of angular momentum dispersal are muckffegent in HAeBe stars than in
TTSs Boehm & Catala 1996 Star-disk locking and subsequent rotational brakinghtngyen
be absent in HAeBe stars. Only for low-mass HAeBe stafs<{ 2.6 M) did Boehm & Catala
(1995 find indications of a loss of angular momentum due to steliads.

However, no extensive study to determine the rotation periof HAeBe stars has yet been
presented. Only for a few HAeBe stars, rotation periods savar been found. Observed vari-
ations of Call K and Mgl h and k of AB Aur were interpreted asatmnal modulation (e.qg.
Praderie et al. 198&Catala et al. 1986 Hubrig et al.(2011) detected a rotationally modulated
magnetic field of the HAeBe star HD 101412. In this work, weed®tine the rotation period
of the Herbig star HD 135344B by measuring radial velocitsiateons using multi-epoch high
resolution optical spectra.

The chapter is organized as follows. Sectib@ presents the observations and data reduction.
The determination of the stellar parameters and the radlatity measurements are presented
in Sects.2.3and2.4. A discussion of the results and conclusions can be founceais2.5
and2.6. The Appendix provides a table of measured quantities.

2.2 Observations and data reduction

The observations were carried out in two observing camgaigith the Fiber-fed Extended
Range Optical Spectrograph (FERQ&ufer et al. 1999at the 2.2m MPG/ESO telescope at
La Silla Observatory in Chile. FEROS covers the whole opspactral range from 3604 to
9200A and provides a spectral resolution=#8 000. The fibre aperture of FEROS is 2 arcsec
on the sky. A contamination of the spectra due to other staxsna HD 135344B can thus be
ruled out (Sec2.3). In total, 44 spectra of HD 135344B were obtained over a tiargye of
five months between March and July 2010. Depending on theitoamms] we observed the star
up to four times a night with a separation of two hours betwiberobservations. The average
exposure time was 16 minutes per spectrum, which resulta Bvarage signal-to-noise ratio
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(SNR) of 230 at 5500 for our spectroscopic data set. A set of 40 spectra wereiraata
using the object-calibration mode where one of the two fileositioned on the target star
and the other fiber is fed with the light of a ThAr+Ne caliboatiamp. This mode allows us to
monitor and correct for the intrinsic velocity drift of thestrument. An additional four spectra
were obtained using the object-sky mode where the secondpiiliets to the sky, allowing the
subtraction of the sky background from the target spectfTine. reduction of the raw data was
performed using the online data reduction pipeline avéilath the telescope The pipeline
does the bias subtraction, flat-fielding, traces and estithet single echelle orders, applies the
wavelength calibration, and corrects for the barycentridiom. For each exposure, it produces
39 individual sub-spectra representing the individualefiehorders, as well as one merged
spectrum.

2.3 Astrophysical parameters of HD 135344B

HD 135344B (SAO 206462) belongs to the Sco OB2-3 (Upper Ceuasalupus, UCL) star-
forming region, whose center is at a distanca4if 4 2 pc (de Zeeuw et al. 1999

Preibisch & MamajeK2008 also list the individual distances of 81 group members. iige
dian and standard deviation of these values indicate thatittiance i§42 427 pc. This spread
reflects the true extent of Sco OB2-3, rather than obsenaltierrors in distances to individ-
ual stars. We thus adopt a valueld® 427 pc for the distance of HD 135344B in the following.

HD 135344B is the secondary star of the visual binary systern135344 (SAO 206463).
The two components are separated by @A=197, Mason et al. 2001 which translates into
a projected separation of 30@0600 AU for the given distance of 142 27 pc. Therefore, a
gravitational interaction between the primary and the diskkD 135344B can be ruled out for
this large separation. Using the HST/NICMOS2 camera-at1.6 um, Augereau et al(2001)
found a close binary system lying 5.8om HD 135344B. A companionship was ruled out by
the detection of different proper motions Gyady et al(2009, who used the same instrument.

The disk around HD 135344B has been the subject of numerodgestcarried out over a
large wavelength range using imaging, spectroscopy, aedénometry (e.g.Thi et al. 2001
Dent et al. 2005Doucet et al. 2006Brown et al. 2007 Fedele et al. 20Q8ontoppidan et al.
2008 Grady et al. 2009Verhoeff et al. 201pthat have identified a complex structure. An outer
radius of 200 AU for the dusty disk was derived Dpucet et al(2006 at20.5 pm. By mod-
eling the Spitzer spectrurBrown et al.(2007) found a gap in the dusty disk between 0.45 AU
and 45 AU. We should note th8rown et al.(2007) do not resolve the inner disk but estimate
the location of the inner rim of the gap based on potentiathpigguous SED model fits. This
agrees with the mid-IR observations\&rhoeff et al.(2010. One explanation of a gap in the

*http://ww. eso. org/sci/facilities/lasillalinstruments/feros/
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disk, besides grain growth and photo-evaporation, is tlfatila-)stellar companion has formed
causing a dynamical clearing.ontoppidan et a[2008 rule out the presence of a stellar com-
panion around HD 135344B based on their detection of maeddD gas X = 4.7 um) at
0.3-15 AU.

The value of the disk inclination derived from different ebgtions at different wavelengths
varies from 12 to 61° (Dent et al. 2005Doucet et al. 2008-edele et al. 20Q&ontoppidan et al.
2008 Grady et al. 200p We note, however, that different methods probe diffespatial scales
in the disk. Therefore, these different values may not ealitt each other but may reflect the
presence of a more complex morphology than assumed in th@essymmetric models from
which these values are derive@rady et al.(2009 ruled out inclinations greater than 2@r
the outer disk, which is in good agreement with the valu@16f+ 2° measured byent et al.
(2005. Therefore, the outer disk is seen almost face-on as itrésady indicated by direct
imaging Doucet et al. 2006Grady et al. 2009 Interferometric N-band observations of the
inner part of the star-disk system identified a much higheliriad (53-61°) structure with an
estimated inner radius of about 0.05 AU and an outer radids8fU (Fedele et al. 2008

The disk of HD 135344B contain@.8 & 1.3) - 1073 M, of gas and dusfTfi et al. 200). The
detection of polycyclic aromatic hydrocarbon (PAH) featii(e.g.Coulson & Walther 1995
Brown et al. 2007 Fedele et al. 200dmplies that there is rich chemistry in the vicinity of the
star. From J=3-22CO measurementfent et al.(2005 derived an inner radius 610 AU
and 754 5 AU for the outer radius where emitting gas is present.

HD 135344B also displays signs of active mass accretiors fiitches the findings Bfott et al.
(2010, who studied young transitional disk systems with a gaghendircumstellar dust dis-
tribution, similar to HD 135344B (Fig2.1). They systematically found sub-AU scale dust in
accreting transitional disk systenfSarcia Lopez et ak2006 derived a value for the mass ac-
cretion rate of\/,.. ~ 5.4 - 10~ M, yr—! using the By emission line in the NIR. From FUV
data,Grady et al(2009 concluded that HD 135344B drives no jet, but found indmagi of a
stellar wind leading to a mass-loss rate betwggn'! and10=8 M, yr—!.

On the basis of all previous observations, the disk can benzesd to contain dust within an
inner ring from 0.05 AU to 1.8 AU. This structure is highly Imzd relative to the outer disk.
There is evidence of mass accretion from the inner disk dmtostar. Between 1.8 AU and
45 AU, a large gap is present. At 45 AU, the outer disk, seemsiipole-on, begins extending
to about 200 AU. We refer to Figuiz1for a pictographic sketch.

2.3.1 Stellar parameters

Table 2.1 lists the derived stellar parameters of HD 135344B. The hasity, L,, was com-
puted by integrating the total flux under the SED. The parars@tg, log g, andv sin i, were
computed using a self-developed tool for retrieving stglErameters of Herbig stars based on
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v

0.05AU 1.8AU 45AU 200AU

Figure 2.1: A pictographic sketch of the HD 135344B systeiime $tar, the dusty disk (brown
color) with its large inner gap, the gaseous disk (blue),amtlot spot emerging from the inner
rim of the inner disk caused by active accretion (red) arevsho

fitting synthetic spectra to the observed stellar spectiLime.computation of the synthetic spec-
trum was carried out usingPECTRUM (Gray & Corbally 1994 with the ATLAS9 atmosphere
models Castelli & Kurucz 2003, Figure2.2shows a part of a stellar spectrum of HD 135344B
(black line, observed at JD=2455347.63521) that is weddithy a single star synthetic spec-
trum (red line).

From the position of HD 135344B in the H-R diagram (F&3), we derived its stellar mass,
radius, and age. The derived parameters are in close agneaviib literature values, e.g.,
van der Plas et a{2008, Manoj et al.(2006), van Boekel et ali2005, andDunkin et al.(1997).
The measured effective temperature is comparable to that 683Ve to F4Ve main-sequence
star and agrees with the value foundbynkin et al.(1997).

Table 2.1: Stellar parameters of HD 135344B.

Parameter Value
distance 142+ 27 pc
log L, 1.027015 L
Tog 6810+ 80 K
log g 4440.1cms?
M, 17551 Mo
age 94+ 2 Myr
R, 1.4+ 0.25 R,

<RV,> 25+15kms!
v Sin 74 825+ 29kms!

Notes. < RV, > represents the mean value of the observed RVs. The errorradgzesent the
accuracy of the determindglV, but reflects the scatter iRV, around the mean value.

ht t p: / / ww. phys. appst at e. edu/ spect rum spectrum htm
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Figure 2.2: The spectral windows used for fitting the synt¢hgpectrum (red line) to the ob-
served stellar spectrum (black line, JD=2455347.6352H[®»fL35344B.

2.4 Data analysis and results

2.4.1 Radial velocity measurements

We measured the stell&V by cross-correlating the stellar spectrum with a templpézgum.
The template was a synthetic spectrum representing the $iédlar parameters of HD 135344B
(Table2.1). We measured a projected rotational velocityjn i,, of 82.5 km s! (Sec.2.3.1).
Therefore, all stellar spectral lines are highly broadeared blended, which makes a deter-
mination of RV, difficult because the accuracy is limited to some 100Th sFor the cross-
correlation, only the spectral range between 480 7875 A was considered because the
instrument efficiency drops significantly outside this ¢pgcrange. In addition, areas with
strong emission lines, telluric lines, and Balmer linesevearefully excluded. The resulting
cross-correlation function was fitted by a Gaussian functibhe position of the center of the
Gaussian yield$V,. After the individualRV, values were derived separately for each echelle
order, the median value and standard deviatioRGf were computed. We applied to ti#&/,
values a 1s clipping to remove anomalous velocity values, similar @p &arnes et al(2005
andJeffery et al(2007). The deficientRV, estimates, rejected by thisclipping, do not follow
a simple Gaussian noise statistics but are far from the meglig., which indicates that there
are individual, systematic biases in th&, estimate in the rejected orders. The fiRal, were
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Figure 2.3: The position of HD 135344B in an H-R diagram alwitly the evolutionary tracks
of Siess et al(2000 for a metal abundance of Z=0.02.

then computed based on averaging ten to twelve remainingdodl orders. The error in the
final RV, is the standard deviation of the mean. All measuréd values are listed in Tab3
provided in the appendix. Figu4 shows the measured RVs for all 44 spectra with a mean
RV, value of 2.5 km s!, indicated by the gray horizontal dashed line. Peak-td¢pasiations

of up to 2.9 km s! are present.

2.4.2 Radial velocity variations

To identify periodicities present in thBV, data, we computed the generalized Lomb-Scargle
(GLS) periodogram Zechmeister & Kirster 20Q%nd its window function (Fig2.5). The
GLS exhibits a strong peak at a period of 0.16045 d (in thefahg, we use 0.16 d), marked
by the red arrow. lIts false-alarm probability (FAP) is 0.64%% addition, several other peaks
in the GLS are present that are less or not significant cordparéhe 0.16 d period. This
complicates the interpretation of a periodogram. To idgmtias frequencies caused by uneven
sampled data in time, we have to consider the window functBgnificant peaks in the window
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Figure 2.4: Measured RVs for HD 135344B. The horizontal giaghed line represents the
mean value of the measurements.

function can produce aliases in the GLS that are separatattfre true peak by the frequency
difference. Figure.6 shows a close-up view of the GLS, centered on the 0.16 d péoioalt
the frequency of 6.2327d, respectively). The two strongest other but less signifigaaks
are located at 5.230d and 7.234 d'. The difference of both frequencies with respect to
6.232 d! is 1.002 d!, which corresponds to the sidereal day. Fig2ugb) shows a close-up
view of the window function centered around the significaegfiency 1.0 d'. The highest
peak is at a frequency of 1.002°H We can therefore conclude that the peaks to both the
left and right of the 0.16 d period in the GLS are aliases. E#dhe three peaks in Fi®.6
display side lobes separated by 0.021 ¢or all cases. From the close-up view of the window
function (Fig.2.7 a), we can identify a significant frequency at 0.021! dwhich is exactly
the measured frequency difference between the side lokibseaf main peaks. The 0.021d
frequency corresponds to a period of about 48 d. By lookirtheatistribution of observations
in Fig. 2.4, we can identify three separate data sets (the first datassisting of the first single
data point only). The time difference between the first amdsticond data set is about 100 d,
and the difference between the second and the third data abbut 50 d. This explains the
observed aliases at this frequency difference in the GLStamgresence of a significant peak
in the window function. The observations cover a time ranfgabout 150 d. Therefore, the
window function (Fig.2.7 a) shows a significant peak for frequencies smaller than60dod
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(or periods greater than 150 d respectively), but they atevisible as side lobes of the main
peaks in the GLS. In addition, we subtracted a sinusoidatdihfthe RV, data and computed

a GLS periodogram of the residuals (F&9) to verify that the 0.16 d period is present in the
RV, data. The GLS periodogram of the residuals clearly showtshiegpeak at 0.16 d as well
as its corresponding aliases was removed. There are nacaddisignificant peaks at other
periods. From this analysis, we assume that the 0.16 d pisrggnificant and indeed the only
real period in the observedV, data.

Figure2.8 shows the phase-foldelV, data for the 0.16 d period. The solid line represents a
sinusoidal fit to the data with a period @fl6045+-2-10~° d and an amplitude af93+86 ms~!.

The results of the fit are presented in Tabl2

Table 2.2: Results of the sinusoidal fit to tR&, data.

Parameter Value

X?ed 2.5

rms 478 ms't
period 0.16045 +2-107°d
amplitude 493+ 86ms!
phase(to JDyi,) 0.95 +0.03
offset 2508 £ 61 ms!

2.4.3 Bisector analysis

Stellar activity such as cold and hot spots, granulatior msation can mimic significant
RV variations that can be periodic because of stellar mtatiFor a cold (i.e. dark) spot, the
line profile becomes asymmetric because of the fainterastigjht. Stellar rotation leads to
a modulation of the asymmetry and causes RV variations dipgron the stellar inclination
and latitude of the spot. The analysis of the line profile i@ following bisector) is routinely
applied to search for extrasolar planets when the RV teclenigjused to determine whether the
observed periodic RV variations are caused by stellariactiv a companion (e.gQueloz et al.
2001). A correlation betweeV, and bisector velocity span would indicate that i€, vari-
ation is caused by line shape asymmetries, i.e. by rotdtimmodulation caused, for example,
by a spot. The shape of the computed cross-correlationiim@E CF) represents the mean line
profile of the selected lines in the observed spectra. We umedighe bisector velocity span
(BVS), bisector displacement (BVD), and bisector curvat{BC) for all our spectra following
the definition ofPovich et al.(2001). To construct the bisector, the middle points of the hori-
zontal segments, which connect a point on the left to the ggte of the CCF at the same flux
level, are computed. The bisector is divided into three goiibe BVS is simply the difference
between the upper and lower zones. The BC is defined as tleeetiffe between the upper and
lower bisector spans. To derive the BVD, we calculate theameof the three bisector velocity
zones. To compute the individual quantities, we chose b®igh30%, 50%, and 85% of the
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Figure 2.5: GLS periodogram (upper plot) and window functflmwer plot) of theRV, data.
The significant period at 0.16 d is marked by the red arrow. E&Bsholds for 0.1%, 1%,
and 10% are indicated by the horizontal dashed lines. Theatatplotted over frequency but
the upper x-axis gives the corresponding period. Note thabgs greater than 1 d are in the
frequency range between 0 and1'd

bisector. As for theRV, measurements, we measured BVS, BVD, and BC for each computed
CCF. The final bisector values were derived by averagingitiggesvalues. The errors in BVS,
BVD, and BC are the standard deviations of the means. In EiguQ we have plotted all

three bisector quantities against RV. The computed lineaetation coefficients: are noted

in the upper right corner of each plot. We find that there isgaificant linear correlation for
none of the three quantities. Only a weak trend might be ptése BVS and BD. However,

the sensitivity of the bisector method decreases rapidignwhcomes to low stellar inclinations
(e.g.Desort et al. 200)7 For HD 135344B, we can assume that we see the star almasbpol
(Sec.2.5), hence we do not expect there to be a strong correlationdeetBVS and RV.

2.4.4 Hx measurements

The Hx line profile of HD 135344B undergoes rapid and significantngfes.Finkenzeller & Mundt
(19849 classified the K line profile of HAeBe stars into three categories: singlaelpelouble-
peak, and P Cygni profiles. TheaHine profile of HD 135344B adopt each of these types
at different times. Figur®.11 shows the kK line profiles of our spectroscopic data set of
HD 135344B ordered with respect to their phase value acogridi a 5.77 d period. A double-
peaked profile corresponds to accretion, whereas a bltegshbsorption (P Cygni profile) rep-
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Figure 2.6: Close-up view of the GLS centered around the sigstficant peak at 0.16 d. Two
less significant peaks at 5.230'dand 7.234 d! are present in addition and are aliases caused
by the sidereal day. All three peaks show side lobes withfareifice of 0.021 d' in frequency,
caused by the uneven sampling of our data.

resents an outflow of material. We measured the equivaletthwtW (H«), of HD 135344B

in our FEROS spectra. The measured values are listed in Zailethe appendix. To measure
EW (Ha), we selected several distinct wavelength intervals on bintes of the K line and
used a second order polynomial to describe the continuunis Was repeated four times for
different intervals. The deviation of all four measurensestefines our error. FECW (Ha), we
obtained a mean value of -#) We were unable to reliably determine a period from the GLS
periodogram of theZ?W (H «) values.

We also measured the full width ofdHat 10% heightJV/1o(H «), which is frequently used
for TTSs to distinguish between chromospheric activity andretion of circumstellar mate-
rial (White & Basri 2003 Natta et al. 2004Jayawardhana et al. 2006We applied the same
method to normalize the spectra as 6/ (Ha). We measured a mean value of $or
Wio(H ), which corresponds to an accretion rate3efl0—" My, yr~! if Eq. 5 in Natta et al.
(2004 is applied. The measured valuesi®f,(H «) are listed in Tabl@.3provided in the ap-
pendix. The periodogram 6¥o(H «) has a significant period at 5.77 d with a FAPLaf- 106,

A phase-folded plot for thél/;o( H«) data (black data points) and the sinusoidal fit (red line)
is shown in Fig2.12 Assuming Keplerian rotation of the circumstellar gass teriod corre-
sponds to a radial distancesf0.07 AU. The error bars of/1o(H «) are the statistical errors in
the single measurements and reflect the precision of theidludil measurements. These error
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Figure 2.7: Close-up views of the window function for thensfigant peaks at0.006 d !,
0.021 d!, and 1.002 d'.

bars most likely overestimate the accuracy of each measngsince the distance of the data
points to the sinusoidal fit often exceeds the error bargfgigntly. A possible reason for an
accuracy bias in the individudl’;o (H «) measurements is that thexine can form at different
locations. The formation might also be caused by different@sses, e.g. accretion column,
accretion shock on the stellar surface, disk surface, and.wfherefore, we see a significant
scatter in the measurddl;o(H «) values around the sinusoidal fit, the level of which exceeds
the precision of the individual measurements. Howeverbihs in each individual measure-
ment is statistically spread around the fit. We binned theg@ia0.1 wide bins and averaged the
Who(Ha) values lying in the corresponding bin. The displayed esdhe standard deviation
of the values in each bin. These values are overplotted inZ-1@ with green triangles. The
green error bars now reflect both the precision and accurtittyedV;o(H«) measurements
and are described well by the sinusoidal fit.
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Figure 2.8: Phase-folded plot of tli$}/, data. The solid line is a sinusoidal fit with a period of
0.16045 & 2 - 10~ d and an amplitude of93 + 86 ms!.
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Figure 2.9: GLS periodogram of the residuaV, data after subtraction of the sinusoidal fit.
The red arrow marks the position of the 0.16 d period, whiafoisonger present, as well as its
corresponding aliases. The new peak with the highest paviet4 d has a FAP of 3.4% and is

therefore insignificant.
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Figure 2.10: Bisector quantities versusl,. For each plot, the linear correlation co-
efficient » and the probabilityp that the data are linearly uncorrelated are computed
(Bevington & Robinson 2003 There is no linear correlation between the bisector duest
andRV,.
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Figure 2.12: Phase-folded plot of th&;o(H«) data. The solid line is a sinusoidal fit with
a period of5.77 + 0.02 d and an amplitude 06.70 + 0.08 A. The green triangles are the
average values computed by binning the phase in 0.1 wide bivesr error bars are derived by
computing the standard deviation of the corresponding(H «) values in each bin.



2.5. DISCUSSION 19

2.5 Discussion

The observed 0.16 d period might be caused by the rotatioodutation of one or more spot(s)
on the stellar surface. Adopting the stellar radiusl af + 0.25 Ry andvsini, = 82.5 +
2.9 km s7! from Table2.1, the inclination of the stellar rotation axis ig = 11° + 2°.
We thus see the star almost pole-on. This could explain thekwerrelation between the
BVS and RV, (Sec.2.4.3. The disk of HD 135344B is also found to be almost face-orhwit
inclination measurements gf 20° (Grady et al. 200Pand11° + 2° by Dent et al.(2009), i.e.,
the orientation of the stellar rotation axis, based on tlseimption that the 0.16 &V, period
represents the stellar rotation period, is almost perpeiali to the mid-plane of the outer disk.
This supports the hypothesis that the 0.16 d period is camgetiotospheric effects.

Another approach to verifying the origin of the 0.16 d periedo apply a Keplerian fit to
the data. Under the assumption of a circular orbit (ecadtyris set to 0) and a period of
0.16 d, the semi-major axis isT0~3 AU, which corresponds to 1.5R For HD 135344B,
we found the stellar radius to be 144 0.25 R, (Table2.1), i.e, the semi-major axis to be in
the range of the stellar radius. This shows that the compamypothesis is implausible, thus
favors the photospheric interpretation. Thus, the rotatigperiod of 0.16 d or 3.9 hours makes
HD 135344B an extremely rapid rotator.

2.5.1 HD 135344B is rotating close to break-up velocity

The break-up velocity, = /G M, /R, of the star, where is the gravitational constant, has
a value of480 + 60 km s!. Using the value of, = 11° + 2° derived from the stellar
parameters leads to a true rotational velocitytd#f 4+ 81 km s~!. Therefore, HD 135344B is
rotating at or close to the break-up velocity at its equator.

Aufdenberg et al(2006 interferometrically measured the polar and equatoridiusof Vega,
which rotates at 91% of its break-up velocity. They measarddference of 20% between the
equatorial and polar radius and found the temperature@math be 2250 K. For HD 135344B,
similar effects are expected. Because the star is seen tapol@son, we might overestimate
its luminosity, thus its mass and temperature. The angtdlasdiameter of HD 135344B is
about 10Quas and not resolvable by current stellar interferometidifees, preventing a direct
confirmation and determination of its true stellar paramsete

The continuous accretion of circumstellar material onwgtar could have caused the spin-up
of the stellar rotation up to.. HD 135344B has only a very weak magnetic figtliprig et al.
2009. Therefore, the star is probably decoupled from its diskictv prevents the star from
magnetic braking and losing spin. In contrast, for the migj@mf TTSs only moderate sin i,
values are observed, which indicates that a disk-brakinghar@sm operates during the accre-
tion phase (e.dWeise et al. 2010
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2.5.2 Possible origins of the observed periodicity
The von Zeipel effect

Because of its rapid rotation, the stellar atmosphere o$tieshould be oblate because of the
centrifugal force. This causes a redistribution of the flwkich is proportional to the local
surface gravity (on Zeipel 1924, i.e., the equatorial zones become darker at a Idivef
than the polar zones. This phenomenon is known as gravikedeng and is symmetric with
respect to the equator. To produce a periddi¢ signal, i.e. mimic a stellar spot, the flux and
temperature gradient has to be off-center from the rotatiaxis to produce a Doppler shift, i.e.
the von Zeipel effect cannot account for the observed piitgaf the spectraSmith & Worley
(1974 andClaret(2000 showed that for differentially rotating radiative stelédmospheres, the
flux over the stellar surface varies more strongly than timease gravity, which could produce
asymmetric flux distributions.

Stellar spots

We computed different spot configurations (temperaturierihces of the spot with respect to
the photospherATy,, filling factor fy,., and latitude of the spdd) by taking the determined
stellar parameters into account.

The effects of star spots on photometry and,Rvere numerically derived with a relatively
simple model. A sphere with radiug, unit surface brightness, and one or more round spots
with spot filling factor f,,. at a specific latitude and longitude was projected onto a 2ieCa
sian grid with 200x 200 pixels. The relative spot brightness at the consideraliength was
calculated from the ratio of effective photospheric terapse to spot temperature, assuming
black-body radiation. To account for opacity effects ongtadlar surface, a linear limb darken-
ing law with coefficients adopted fro@laret & Hauschild{2003 was applied. The inclination
of the rotation axis can be arbitrarily chosen. Solid-boahation was assumed, but differential
rotation was not considered. Each cell of the star image Was dssigned a brightness and a
radial velocity value. The surface brightness distributid each phase of the stellar rotation (in
steps of 1 deg) was then integrated to obtain the total mégst and the position of the photo
center (3 moment). The first moment of the radial velocity distribatioveighted with the sur-
face brightness distribution, was adopted as a proxy foththenean radial velocity. Absorption
line shapes were not taken into account.

The two extreme scenarios that can explain &€ variations are: 1.) dark spot (Fig.13,
ATy = —1350 K, © = 40°, fopor = 5%, and 2.) bright spot (FigR.14), ATy, = 2000 K,

© = 85°% fspot = 56%. The large covering fraction of the latter model may moreselp
resemble the von Zeipel effect than traditional star spiitere is still no available photometric
monitoring data for HD 135344B that would set additional stesints on the possible spot con-
figurations. We conclude that both explanations of the psigif the observe®V, variations,
such as stellar spots or the flux and temperature gradiemebatthe pole and equator, can
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adequately explain the data.

Owing the accretion process, the;o(H«) variations may trace a hot spot from an accretion
funnel flow that has its origin at the inner edge of the innekdA periodic variation in 5.77 d
is found foriWo(H ) (Sec.2.4.4). This period corresponds to a Keplerian radius-0t07 AU,
which is close to the inner edge of the disk estimated to 0.0%¥Fedele et al(2008), given
the uncertainty. A similar effect was observed fol/ ( H«) variations for the TW Hya system
by Setiawan et ali2008).

Several studies have shown that the disk lifetimes of youars @re expected to be between
~5 and~10 Myr (e.g.Haisch et al. 2001Bouwman et al. 2006Jayawardhana et al. 2006
Sicilia-Aguilar et al. 2006 Fedele et al. 2000 At this age, stars lose their inner dusty disk
and accretion stops. This also seems to coincide with thepdiion of gas in the inner disk
(Jayawardhana et al. 2006In contrast, HD 135344B displays accretion signaturesinaer
dusty disk with an inclination, which is much greater thaattbf the outer disk, as well as a
gas-rich inner environment of age-2 Myr. A possible explanation might be that HD 135344B
loses parts of its outer atmosphere because of its rapitiomtat or close to its break-up veloc-
ity, and feeds the inner part of the disk with its own matemdiich is then accreted back onto
the star.

A possible stellar or sub-stellar companion located in the of the disk suggested by litera-
ture (e.g.Grady et al. 200Pcannot be confirmed or ruled out with our measurements Ilsecau
our spectroscopic data set covers only five months in totdlthe uncertainties in th&V,
measurements are of about 300 ™.s
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Figure 2.13: Dark spot model to explain the obserydd, variations. The right panel shows
the input parameter used for the modeling and the expectetitade for RV, and photometry.
The upper left plot shows the star-spot configuration usethismodel. The upper right panel
displays the computed trajectory of the photocenter. Tléspht the lower left display the
computed variations as a function of rotational phase. Qaatipn by R. Launhardt.
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Figure 2.14: Same as Fig.13but for a hot spot model. Computation by R. Launhardt.
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2.6 Conclusions

We have presented the first direct measurement of the stetktional period of a Herbig star.
The period was derived fromRV, measurements by cross-correlating optical high-resiuti
spectra with a synthetic spectrum. The rotational periotHbDf 135344B was found to be
0.16 d. In addition, we have determined new reliable stpllmameters for HD 135344B, inde-
pendent of previous literature values, and demonstratgdttis possible to measure thel/,

of a Herbig star with a high sin i, value. From the measured stellar parameters, we were able
to estimate the stellar inclination to a valueldf + 2°. With these data, we concluded that
HD 135344B is rotating at or close to its break-up velocitd &eding its stellar vicinity with
gas and dust. This is the first piece of observational evigldéinat a young intermediate-mass
star can rotate close to its break-up velocity.

The direct determination of the stellar rotational perigdid/, measurements may also be ap-
plicable to other Herbig Ae/Be stars. A larger sample cobktéfore provide insight into the
evolution of angular momentum, the presence of star-disiploag mechanisms, and the pres-
ence of magnetic fields in these young intermediate-mass sta

We also detected variations in thié,o( H «) measurements with a period of 5.77 d, correspond-
ing to a Keplerian radius close to the inner edge of the inisdr af HD 135344B, which could

be a hot spot caused by an accretion funnel flow.
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2.7 RV, and Ha measurements

Table 2.3: Measure®V,, EW (H«), Wio(H ), and their corresponding uncertainties.

Time RV, ORV, EWgHOé) O’EVVQ(HQ) Wio gHOé) O’WQHQ)
[JD-2400000d] [ms!] [ms~!] [A] [A] [A] [A]
55256.86690 2645 335 -6.02 0.21 9.80 0.07
55346.70410 1593 302 -9.84 0.13 9.14 0.05
55347.63521 1859 315 -10.44 0.17 8.54 0.06
55348.73788 2041 260 -13.17 0.19 9.24 0.02
55349.74833 2223 400 -11.42 0.20 8.45 0.08
55351.69950 2331 112 -12.80 0.24 8.45 0.03
55355.49994 2108 192 -8.83 0.12 8.37 0.08
55355.68805 2300 195 -8.96 0.13 8.73 0.10
55355.85300 1784 784 -9.85 0.20 8.84 0.11
55356.78750 1529 303 -8.24 0.20 9.35 0.07
55358.63746 3925 494 -9.17 0.15 9.20 0.03
55358.71724 2364 408 -9.15 0.14 9.21 0.06
55360.72711 2664 358 -10.35 0.13 8.86 0.13
55362.48448 2432 215 -9.55 0.15 7.78 0.04
55362.57222 1732 205 -9.67 0.11 7.97 0.07
55396.51686 3415 245 -10.48 0.20 7.63 0.06
55396.57497 2641 306 -10.73 0.08 7.90 0.03
55396.61357 2388 123 -10.91 0.17 8.37 0.02
55396.66325 3566 214 -10.90 0.16 8.69 0.05
55396.69535 2672 382 -11.18 0.08 8.75 0.03
55397.52834 1992 339 -10.01 0.11 8.27 0.05
55397.59554 2288 247 -9.99 0.13 8.11 0.11
55397.64898 2739 381 -10.02 0.30 8.05 0.03
55397.68781 2866 241 -10.27 0.15 8.06 0.09
55398.51102 1932 519 -11.25 0.29 8.45 0.09
55400.51882 2692 303 -10.66 0.14 10.03 0.06
55400.57368 2159 173 -10.18 0.22 9.65 0.06
55400.61784 2891 239 -9.70 0.14 9.64 0.10
55400.67505 2803 321 -9.52 0.20 9.41 0.07
55401.48617 3341 376 -10.65 0.17 9.20 0.03
55401.63979 3461 215 -10.01 0.17 9.23 0.02
55401.69736 1035 546 -9.56 0.21 8.93 0.07
55402.56980 2032 374 -9.41 0.00 8.63 0.06
55402.62734 3849 347 -9.35 0.24 8.36 0.11
55402.69271 1769 433 -8.77 0.18 8.09 0.06
55403.56511 2802 378 -8.49 0.19 8.81 0.04
55403.59827 2209 193 -8.08 0.23 8.48 0.13
55403.63910 2810 471 -8.05 0.19 8.60 0.11
55403.67692 1898 311 -7.99 0.23 8.59 0.11
55404.50509 3058 250 -8.80 0.18 9.55 0.05
55404.67289 2932 247 -9.56 0.18 9.61 0.06
55405.63121 2431 197 -12.65 0.16 9.74 0.07
55405.68095 2686 313 -12.62 0.19 9.55 0.04

55407.58835 3106 371 -10.67 0.16 8.52 0.02







Chapter 3

HD 144432: A young triple system

Abstract We present new imaging and spectroscopic data of the yourgdistar

HD 144432 A, which is a well-known binary star with a sepamatof 1.47'. High-resolution
NIR imaging data obtained with NACO at the VLT reveal that HP4432 B itself is a close
binary pair with a separation of ¢.1High-resolution optical spectra, acquired with FEROS at
the 2.2m MPG/ESO telescope in La Silla, of the primary starico-moving companions are
used to determine their main stellar parameters, such estieff temperature, surface gravity,
radial velocity, and projected rotational velocity by fitfisynthetic spectra to the observed stel-
lar spectra. The two companions, HD 144432 B and HD 144432&]dantified as low-mass
T Tauri stars of spectral type K7V and M1V, respectively. rarthe position in the HRD, the
triple system appears to be co-eval with a system age-Gfidyr.

adapted from Niller, A., Carmona, A., van den Ancker, M. E., van BoekelHBnning, Th.,
and Launhardt, R., 2011, A&A, 535, L3

27
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3.1 Introduction

Herbig Ae/Be (HAeBeHerbig 1960 Finkenzeller & Mundt 1984 stars are intermediate-mass
(2-10 M) pre-main sequence stars (PMS). They are the higher-massetparts of the T Tauri
stars (TTS), hence fill the parameter space between TTSdgimitass young stars in address-
ing the question of star formation as a function of mass. M®@abmultiple stellar systems are
of great interest to star formation theories as they prociolestraints on the components of
star formation models, such as fragmentation, accretichp®y dynamics, and orbit migra-
tion (e.g. Tokovinin 2008 and references therein). Although several imaging ssrn\ieve
indicated that HAeBe stars have close companions (eigert et al. 1997Pirzkal et al. 1997
Kouwenhoven et al. 20Q5relatively few studies have constrained the physicaperties of
these companions. One interesting question that can bessddf is the age of the HAeBe star
by constraining the age of its companions. An independetitraore robust age estimate can
be derived from the lower-mass companions.

Corporon(1998 pointed out that the companions of Be stars tend to be irteiaite-mass stars
with spectral types A to F, while the companions of Ae staeslaw-mass TTSs with spectral
types K to M, which suggests that the mass ratio seems to bitatizely independent of the
primary mass (e.gdogeveen 199

HD 144432 A'is a late A to early F-type stafH@ et al. 199%at a distance of 160 pc
(van Leeuwen 200Q7hat is associated with the Sco OB2-2 star forming regidre dtar is sur-
rounded by a protoplanetary disk (eMeeus et al. 2001and displays signs of active mass ac-
cretion. The values found in the literature range from 1.8.%5010~8 M, yr—! (Blondel & Djie
2006 Garcia Lopez et al. 200@onehew & Brittain 201L From J=3-2!2CO measurements
and line profile fitting,Dent et al.(2005 derived a dust mass of 3 M, (assuming a con-
stant gas-dust ratio of 100) and an outer radius ofBD AU (i = 48° + 10°) for the disk
around HD 144432 A where emitting gas is present. The systeni4432 is known to be
a binary Pérez et al. 20Q4Carmona et al. 20Q7 K-band observations biyérez et al(2004
revealed a 2.4 mag fainter stellar companion at a separafidrd’ (P A=4°, Carmona et al.
2007). Carmona et al(2007) reported the detection of Li| (6708) and Ha emission in the
spectrum of HD 144432 B using the VLT-FORS2 spectrograph.

Pérez et al(2004) showed that HD 144432 A and B share the same common propamaotd
age. In addition, component B was ruled out as a backgroamdgCarmona et al(2007).

In this chapter, we present NACO observations of HD 144433chvresolve HD 144432 B
as a close binary star, thereby revealing HD 144432 as artical triple system. Using high-
resolution optical spectroscopy, we determined the stpsameters of all components of the
triple system.
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3.2 Observations and data reduction

3.2.1 NACO

HD 144432 was observed in the night of July 13, 2005, with NA@®nzen et al. 2003
Rousset et al. 2003the adaptive optics (AO), near-infrared (NIR) camera 80 VLT. We
obtained these unpublished observations from the ESOvarchihe data consist of six imag-
ing observations in three different filter&( at A = 2.18 um, NB2.12 at\ = 2.122 ym, and
NB2.17 at\A = 2.166 um). Each observation consists of eight single exposuredfateaiht
sky positions (jitter). Standard data reduction (bias rudtion, flat-field correction, bad-pixel
interpolation) was applied to each frame by employing thelalble calibration frames. The
averagel’'WW H M of the images is 0.0/7 A combined image was produced by applying the
shift-and-add method (a two-dimensional cross-corm@fatoutine) to the NB2.17 observation
(Fig. 3.1) using NACO pipeline recipes provided by ESO

3.2.2 FEROS

We obtained single-epoch spectra of HD 144432 A (SNR of 355680A) and a combined
spectrum of HD 144432 B and C (SNR of 250 at 55°K)Gn the night of June 1, 2009, using
FEROS Kaufer et al. 1999at the 2.2m MPG/ESO telescope at La Silla Observatory iheChi
FEROS covers the optical spectral range from 3806 9200A and provides a spectral resolu-
tion of ~48 000. The spectra were obtained using the object-cdbbratode where one of the
two fibers is positioned on the target star and the other fibfd with the light of a ThAr+Ne
calibration lamp. The reduction of the raw data was perfarnging the online data reduction
pipeline available at the telescdpeThe pipeline performs bias subtraction and flat-fielding,
traces and extracts the single echelle orders, appliesahel@ngth calibration, and corrects for
the barycentric motion. For each exposure, it produces @9idual sub-spectra representing
the individual echelle orders, as well as one merged spactru

The fiber aperture of FEROS i¢ ®n the sky. The projected separation between the compo-
nents B and C is 0’1 Therefore, the observed spectrum is a superposition sttbbthe two
companions. In addition, owing to the difference in the biiggsses of B and C in the optical
with respect to A{ ~ 5 mag) and a seeing at the time of the observations &f €h& spectrum

of the fainter companions is contaminated by k5’ apart and~20 times brighter primary
star.

*htt p: // www. eso. or g/ sci / sof t war e/ pi pel i nes/ naco/ naco- pi pe- reci pes. ht ni
2http: //wwv. eso.org/sci/facilities/lasillalinstruments/feros/


http://www.eso.org/sci/software/pipelines/naco/naco-pipe-recipes.html
http://www.eso.org/sci/facilities/lasilla/instruments/feros/
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Table 3.1: Relative astrometric measurements of the tepétem HD 144432, whereis the
angular separation, is the projected separation, afti is the position angle.

Parameter A-B A-C B-C
pl"] 1.465+0.007 1.468-0.007 0.102t 0.001
d | [AU] 234444 235:44 16+ 3

PA/T[°] 6.31+ 0.12 232 0.12 275.90+ 0.28

3.3 Data analysis and results

3.3.1 Imaging

To measure the relative position of the companions in thé,fied. their projected distance and
position angle with respect to the primary star, and itstiradefluxes, we used the IDL-based
program StarfinderFiolaiti et al. 2000, which is designed to analyze AO images using the
extracted point spread function from the image. The finaltiposl values were derived by
averaging the single values of all individual NACO exposuf8 in total). Their errors were
derived by computing the standard deviations in the meadgaken into account the calibra-
tions of Chauvin et al(2010 for the plate scale (13.25.06 mas) and true north orientation
(—0.02° + 0.10°), which were derived from a data set taken in August 2005leTa4 lists the
measured distances and position angles of the companidresKJ magnitudes for B and C
were obtained from the relative flux measurements. We comapihie zero point of each indi-
vidual image using HD 144432 A as referenée £ 5.888 mag,Cutri et al. 2003 and derived
9.09 mag for B and 9.16 mag for C, respectively.

3.3.2 Spectral classification of HD 144432 A

Table 3.2 lists the derived stellar parameters of HD 144432 A. The hasity, L., was com-
puted by integrating the total flux under the SED. To consttiue SED, we used photometric
data fromde Geus et a[1990), Sylvester et al(1996, andMalfait et al. (1998, and data from
the ISO and IRAS point-source catalog. We derived an extincty, = 0.15 for HD 144432 A

by fitting a reddened stellar atmosphere model withfheandlog ¢g derived from the spectral
fit to the observed UV-optical photometric data. The paranséf.s, log g, andv sini were
computed using a self-developed tool for retrieving stglarameters of Herbig stars based
on fitting synthetic spectra to the observed stellar spectrihe computation of the synthetic
spectra was carried out usisgeCcTRUM(Gray & Corbally 1994 with the ATLAS9 atmosphere
models Castelli & Kurucz 2004 The grid of synthetic spectra has step sizes of 125 K in
Teg, 0.15 inlog ¢, and 5 kms! in vsini. The stellar spectrum was divided into four spectral
windows (Fig.3.2). Each window was fitted independently and the individuat fies were av-
eraged to derive the final stellar parameters (T8 After finding the best-fit value fof.g
andlog g at solar metallicity, we tried models with diverse metdtigs to find the best fit to the
Fel lines. We found that the optimal match to the spectrumpragided by solar metallicity.
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Figure 3.1: Near infrared image (logarithmic scaling ingbtness) of the HD 144432 triple
system observed with NACO in July 2005. The components arkaddy letters in hierarchical
order. The separation between A and B is 1.4The components B and C are separated by
0.7

Figure3.2shows four related windows of the observed stellar spectiuAD 144432 A (black
line), which is closely fitted by a single star synthetic gpgn (red line).

We measured the stellar radial velocit}’, by cross-correlating the stellar spectrum with
a template spectrum, which was a synthetic spectrum ragiiegethe stellar parameters of
HD 144432 A (Table3.2). The resulting cross-correlation function was fitted by au&sian
function. The position of the center of the Gaussian yigtds.

From the position of HD 144432 A in the HRD (Fig.3), we obtained the stellar mass, ra-
dius, and its age using the evolutionary track$Sigfss et al(2000. We also compared with the
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Table 3.2: Stellar parameters of HD 144432 A, B, and C.

Component A B C
Parameter Value

Spectral type FOllle K7V M1V
L* / [L @] 12.7+6'4 —3.7 O.50+0'24 —0.20 0.41+0'19 —0.16
To 1 [K] 7220+115 4000250 3750250
log g/ [cms2] 3.60+0.15 4.0:0.5 4.0£0.5
M, I [Mg] 1.8102 4, 0.8+0.2 0.5£0.2
R, [Re] 2.3+0.5 1.5t0.7 1.5+0.7
vsini/ [kms™] 75.0+3.5 55+5 40+5
RV [[kms™1] -2.8+0.4 -5+2 442
age | [Myr] 9+2 415 3+2

evolutionary tracks oTognelli et al.(2011), which yield the same results. The derived parame-
ters are in close agreement with values derived in otheligatlins, e.g.Dunkin et al.(1997),

van Boekel et al(2005, andGuimaraes et a(2006. The measured effective temperature and
surface gravity are comparable to those of an FOllle maijusece star.
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Figure 3.2: The spectral windows used for fitting the synthgpectrum (red line) to the ob-
served stellar spectrum (black line) of HD 144432 A.
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Figure 3.3: The position of the A, B, and C components of HD4AB®4in an HRD along with
the evolutionary tracks diess et al(2000 for a metal abundance of Z=0.02.

3.3.3 Spectral classification of HD 144432 B and C

The observed spectrum of HD 144432 B and C is strongly comiaed by HD 144432 A.
The contamination varies as a function of wavelength, withlilue part of the spectrum being
the most strongly affected. In addition, the spectra of comemts B and C are superimposed.
To derive the spectral type of B and C, we compared the camtinnormalized B+C observed
spectrum with a continuum-normalized synthetic spectrusaenof three components: a high-
resolution Kurucz theoretical spectra of B and C (computedescribed in Se®&.3.2, and a
scaled observed FEROS spectrum of HD 144432 A.
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We employed a custom designed interactive IDL softwinat permitted us to visually com-
pare in real time, after any change of parameters, the obdemwd the synthetic spectra. The
procedure consisted first choosing the spectral types ofdBCathereby automatically fixing
their absolute magnituded4y/); the My, for the contribution of component A was then var-
ied to match strength of the features of A; and finally, thn ¢ for components B and C was
set to reproduce the widths of the absorption lines. Thehgyitt comparison spectrum was
constructed by scaling the flux of each component byiis, summing the scaled fluxes, and
normalizing the resultant spectrum by dividing it by a setonder polynomial fit to the con-
tinuum. They?,, statistic was calculated for each synthetic spectrum.

We used as a first guess a K4V spectrum for B andC@rihona et al. 2007 and searched
for a region in the spectrum best suited to the spectral ifilzestion. We selected the region
at 7695 — 81002 because: if it has few atmospheric linesiiY it is relatively featureless in
the spectrum of A;i{i) it has a very strong line at 770D that allows us to differentiate spec-
tral types K and M; i) it has several additional weaker absorption lines thatlaédspectral
classification and determination &V andvsini; and §) it has a strong absorption line at
7775A from component A that is not blended with absorption liné&and M stars.

After defining the spectral window for classification, wersbad for the optimal spectral type
pair able to reproduce most of the spectral features obderVbe best match was given by
a binary system composed of a K7V £=4000 K, log g=4.0) and an M1V [.g=3750 K,
log ¢g=4.0) star ofvsini=55+5 and 4@-5 kms!, respectively, plus a contribution by A of
similar magnitude as the K7V component. We checked othéomegf the spectrum (6020—
6420A, 6330-67404, 6655-67604, 7250-7585A) in addition to the 7695 — 8108 region,
and confirmed that this binary pair provided a good match (ete tihat the level of A is different
for each region). The uncertainty in the classification ie spectral sub-class adxlog g=0.5,
owing to the 250 K and 0.5 grid, used oz andlog g.

Once the spectral types amdin: of B and C were derived, we relaxed the assumption that
the RV for both components is equal te3 kms™! (RV of HD 144432 A, Table3.2) and
shifted their spectra until the Gaussian fit to the crossetation function has its center at
0 kms™L. In this way, we obtained heliocentrigV's for components B and C ef5 + 2 and
—4 4+ 2 kms!, respectively. In Fig3.4, we display the observed FEROS spectrum, the final
combined synthetic spectrum of components B, C, and A, amddilative flux contribution of
each component.

Finally, we note that to assume that the flux ratio of comptn&no C is equal to thé/y
ratio, is equivalent to assuming that they are at the sant@ntis and have the same extinction.
If we allow for a different brightness for both components find that a slightly closer fit to

3IDL widget software available upon request from A. Carmona
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Figure 3.4:Upper spectra:observed normalized FEROS spectrum at the position HD 12443
B and C (in black), and the normalized synthetic combined ehtitht most closely describes
the observed spectrum (in red)ower spectra:Relative contributions of HD 144432 B, C, and
the contamination from HD 144432 A (note the difference ia ¥iaxis for each spectrum).
The vertical dotted line displays the absorption line of HI1432 A used to scale the flux of
HD 144432 A to match the observed spectrum. The strengtheofdhtamination from the A
component is similar to the flux of HD 144432 B.

the 7700A line can be achieved if C is slightly brighter (by up to a 0.Agh However, it is
statistically very unlikely that two stars of simil&1”, which indicates a common membership,
and co-eval evolutionary status are so close together oskihethus it is unlikely that C is
brighter than B.

From the measured distances between A, B, and C (Tal)eand their derived masses (Ta-
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ble 3.2), the components B and C orbit component A with a period 0028800 yr and B and
C orbit each other with a period of &20 yr under the assumption of circular orbits and that
the triple system is seen pole-on.

3.3.4 Signatures of youth in HD 144432 B and C

The lithium line at 67083 is visible in the combined spectrum of HD 144432 B and C. In
Fig. 3.5we display the spectrum at the position of the line afteramiion for the contribution
of the A component. Because the lithium line of the B+C obseérspectrum is stronger (EW
0.5&0.02&) than the lithium line expected for the combination of a Kakd a M1V spectra
(EW 0.42+0.028), we conclude that HD 144432 B and C are likely young stars.

To constrain the age of the companions from the positionerHRD (Fig.3.3), we estimated
their luminosities. We used MARCS stellar modékuétafsson et al. 2008k ;-band photome-
try of the NACO images (Se8.3.1), and assumed a constant extinction .15 (Sec3.3.2
for all components. We derived a luminosity bf = 0.507)3; L, for the B component and
Lc = 0.41701% L, for the C component. The derived ages and other derivedisterame-
ters are listed in Tabl8.2 The ages of the three stars are comparable taking into actoel
error bars. Therefore, we estimate that the age of the syist&h3 Myr (weighted mean of
the individual age values), which is in good agreement withvalue of8f‘i’ Myr derived by

Carmona et al(2007).

3.4 Discussion and conclusions

We have analyzed NIR AO images obtained with NACO of the yodegpbig star HD 144432
and discovered that it is a triple system. The componentsdBGaare located 1.47north of
the primary star, and B and C themselves are separated by0sing high-resolution optical
spectra, we have determined the stellar paramé&igrslog g, L., M,, andv sin of all three
components and derived a spectral type of A9/FOVe for compbA and K7V and M1V for
components B and C, respectively. This is in agreement \wéhrend suggested [§yorporon
(1998 that companions of Herbig Ae stars are usually of spectmd K to M.

The equivalent width of Li | as well as the position of HD 14248 and C in the HRD indicates
a young age of the components similar to HD 144432 A. An aalkili sign of their young age
is the detection of X-ray emission at the position of the B @&domponents bytelzer et al.
(2009. The A component of HD 144432 shows only weak X-ray actjwihich is expected
for intermediate-mass stars as they are fully radiative warable to generate strong magnetic
fields like T Tau stars. This is supported by the detectionweak but variable magnetic field
of HD 144432 A byHubrig et al.(2004 2006 2007, 2009, which could be a remnant of the
primordial magnetic field of the molecular cloud.
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Figure 3.5: Observed (black line) and modeled (red line) HB4B2 B+C spectrum after cor-
rection by the contribution from the A component at the positf the Lil line at 6708A.

The derived ages from the position in the HRD of all composieme comparable within the
error bars and the system age of the triple system can beraimest to be 63 Myr. This im-
plies that these stars have a common evolutionary statehanefére supports the scenario of
formation via cloud fragmentation.






Chapter 4

A massive planet inside the disk of the
Herbig star HD 142527

Abstract The majority of planet search programs nowadays concentraevolved stars with
late spectral types ranging from F to M as they provide stedudiéal velocity and photometric
measurements, which enables to find Earth size planets., Tiare is a lack of planets found
around young stars resulting in poor statistics. Certagugh systems and their characteriza-
tion are needed to set time constraints for planet formdtieories.

We search for periodic variations in the radial velocityle 8 Myr young Herbig star HD 142527.
In addition, we investigate the variability of accretioaders.

We analyze 109 high-resolution optical spectra taken otieneperiod of 3.7 years. The spec-
tra were acquired with FEROS at the 2.2m MPG/ESO telescogevith HARPS at the 3.6m
telescope in La Silla. A set of 10 spectra recorded in the-imfiaared with CRIRES at UT1 in
Paranal are completing the optical data set.

We report the detection of a 114.5 d periodic signal in thécapaind near-infrared radial ve-
locity data. A Kepler fit reveals a low-mass companion on aeetric orbit ¢ = 0.23) at a
distance of: = 0.60 4+ 0.01 AU. The mass of the companionsigsini = 8.5 + 1.0 Mj. From
measurements of the disk inclination and estimation ofriblnation of the stellar rotation axis,
we derive a true mass of 2% Mj. Detailed analysis of spectral lines, which act as acanetio
tracers, rule out activity related modulations of the rhdgdocity signal. In addition, we derive
a full set of stellar parameters for HD 142527.

This is the first discovery of a low-mass companion around ebigestar. It is the youngest
companion found by the radial velocity method.

adapted from Mller, A., Seifahrt, A., Launhardt, R., Henning, Th., PattJ., Setiawan, J.,
Sicilia-Aguilar, A., Uribe, A. L., van Boekel, R., and vamdencker, M. E., 2012,
to be submitted

39
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4.1 Introduction

How stars and planetary systems form is a key question in madgronomy. Our knowledge of
the formation mechanism and history of planets has devdlsfvengly since the first detection
of an exoplanet byvlayor & Queloz(1995 around a main-sequence star. This and subsequent
discoveries showed that many planetary systems have giapignets on close (sub-AU) orbits,
i.e. their architecture is very different from that of thel@msystem. It was soon realized that
the solar system is not as typical as it had been assumed to be.

Planet formation theories have been focused around two praigiples: that of “Core
Accretion” (CA; e.g.Pollack et al. 199pand “Gravitation Instability” (Gl; e.gBoss 1997
2001). The Gl scenario is the simplest: if a “clump” of gas in a airtstellar disk exceeds the
local Jeans mass it will collapse and form a giant planetrae 8cales of hundreds to thousands
of years. In the CA scenario, giant planet formation proseaidng a more complex path.
First, small (sub-)micron sized particles engage in lolesity collisions and stick together,
forming ever larger aggregates. Once bodies become appately kilometer sized they start
to exert significant gravitational forces on neighboringlies, and a period of gravity-assisted
“oligarchic” growth begins in which the largest bodies askite the smaller ones, and form the
cores of future giant planets. Once these cores reach adro@arth masses, they are able to
capture and hold hydrogen and helium gas, and the gas accpitase ensues. This process is
initially slow, but as the planet gathers more mass the Hoaraccelerates and finally proceeds
in a “run-away” fashion during which the giant planet exttauts local disk region and may
open a gap in the disk. In both scenarios, giant planets &jecuo (radial) migration due to
planet disk interactions.

A very important but still poorly constrained observatibbaundary condition with which
planet formation theories should be confronted, is the tatede on which planet formation
proceeds. In particular the observational upper limit fa time it takes to assemble a giant
planet of a given mass provides strong constraints on pfanetation in the CA scenario (it
does so only to a lesser extent for the Gl scenario, whichtiemmely fast by nature). This re-
quires detecting planets around very young stars which tawgaratively active photospheres
(hindering RV work) and are usually still surrounded by @emstellar disk. Only direct detec-
tion methods were able to discover potentially low mass @amgns around very young stars
with transitional disks (e.g. T Cha Hbytuélamo et al. 2015and LkCa 15 byKraus & Ireland
2012, so far. From statistical studies of young stellar clusténe dissipation timescales of
circumstellar disks are found to be of the order of 5 to 10 Myg( Bouwman et al. 2006
Sicilia-Aguilar et al. 2007and reviews byHenning 2008Hillenbrand 2008, where the forma-
tion of a planet has to be succeeded.

Stellar activity originating from cool star spots on thellatesurface can mimic radial ve-
locity variations (e.gSaar & Donahue 1997 While such variations are often correlated with
bisector variations and other photometric, and spectms@xztivity indices (e.gQueloz et al.
2001, Huerta et al. 2008 these indicators are not always reliable in ruling ouliatectivity
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as the underlying cause for radial velocity variations imryg stars. Due to the diminishing
temperature contrast between the star spots and the gibtiéwsphere at longer wavelength
(Vrba et al. 1985 RV measurements in the near-infrared provide an impbodeagnostics for
ruling out star spots as the potential origin of the RV sideaj.Prato et al. 2008Viahmud et al.
2011.

In this chapter, we present multi-epoch RV measurementseofoung Herbig star HD 142527
observed with high-resolution optical and NIR spectroggprlhe chapter is organized as fol-
lows: Sec.4.2 describes the star-disk system and presents the derivibar gterameter for
HD 142527. The spectroscopic observations and data reduistipresented in Sed.3. In
Sec.4.4the analysis of th&®l” and photometric measurements is presented. A detaileg-anal
sis of accretion tracers is provided in Sd&. A discussion of the results and conclusions can
be found in Sects4.6 and4.7. The Appendix provides a table with the measufegdd values
and detailed plots of selected lines for accretion analysis

4.2 HD 142527: a young star-disk system

HD 142527 is an F6 to F7llleHouk 1978 van den Ancker et al. 199&8Herbig star and is
associated with the star-forming region Sco OB2A2ke & van den Ancker 2004located at
145 pc fle Zeeuw et al. 1999

4.2.1 Disk properties

Verhoeff et al.(2011) carried out a comprehensive analysis of the star and measleircum-
stellar environment using data of different instrument$SRR, Subaru, MIDI,Spitzer ISO,
SEST, ATCA) and observing techniques (imaging, spectmmgdoterferometry, photometry).
We will summarize their results of the geometric componéntke following.

Inner disk. HD 142527 is surrounded by an inner, thin, and self-shadogliskl (height
of puffed up inner rim is7 - 10~2 AU) ranging from 0.3 to 30 AU containing onlg.5 -
10~? M, of small dust grains probably because of already formedegpésimals or larger bod-
ies. Verhoeff et al.(2011) also identified a halo like structure, which contains anneested
dust mass of onlyt.3 - 107 M. The highly processed dust (crystallinity of 20%, degree of
sedimentation is 0.4 compared with the gas) leads to thdusion of an evolved state.

Gap. The region between 30 and 130 AU is devoid of small dust graifeshoeff et al.
(2011 argued that the most likely scenario for such a big gap i ithaas formed due to
the formation of one or more Jupiter-like planets, becaudssgevaporation is only effective
inward of~30 AU.

Outer disk.At 130 to~200 AU a self-shadowed massive outer disk containing) =3 M,
of dust is present, which is highly processed (containingtetline H20 ice and forsterite).
Because of the thin inner disk almost all IR radiation erditig the central star can be processed
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Table 4.1: Stellar parameters of HD 142527.

Verhoeff et al.(2011)  This work

Parameter Value Value
Spectral type F6llle

distance I [pc] 145+15 -

L, l[Lg] 20+2 20+2°
To 1 [K] 6250 6400+ 125
log g/ [cms™?] 3.62+0.13 3.69-0.38
M, 1 [Mg] 2.2+0.3 2.2t0.1
age | [Myr] 5*7 441

R, 1[Rg] 3.8+0.3 3.6:0.4
vsini/ [kms™] - 50.0+3.5

Notes. (*) We adopted the value for the stellar luminosity frvierhoeff et al.(2011).

by the outer disk. Therefore, the height of the inner rim af thuter disk reaches 60 AU.
In addition, scattered light images obtained in #heand K-band byFukagawa et al(2006
revealed the presence of two arcs in the outer disk.

The inclination of the inner and outer disk is found to be &mand has a value 6f;,, =
20° + 10° (Verhoeff etal. 2011 This is in agreement with the measured value of BQ
Fukagawa et a[2006), whose analysis is based on adaptive opticandK-band observations.
There are also indications for ongoing accretion onto thie Garcia Lopez et a(2006) derived
a value for the mass accretion rateMdf,.. ~ 7 - 108 M, yr—! using the By emission line in
the NIR.

4.2.2 Stellar parameters

Table 4.1 lists the stellar parameters of HD 142527 derivedveyhoeff et al.(2011) and by
us. We derived the stellar parametéig;, log g, andwvsini using a self-developed tool for
retrieving stellar parameters of Herbig stars based onditsiynthetic spectra to the observed
stellar spectrum. The computation of the synthetic spatimas carried out usingPECTRUM
(Gray & Corbally 1994 with the ATLAS9 atmosphere model€éstelli & Kurucz 2003 Fig-
ure 4.1 shows a part of the observed stellar spectrum of HD 14252¢KHdine, observed at
JD=2454312.65436) by FEROS, that is well fitted by a single Stnthetic spectrum (red line).
Using the stellar luminosity value @0 + 2 L., found beVerhoeff et al.(2011) we obtained
the stellar mass, radius, and age of HD 142527 from the pasitithe H-R diagram (Figt.2).
The derived stellar parameters by our method confirm thesgdhund by/erhoeff et al(2011).
The age of 41 Myr compares well with the general age of 5 Myr of stars in Ste OB2-2
region derived byCarpenter et al2006).

*htt p: / / www. phys. appst at e. edu/ spect runf spect rum ht
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Figure 4.1: The spectral windows used for fitting the synt¢hgpectrum (red line) to the ob-
served stellar spectrum (black line) of HD 142527.

4.3 Observations and data reduction

We observed HD 142527 using high-resolution optical and $figctrographs located at ESO'’s
La Silla and Paranal observatories over a time period of 8afsyand obtained 119 spectra in
total. In the following sections we describe the observatod data reduction process for each
instrument.

4.3.1 FEROS

We obtained 93 multi-epoch spectra between July 2007 and 2@t1 using the FEROS
spectrographKaufer et al. 1999at the 2.2m MPG/ESO telescope at La Silla observatory in
Chile. FEROS covers the whole optical spectral range frop0F6to 9200A and provides a
spectral resolution o048 000.

Except for seven spectra, which were obtained using thecbbly mode, all spectra were
obtained using the object-calibration mode where one oftwefibers is positioned on the
target star and the other fiber is simultaneously fed withlitite of a ThAr+Ne calibration
lamp, which serves as a wavelength reference. This modesattomonitor and correct for the
intrinsic velocity drift of the instrument. The reductiofi the raw data was performed using

2FEROS stands foribre-fed Extended Ringe (ptical Spectrograph
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Figure 4.2: The position of of HD 142527 in an H-R diagram glarith the evolutionary tracks
of Tognelli et al.(2011) for solar metallicity.

the FEROS Data Reduction System (DRS) available at ESO’spag. The pipeline does
the bias subtraction, flat-fielding, traces and extractdrttizidual echelle orders, applies the
wavelength calibration, and corrects for the barycentridiom. For each exposure, it produces
39 individual sub-spectra representing the individualefiehorders, as well as one merged
spectrum.

The average exposure time was 960 seconds per spectrunh kgbkidts in an average signal-
to-noise ratio (SNR) o300 per pixel at 550@.

4.3.2 HARPS

HARPS' (Mayor et al. 2003is a fibre-fed, cross-dispersed echelle spectrographedc the
3.6m ESO telescope, providing a spectral resolution of D05 @nd covers a spectral range
from 3800 to 690QA. Similar to FEROS, HARPS is recoding simultaneously thectum of a
ThAr lamp.

*http://ww. eso. org/sci/facilities/lasillalinstrunents/feros/
*HARPS stands for gh Accuracy_Rdial velocity Panet Sarcher
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Between April 2008 and March 2009 we observed 16 spectratah tdhe data were reduced
using the data reduction software (pipeline) availabldatelescope. The pipeline corrects for
detector bias, dark, flatfield, cosmic ray removal, rebirsgbectrum according to the wave-
length calibration, and corrects for the barycentric nmtibhe average exposure time was 540
seconds per spectrum, which results in an average sigmadise ratio (SNR) of£90 at 5500.

4.3.3 CRIRES

CRIRES (Kaeufl et al. 200%is a high resolution, near-infrared spectrograph mouatedT1

at ESOs VLT. We chose a wavelength setting near 1175 nm (d@)eafter a careful study
of the intrinsic stellar and telluric features in the nedrared. For this study we constructed
a detailed model spectrum of HD 142527, consisting of a neeldeand flux calibrated high-
resolution PHOENIX model atmosphere kindly provided byePédauschildt {.=6300 K,
log g=3.5, [Fe/H]=0.0) after adding additional continuum enagegrom dust in the circumstel-
lar disk of HD 142527. We compared this model with a model ef Barths atmosphere and
simulated the achievable RV precision for different CRIREERings. Since the near-infrared
excess emission of HD 142527 is very strong towards<timand and the intrinsic equivalent
widths of photospheric absorption lines are generally éigit shorter wavelengths, we found
the best RV performance for HD 142527 can be achieved id-trend. We obtained spectra for
HD 142527 in this setting for 10 epochs spread over 62 dayedeaet July 2009 and September
2009. We made use of the CRIRES adaptive optics system, widishocked on the target and
a 0.Z'slit to achieve the highest spectral resolving power 6fIR0,000. Ten individual spectra
per epoch were observed in an ABBA nodding pattern and redseparately using a custom
IDL pipeline described iBean et al(2010. The data reduction consisted of steps to correct
the non-linearity of the detector, pairwise background biad subtraction and division by a
normalized flat-field. The SNR in the individual, optimumraxted one-dimensional spectra is
between 100 and 130. The exposure time was always 30 seconds.

4.4 Data analysis and results

4.4.1 Optical RV measurements

The measurement of the stelldi” from FEROS spectra has been done by cross-correlating the
stellar spectrum with a template spectrum. The templateavggmthetic spectrum representing
the fitted stellar parameters of HD 142527 (Tabl#). We measure a projected rotational ve-
locity, v sin4, of 50.0 + 3.5 kms™! (Sect.4.2.2). Therefore, all stellar spectral lines are highly
broadened and blended, which makes a determinatioRVofdifficult since the accuracy is
limited to some 100 ms. For the cross-correlation, only the spectral range batw@®0 to

SCRIRES stands for Ryogenic_hfraRed Echelle $ectrograph
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6500A was considered because the instrument efficiency of FERQ& dignificantly outside
this spectral range. In addition, areas with emission Jitedkuric lines, Balmer lines, and other
lines showing variability (e.g., Na | D, He | at 5879 were carefully masked out. After this
selection process, 19 individual echelle orders from FER@& left, which were used to com-
pute RV. The same procedure was used for the HARPS spectra. Theiffeledce was that
we had only the merged spectra and not the single echellesdbedeause the HARPS pipeline
is only available at the telescope and only fully reducedrmedyed spectra are available from
the ESO archive. Therefore, we divided the merged HARPS®padnto 145A wide spectral
windows, which resulted in 20 artificial single orders ramgfrom 4000 to 690@. The same
spectral regions masked out in the FEROS spectra were aldcedhaut in the HARPS spectra,
i.e. we used the same spectral lines for the computatioR10f resulting in 14 usable single
orders. The resulting cross-correlation function wasditig a Gaussian function. The position
of the center of the Gaussian yields tR& . After the individualRV values were derived sep-
arately for each echelle order, the median value and stdri#stiation of RV were computed.
All measuredRV values are listed in Tabl&.1 provided in the appendix.

In Figure4.3, we plot chronologically all optical and NIRV measurements derived from
FEROS, HARPS, and CRIRES. The median velocity is subtractethe individual spectro-
graphs. Thems of the whole data set is 290 ms Four data points from FEROS deviate
more than 3 from the whole sample. We carefully post-processed andkelethe calibration,
the reduction of the spectra, and the environmental camditduring observation. As we can-
not identify any error in the reduction process nor do we sgeuausual behavior, e.g. in the
cross-correlation function, we assume that a physicateféeich as an increased activity level
due to, e.g. accretion, causes the deviation of these datts pbVe will discuss this further in
Sec4.5.1

4.4.2 NIR RV measurements

Radial velocity measurements are obtained by simultahgdittthg a telluric model (see
Seifahrt et al. 201@or details) and a stellar template to all individual CRIR&®ctra obtained
for HD 142527. The telluric model provides a precise wavgllrsolution for each spectrum
while the fit of the stellar template includes the sought#ff of the star as a free fit parameter.
The stellar template is an empirical spectrum of HD 14252@iobd during one of the observed
epochs. Hence, the obtained radial velocities are relatimature. The four CRIRES chips are
always modeled separately. Chip one and the right half qf fthir had to be excluded from the
analysis due to strong order overlap which is a known featfi®@RIRES in theJ-band where
the spectral orders are shorter than the coverage of thetdeteosaic. Chip two does not con-
tribute significantly to theRV signal due to the sparseness of stellar lines. The final pecke
RV signal is thus entirely dominated by the spectral conterthid three and the uncompro-
mised spectral range on chip four. The strongest limitirgdfiais the relatively high rotational
velocity of HD 142527 {sini = 50 km s~1) which broadens the photospheric absorption lines



4.4. DATA ANALYSIS AND RESULTS 47

and reduces their contrast significantly. The high line widlso produces a cross-talk be-
tween theRV parameter and the continuum normalization in the fit, whidstically limits
the achievable precision. Our epoch avera@dduncertainty is thus only.150 ms!, falling
short by at least an order of magnitude over what normallybeaachieved on CRIRES without
the use of a dedicated gas absorption cell as a calibrata. nTdgasured NIRRV values are
listed in TableA.1 provided in the appendix.

4.4.3 Radial velocity variations

Figure4.3shows all 1192V measurements obtained from all spectrographs. Becauseltte
ity offsets of HARPS and CRIRES relative to FERQS;Arps_rErROS ANAACRIRES_FEROS,
respectively, are not known at this point of the analysis,swbtracted the median value of
the RV for the data set of each spectrograph (see &dc4fitted offset values). From this
plot we can see peak-to-peak variations of 2 krhpresent inRV. To identify periodici-
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Figure 4.3: Allmeasured RVs for HD 142527. TR& data obtained with FEROS and HARPS
in the optical spectral range are blue and green coloregectisely. The NIRRV data obtained
with CRIRES are red colored. For each data set the medianityels subtracted as the relative
RV offsets between the spectrographs is not known at this .péiatik-to-peak variations of
~2 kms! are present in the data.

ties present in th&kV data, we computed the generalized Lomb-Scargle (GLS) gagiam
(Zechmeister & Kirster 20Q%nd its window function (Fig4.4). We included all 119RV
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data for the computation, i.e. the optical as well as the NEBasarements. The justification
of this step will be given in Seel.4.4 For a better visibility of longer periods, we plotted
the GLS periodogram on a logarithmic scale for the periode GhS periodogram revealed a
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Figure 4.4: GLS periodogram (upper plot) of all, i.e. optiaad NIR, RV data, and the cor-
responding window function (lower plot). The median vetpaf the individual data sets was
subtracted when the GLS was computed. The two horizontdlediaknes indicate FAP levels
of 10~ and10~°. The highest peak at a period of 114.6 d has a FARbf 107°.

significant peak at a period of 114.6 d with a false alarm poditya (FAP) of 3.1 - 1076, In
addition, there are several peaks at shorter and longesdsepresent, but they are less signif-
icant with FAPs higher by four order of magnitudes comparethe 114.6 d period. These
other peaks are expected to be aliases as the periodogracoisaution of the astrophysical
signal present in the data and the sampling function of tdas® (window function). Typical
sampling frequencies are caused by Earth’s rotation (d&liility) and the seasonal visibility
of the object. Figurd.5is a zoom into the window function on a frequency scale. Mpgaks
that can cause alias peaks in the periodogram are marked iffgremt color and a dedicated
symbol of typefs ;, wheres stands for “sampling” and is thei-th sampling frequency. An
alias frequency appears at a positidfy = fo £ f,; in the GLS periodogram wherg is the
assumed true frequency present in the data, whiéh7iz7 - 10~3 d~! (114.6 d) in our case.
In Table4.2 all sampling frequencies of the window function showing ganaeak are listed
as well as the expected and identified alias frequencieseoGIbS periodogram. Figuré.6
shows a zoom into the GLS periodogram where the most prompeaks are present. The
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imprinted arrows show the position of the expected aliagufemcies computed from Table2
The color of the arrows indicate from which sampling freqryepresent in the window function
they were computed (Fig.5). For example the green arrows in the GLS periodogram.and
fa5, indicate the position of the aliases caused by the sampiagiencyf, ; of the window
function. All peaks present in the GLS periodogram can beriteed as alias frequencies using
fo = 8.727-107% d~! (114.6 d). An additional check of our hypothesis, that thé.@1d
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Figure 4.5: Zoom into the window function of theV data set. Plot a) shows the peaks at
short frequencies and plot b) shows the peaks at around 1 Arrows mark significant alias
frequencies present in the window function.

period, which is detected by the GLS periodogram with higini§icance, is the real period
present in theRl data, we computed an amplitude spectrum using the CLEANretaation
algorithm Roberts et al. 1987vritten in IDL by A. W. Fullerton). This algorithm deconwas
the window function from the Fourier transform of tiid/ data set. Therefore, the resulting
spectrum should contain only real periods present in the wiéh their aliases removed. Fig-
ure4.7 shows the CLEANed amplitude spectrum for the eniiié data set (optical and NIR).
We used a gain of 0.5 with 100 iterations. As for the GLS pergpdm, the median velocity
of the individual data sets was subtracted. The only peagepitein the CLEANed spectrum
appears at 114 d. Together with the computation and analf/tie GLS periodogram we con-
clude that the 114.6 d period is the real period of #ié variations present in the current data
set.
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Table 4.2: Sampling frequencigfs,; obtained from the computed window function of tRé
data. The expected and identified alias frequencies are wechiby f, ; = fo = fs:, Where
fo=8.727-10"3d"L.

Sampling frequency Expected and identified alias frequency
foi [d71] Jo+ fsild™1] fo— feild™']
“fo1=2831-10"° fu5=1.1559 102 fas=5896-1073
fs2 =3.820-107° - fa3 =4.907-1073
fs3=4.552-1073 - fap=4.175-1073
fsa=06.640-10"3  f,7 =1.537-1072 -
fs5=1.0485 - 1072 - fo1=]—1.758 -1073|
fs.6 = 2.2058 - 1072 - fas=|—1.3331-1072
b fo7 = 0.99997 fa10 = 1.00870 fag =] —0.99125|
¢ fs.8 = 1.00279 fa11 = 1.01152 fao = | — 0.99408|

Notes. (@) 1 year!, (® 1 (solar day)', (©) 1 (sidereal day)’.
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Figure 4.6: Zoom into the GLS periodogram where the most prent peaks occur, which is

at around 0.01 d! (panel a), long periods) and at around1* dpanel b). The vertical dashed
line marks thes.727 - 10~3 d~! frequency (114.6 d period), which is assumed to be the true
frequency of theRV data. Arrows mark the expected positions of the alias freges based

on identified peaks of the window function. If the samplingduencyf; ; is greater thary,
than the alias frequencigs ; = fo — fs,; are smaller than O frequency and would occur at a
symmetric position relative to its positive counterpdit; = fo + fs.:, in the GLS periodogram

if the plot would be flipped across 0 frequency. If this is thee we list the alias frequency as

| - fa,z'|'
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Figure 4.7: CLEANed amplitude spectrum of all, i.e. optiead NIR, RV data. The me-
dian velocity of the individual data sets was subtractedttiercomputation of the CLEANed
amplitude spectrum. The highest peak is located at a pefibtidd.

4.4.4 Orbital parameters

Activity features, such as stellar spots, can miRi¢ variations due to their temperature con-
trast with respect to the stellar photosphere. The amgitién observe®V variation is inde-
pendent of wavelength if another body, e.g. planetary caomopais orbiting the star. To test this
scenario on our data set, we first performed a full Keplerieio theoptical RV data (Fig4.8).

The velocity offsetAparps_rrrOos IS treated as free parameter and fitted simultaneously. The
best Keplerian fit has a period of 114:@.6 d and a semi-amplitude &fy1s=208+28 ms™!. In

a second step, we fitted the CRIRES NER measurements only, while keeping all parameters
derived from the fit of the optical data fixed, except semi-ktongle and instrumental offset. Fig-
ure4.9shows the result of this procedure. The derived semi-anggits Knr=316+64 ms™!.

The NIR RV semi-amplitudeK g is not lower thankyg as it would be expected from the
rotational modulation caused by, e.g. a stellar spot. Irtiatg from Figure4.9 we can also
see that the NIRRV data follow qualitatively the proposed Kepler fit from thetiopl data
with respect to amplitude, period, phase, and eccentri€itg bad data sampling (only 50% of
the orbit are covered) as well as the difficulty of NFR” measurements for HD 142527 (high
vsin, few lines), which result in a higher scatter of the data fmimakes an independent Kep-
lerian fit of the NIRRV data not meaningful. From this analysis, we still can comelthat the
observedRV signal does not depend on the wavelength. Hence, the olseeviodic 114.6 d
signal inRV can be caused only by a companion. Thus, it is valid to memejptical and NIR
RV data sets and to perform a joined Keplerian fit.

We fitted a Keplerian orbit to alR)” data simultaneously. The velocity offséi$iarps_FEROS
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Figure 4.8: Upper panel: Phase-folded plot of gdptical RV data only. Blue and green data
points correspond to FEROS and HARPS measurements, rieggpecthe red solid line shows
the best Keplerian fit for a period afi4.7 + 0.6 d and an amplitude df08 + 28 ms~!. The
orbit of the planet is slightly eccentric with= 0.097}>. Lower panel:RV residuals.

andAcrires-FEROS are treated as free parameters and fitted simultaneousyfitiievealed
amsini = 8.5 + 1.0 My companion on a slightly eccentric orbit £ 0.23) with a semi-major
axis of 0.60 AU. Tablet.3lists the derived orbital and fit parameters. FdLOshows theRV
data phase-folded with a 114.6 d period. The Kepler fit is imipd as a black solid line. The
lower panel of Fig4.10shows theRV residuals. Them.s value of the residuals is 236 m's
which is higher than the average error of @ti" measurements. Therefore, an additional signal
present in ourRV data set is expected. We computed the GLS periodogram aRtheesid-
uals, which is shown in Figd.11 For a better comparison with the original GLS periodogram
(Fig. 4.4) the scale of the axes are identical. No additional signifigeeriod is apparent in the
RV data. Therefore, the residuah.s is not due to additional companion or periodic rotational
modulation, but more likely stochastic activity noise. tiddion, we used aif’-test to evaluate
the significance of the Keplerian fit, which yield a confidente- 5.6 0.
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Figure 4.9: Upper panel: Keplerian fit (black line) of the &EIS NIR RV data only. All

parameters derived from the fit of the optical data were figgdept semi-amplitude and instru-

mental offset. The semi-amplitude iSyr=316+64 ms!.

Table 4.3: Orbital and physical parameters derived for thet-fit Keplerian model of

HD 142527 b.

Parameter Value
Orbital periodP / [d] 1145+ 0.6
Velocity amplitudek / [ms™] 217+ 24
Eccentricitye 0.23+0.12
Argument of periapsis / [deg] 358+ 28
Periastron timdy / [JD-2,400,000] 5434& 9
System velocityyg / [ms™] -1280+ 20
Anarps—rEros / [Ms™] 512+ 46
Acrires—rErOS / [Ms™] 1242+ 53
msini /[ [M ;] 85+1.0
Mass functionf (m) / [10~7 Mg] 1.114
Semimajor axis: / [AU] 0.60 +0.01
rms/[ms1] 236

X2g 1.67
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Figure 4.11: GLS periodogram of thel” residuals after the Kepler fit was subtracted. The
scale of the axes and the imprinted FAP levels (horizontghed lines) are similar to Fig.4
for better comparison. There is no additional significaghal present in th&1” data.



4.5. ACCRETION TRACERS 55

4.4.5 Stellar rotation period: Hipparcosphotometry

TheHipparcosphotometry Perryman & ESA 199)for HD 142527 was analyzed to see whether
periodic variations related to its stellar rotation aresprg. The light curve consists of 91 data
points and covers 1123 days. The average sampling betweeandikidual transits oHippar-
coswas one hour. We only considered measurements where thieydleag was set to bit O or
bit 1, leaving us 89 data points. Figutel2shows the GLS periodogram of the photometric data
after we subtracted a long-term trend. A significant peribil. ®1 d with a FAP 06.8 - 1076 is
present. In addition, we computed the CLEANed amplitudetspm of the photometric data
(Fig. 4.13 and the most prominent peak is located at a period of 1.2ibdas to the result of
the GLS periodogram. A phase-folded plot for the prewhiteti@ta (black data points) and the
sinusoidal fit (red line) is shown in Fig.14

The maximum rotational periof/ sin i of the star is 3.640.48 days based on its stellar radius
and the measuredsin ¢ (Table4.1). If the 1.21 d period is related to the stellar rotation, the
inclination of the stellar rotation axis can be computed ¢@@° + 3° through computedz,

and measuredsin i, which matches the value of the disk inclinationi26f + 10° (Sec.4.2.7).
Thus, we conclude that the observed 1.21 d period is thassteliational period. Therefore, we
can assume that the orientation of the stellar rotation iaximost perpendicular to the mid-
plane of the disk. This allows us to estimate the true magseofdmpanion ten = 25+ 6 M.

In addition, the true equatorial velocity of HD 142527 carcbenputed to 14624 kms™!.

4.5 Accretion tracers

A widely used and routinely applied method to checlki¥ variations are mimicked by line
shape variations, is the measurement of the so called biseXtcorrelation between bisector
guantities, such as velocity span, velocity displacemnesmd, curvature (e.d?ovich et al. 200},
with RV measurements usually indicate a rotational modulatiorhef@V" signal by stellar
activity, which can mimic the presence of a planetary congafseeQueloz et al. 200%or
an example). However, this analysis is not applicable tosstath high v sin¢ values. The
rotational broadening leads to strong line blends and iddal bisectors cannot be measured.

The effect of rotational modulation dRV's caused by activity processes, which might be
present on the stellar surface, can be already excludedddr42527 as the rotational period of
the star with 1.21 d (see Set4.5 is two orders of magnitude lower than the observed 114.5d
RV variations. This is supported by the lack of significant pasi lower than the companions
period in the residuaRV GLS periodogram (Figd.11) as well as in the CLEANed amplitude
spectrum (Fig4.7). But there is still a possibility that the spectra of HD 122%re affected by
physical processes of its inner disk, and therefore, we tiighe, e.g. a hot spot from the inner
rim of the inner disk where an accretion funnel flow emergéh thie RV measurements.

Our large data set of optical spectra (109 in total), coggorer 3.7 years, allows us to
interpret and characterize physical processes of the iiskito some extent. In particular, we
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Figure 4.13: CLEANed amplitude spectrum of tHgparcosdata after a long term trend has
been removed. The highest peak is located at a period of 1.21 d

examined several lines to be known as accretion tracerghvware: Ca Il K and H, |, HS,
H~, HY, He | at)\5876&, Na | D doublet, and Ca Il ak84988 and \8662A. We checked for
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Figure 4.14:Hipparcosdata phase-folded with a period of 1.21 days after a long tesnd has
been removed. The red line is a sinusoidal fit with an amitofd 4 + 2 mmag.

temporal line variations, periodicities, and correlasiohe aim of the following analysis is not
to provide a detailed explanation of the physical processbih take place in the circumstellar
environment of HD 142527, but to reliably verify that the eb&d RV are caused by a low-
mass companion present inside the inner disk.

4.5.1 Line profiles and variance

In Appendix B, we plot the selected spectral lines for all our spectra iomblogical order
(Fig. B.1to Fig.B.10). All spectra (shown in black) are normalized and correétednedian
RV. A synthetic photospheric line profile, which was computeddal on the derived stellar
parameters for HD 142527 (Tabdel), is over-plotted in green. The position of the line center
at zero velocity is marked by the vertical dotted line. Theeinnumbers indicate the time of
observation in days with respect to the first observatiore ifket letters F and H indicate if the
spectrum was observed with FEROS or HARPS. For CaXB408A and\86623, only FEROS
spectra are available (93 in total) because the spectratage of HARPS ends at 6940

From the plots we already can recognize complex line shapédsvariations over time.
The line cores are filled up by emission for all epochs. Esflgcfor He | and Na | D we
see strong red and blueshifted absorption componentgaitdlj the presence of material in-
fall (e.g. Edwards et al. 1994owards the stellar surface and outflows, respectivelpeEiglly
the last five epochs exhibit very strong redshifted absompieatures compared to the previous
epochs. At the same time, tii&/ values from these epochs deviate significantly from the-aver
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age variation (Fig4.3). We might see here indications for a variable accretioa. ratgnificant
parts of the optical spectra, i.e. photospheric lines, ha\® affected in order to produce the
observed deviation. However, we do not find an indicatiorpinturbation in the photospheric
lines of the last five spectra of HD 142527.

Due to the complexity and variability of the spectral linasnodeling approach does not
seem to be reasonable for our purpose. As a first step to futrgiobserved line profile vari-
ability, we computed the average line profile and the nomedlivariance profile (Figt.15. For
the computation of the normalized variance profile, we feltbe approach byohns & Basri
(19995, where the variance is computed for each velocity chanmetldivided by the averaged
line profile. The advantage of such an computation is evid@nall variance profiles can com-
pared with each other as they are normaliz@, regions with significant variability can be
identified immediately. All lines, except&ishow higher variability on the red side than on the
blue side and show variability between approximately -20® 200 km s on average over the
line profile. The average Na | D profile shows a broad emisstonponent with clear absorp-
tion features on the blue at and red sidexab0 kms! and~30 kms™! of the line profile,
respectively. The average line profile of He | shows simiaatfires but less distinct.

4.5.2 \Velocity correlation matrices

An interesting question is if the observed variations onréteand blueshifted side of the line
profiles are correlated with each other. In order to quasstifsh an effect, we computed velocity
correlation matrices. The computation is straightforw@rd). Johns & Basri 1995 the linear
Pearson correlation coefficientis computed for all combinations of velocity channets)
over the entire line profile. The resulting matrices are swtnim across the main diagonal
because of (x,y) = r(y,x). In addition, ifx = y thenr(z,y) = 1, i.e. each matrix will have
a main diagonal witlr = 1. The results for all our selected line sample are plotteddgn4-16

In order to guide the interpretation we also simulated vigtamrrelation matrices for simplified
cases to demonstrate various effects, which can occur olee arofile. The results can be
found in AppendixD. All correlation matrices are plotted as colored contourd apan the
entire range of possible values fori.e. ranging from -1 to +1 in order to identify negative
correlations, too. For the entire selected line sample waatcssee any significant negative
correlation. Areas colored light blue, yellow, and greesarcorrelated. The areas colored dark
red show significant positive correlation. All lines showetatively simple correlation profile.
The correlation contours show well correlation on a localsof the order o/100 kms!.
Thus, the appearing and disappearing red and blueshifteai@ion components observed in
the line profiles do not affect the line wings far out, resgtiin a slim correlation contour.
That means, the entire line profile is not correlated witblifespecially the blue and redshifted
absorption components show no common correlation. kgratentral bulge with an extension
of roughly -100 to +100 kms! is observed. This is caused by a central narrow feature mrese
in this line, which flattens out and reappears over the cooffsdservation. Most lines show
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Figure 4.15: Average line profiles (black lines) and normeadi variance profiles of selected
spectral lines.

a bulge structure, extending from 0 to 150 kmisin their correlation matrices. From the
normalized variance profiles (Fig.15 we see that the redshifted part of the line profiles show
the highest variability. In addition, the variance profitows rather a plateau like feature than
a single peak. Thus, the variability of the lines in the red p@tween 0 and 150 knT$

is similar in strength, and, therefore, causing the bulgecsire in the correlation matrices.
For six lines (Fig.4.16a)-(f)) we can already exclude the possibility of contimuuvariations
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Figure 4.15: continued.

causing a strengthening and weakening of the line profildirfgg as the entire correlation
matrices would appear squarish. The lines illustrated ¢ 4i16Qg)-(j) show weak signs for
veiling as the area around the main diagonal appears todsglglsquarish with- =~ 0.7 to 0.8,
and spans roughl200 kms!.

4.5.3 Residual line profiles and temporal variations

We computed the residual line profiles by subtracting a stithphotospheric spectrum, based
on the found stellar parameters (Sé.2, from the observed line profiles (in the following
we refer to them as circumstellar components) for our samplee results are presented in
Fig. C.1to Fig.C.10in AppendixC. The effect of temporal line shape variations appear now
more prominent. A visual inspection clearly indicates aeation in line shape variations for
all lines. Features, such as blue and redshifted absorptionponents, appear and disappear at
the same time for all sample lines. This behavior indicate=ady a periodic like modulation

of the sample lines and is a first hint for an accretion funmel fhrising from the inner disk. A
main difference betweenddand the other lines is a less prominent signature of the ifteldh
absorption component. A similar behavior was observedieBalmer lines byedwards et al.
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Comment to plot (h) showing the correlation matrix for Na | The doublet was not split
for the computation- because the D1 and D2 line show broad emission peaks, whertapv

for several epochs. Therefore, the doublet cannot be depafer HD 142527. Thus, the

line center of D2 is set to zero and the line center of D1 ampass~300 kms!. Due to
symmetry reasons of the correlation matrix the doubletaexscat(z,y) = (0,300) kms™!
and at(z,y) = (300,0) kms~!. The two horizontal and two vertical line features visibighe
matrix are contributions from the interstellar medium.

(1994 for a sample of T Tauri stars. A possible explanation fos thight be the thermaliza-

tion of Ha for large accretion velocities resulting in a weaker refietiiabsorption component

whereas higher Balmer lines do not thermalid@aitmann et al. 1994
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Figure 4.16: continued.

To quantify possible periodicities present in the line gsapve measured the equivalent
width for each circumstellar compone WV csc. We omitted the measurement of the Na | D
doublet because it is not possible to analyze Na | D1 and Nah@$hendent from each other as
the broad emission component of both lines overlap for séegochs. In addition, we cannot
correct for variability of the interstellar medium (narrdéiwe) and would result in biased values.
The computed CLEANed spectrum of &llW-sc measurements of the selected line sample is
shown in Fig.4.17. For six of nine lines we find a strong peak at 53.3 d. No signdktected
for the companions period of 114.5 d. However, for four lingseak at 35 d and for three lines
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Figure 4.16: continued.

a peak at=700 d is present. To explain the behavior of the CLEANed spettor EWcgc, we
simulated our data set in the following way. For each line sed.the measured values (time and
EWsc) and fitted them with a sinusoid with fixed period of 53 d, butjmg amplitude, phase,
and offset. We added Gaussian noise to this model and cothfing€CLEANed spectrum. This
procedure was repeated 1000 times for each line. Figdi&shows the result of this simulation
and plotted are the CLEANed spectra, which describe begirigaal ones (Fig4.17). With
this simulation we were able to reproduce the main chairatitex of the original CLEANed
spectra, including the presence of the 35 d, 53.3 d, and 7@@iddofor the individual lines.
Because the simulated data were modulated only with a siegled of~53 d, we can conclude
that the 53.3 d period found in the originally measufeld’'csc data set is the true period and
the other peaks are aliases. The reason why we do not dezés3.td period or have additional
peaks in the CLEANed spectrum present in the measuremetii$iofsc of some lines, is in
the nature of the used CLEAN algorithm. The window functistiiiist centered on the highest
peak of the discrete Fourier transform of the observed biglidy beam). After constructing
the CLEAN component, the window function is rescaled andlfiraubtracted from the dirty
beam. This process is executed iteratively. For very no@g,dhe algorithm might therefore
not restore the true period present in the data as it is theefoashree lines of our sample and
the highest peak is not necessarily the true period.
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Figure 4.17: CLEANed amplitude spectrumBfV g for the lines in our sample. The red line
marks the a 53.3 d period and the period of the low-mass coimpain114.5 d is imprinted as
green line.

The detected 53.3 d variation éfi¥~gc in our selected line sample corresponds to a Ke-
plerian radius of 0.36 AU. The dust sublimation radiis, for HD 142527, assuming a dust
sublimation temperaturéy, of 1500 K can be estimated by using the equatio bthill et al.
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(200D):

RS =0.5 QR < ) R*v

(4.1)

whereQr is the ratio of the dust absorption efficiencies for radiatid color temperaturé' of
the incident and reemitted field. We us@g¢t = 5 based on Fig. 2 dflonnier & Millan-Gabet
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(2002. Using the derived stellar parameters of HD 142527 fromerdkl yields a dust subli-
mation radius of 0.34 AU. From the empirical formulaWhitney et al.(2004),

Ry = R (T./T,) 2%, (4.2)

we compute the same value f&;. The observed line shape variation of 53.3 d, which corre-
sponds to a Keplerian radius of 0.36 AU, the estimated dininsation radius of 0.34 AU, and
the location of the inner rim of the inner disk determined 8 AU by Verhoeff et al.(2011)
(Sec.4.2.]) are all comparable. This indicates a well known radialattise of the inner rim

of the inner dusty disk, where a physical (but not known) pssctakes place causing periodic
changes of the line shape.

4.6 Discussion

4.6.1 Planetor brown dwarf?

From our RV measurements we derivetrme mass of 256 Mj for the companion around
HD 142527 taking additional information from the disk imation into account and assuming
that the companion orbits in the plane of the disk. Can wethallcompanion a planet or is it
a brown dwarf? There is already a long-lasting discussiayoimy how to define planets and
where the transition to the brown dwarf regime occurs. Dédimé proposed so far are very am-
biguous and cannot account for all individual star-playstems. A widely used criterion is the
upper mass limit of 13 Mbased on the deuterium-burning limig{rrows et al. 199yto define

a companion as planet or brown dwarf. But this limit cause®rse conflicts. Spiegel et al.
(2011 computed the needed deuterium-burning mass for a set oélsiodhey found masses
downto 11 My where deuterium-burning can take place. Depending on thieehf8piegel et al.
(2011 found out that objects even more massive than J&hké required to establish significant
deuterium burning depending on their metallicity.

Another criterion to consider is the formation process afhsobjects. A planet should
clearly form inside the circumstellar disk, and, thus, tinlgi a central star similar to our solar
system. Several objects are found, which have masses dowhd; but are not associated
with a host star (“free-floating planets”). Other objectscts as CoRoT 3b with a mass of
21 Mj (Delplancke 2008or multiple planet systems like HD 168443 with HD 168443 ¢ihg
17.2 My (Marcy et al. 200}, seem to have undergone clearly a planetary-like formatiocess.
Therefore, the 13 Nlcriterion is highly ambiguous.

The resulting cumulative distribution from a search fononadwarf companions carried out
by Sahlmann et a[20114ab) in the mass range between 13 to 89 shows an absence of com-
panions in the mass range of 25 to 45.M\ similar behavior was found b@rether & Lineweaver
(2006. Sahlmann et a{20119 proposed to use this characteristic to set a dividing letevben
planets and brown dwarfs, i.e. companions with masssM; can be still considered as plan-
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ets. In additionSchneider et a{2011) use this threshold as well and pointed out changes in the
planet radius distribution for masses around 25 Blased on this discussion, we only can argue
that the 25 M companion around HD 142527 is in the transition region betwglanets and
brown dwarfs. However, we will use the designation HD 142b2Gr the low-mass companion
orbiting HD 142527.

4.6.2 Properties of HD 142527 b

The low-mass companion HD 142527 b has several unusual iespelt has a true mass of
25+6 My, in an eccentric orbit = 0.23 around a~4 Myr young intermediate-mass star with
a semimajor axis of onlg = 0.6 AU. In addition, HD 142527 shows a complex circumstellar
environment as discussed in S82.1 Figure4.19 adopted fronVerhoeff et al.(2011), sum-
marizes the main properties of the star-disk system. Thezdares set very stringent constrains

Quter Disk 4

Halo

Inner Disk

Gap

Planet

r [AU]

200 130 30 06 030

Figure 4.19: A pictographic sketch of the HD 142527 systeropgetl fromVerhoeff et al.
(201)). The position of the low-mass companion is marked by thergisk.

on planet formation models with respect to forming a magsiaeet and allowing for migration
to a short distance in such a short time.

The rather high eccentricity of HD 142527 b is not expectechhbse tidal circularization
would lead to nearly circular orbits (e \/ang & Ford 201). However, several close-in planets
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being part of a planetary system show significant deviatitors circular orbits due to gravita-
tional interactions between the bodies (e.g. HD 168443, 51188, HIP 57274). Mechanisms,
such as planet-planet scattering and the Kozai mechanigght explain the orbital properties
of HD 142527 b, see e.Nagasawa et a(2008. Previous observations of HD 142527 show
several indications that more than one companion might beeptt: (i) the highly processed
inner dusty disk(ii) the large gap extending over 100 A(ij) a spiral-like structure of the
outer disk Fukagawa et al. 2006 (iv) an emission ring at 130 AU. The latter one was ob-
served with VISIR in th&)-band byVerhoeff et al.(2011). The observed structure (see Fig. 6
in Verhoeff et al. 201} strikingly resembles the structure of an anticyclonictery which is

a non-axisymmetric density perturbation, shaped like adsitoe Regaly et al. 2012 Only
stellar or substellar companions are able to form such gEtions in the disk. Therefore, it is
possible that HD 142527 hosts a multi-planet (or multi-camipn) system.

4.6.3 Magnetospheric accretion?

According to standard stellar evolution theory, HAeBe stsinould not be able to establish
strong magnetic fields of the order of several kG like theyodnserved in classical T Tauri stars
as HAeBe stars are expected to be fully radiative. This ipetpd by the tentative detection
of only weak magnetic fields, e.g. Myade et al(2007), Hubrig et al.(2007), andHubrig et al.
(2009. Wade et al(2007) showed that their measurements of magnetic fields of HA¢&s s
with strength below 0.5 kG is well in agreement with the pridial field hypothesis, where
the stellar magnetic field is a remnant of the interstellagmedic field from star formation.
However,Mendigutia et al(2011) found empirical evidence that the accretion in HAe stars is
consistent with magnetospheric accretion but nor for HBesst

We can estimate the minimum magnetic field strength requivegstablish magnetospheric
accretion for HD 142527, under the assumption of a magnétialel by applying equations
provided by models byKoenigl (1991), Collier Cameron & Campbel{1993, and Shu et al.
(1999 (see review byJohns-Krull et al. 1999 The derived values for the surface magnetic
field are of the order of 150 G for all models using the stelameters provided in Tablel
This is a reasonable estimate for a late-type Herbig staiisaimdthe range of detectability as
already demonstrated by, e.glubrig et al.(2009. Another important parameter to establish
magnetospheric accretion is the ratio of the co-rotatialius R, and the truncation radius,
Ry:, which has to beR;,/R., < 1 (e.g.Bouvier etal. 200y, Using the previous result of
150 G, Ry, is of the order of 1.7 R which corresponds t.8 - 1072 AU. For R, (Eqn.4.3)

we derive 1.8 Ror 3.0 - 1072 AU, which is larger tharR,.

2\ 1/3
Rcor = <GM*R*> (43)

2
e

Thus, magnetospheric accretion could be present in HD I423@fortunately, there is no mag-
netic field measurement for HD 142527 available yet, whicmpers a comparison with dif-
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ferent accretion processes and further interpretatiormsveder, if we assume magnetospheric
accretion processes to be present for HD 142527, there lesa@aseous disk inside the disk
truncation radius, which is with 0.36 AU one order of magdéuarger thanR..,. Following
the interpretation byMuzerolle et al.(2004) there could be a gaseous but optically thin disk
between3 - 10~2? AU and 0.3 AU present or an optically thick but geometricatin gaseous
disk inside this range. This would guarantee that the inineiof the inner dusty disk receives
still enough radiation from the central star to be puffed up.

This result does not provide an obvious interpretation efd¢ause of the observed 53.3 d
period in theEWgc. A lock of magnetic field lines onto the inner rim of the inneisty disk at
0.3 AU is unlikely as it requires a magnetic field strengthefesal kG, which is not observed
for HAeBe stars. In additionR;, would fall well outside R, preventing magnetospheric
accretion anyway.

4.6.4 Gas-disk simulation

We carried out a numerical simulation of the interactionhef gas component of the inner disk
with a low-mass companion in an eccentric orbit. This is dasiag the hydrodynamics module
of the Godunov code PLUTOMignone et al. 200¥ Time stepping is done using a second
order Runge Kutta integrator, while space interpolatiopasformed using the second order
linear TVD approximation. The HLLC approximate Riemanrveolis used for computing the
fluxes through cell interfaces. The geometry is palae (r,¢). Only a segment of the disk
is simulated; the computational domain is givensby [0.2 AU,5.0 AU] and¢ € [0, 2.
The resolution in the radial and azimuthal directior{A., N4) = (256,256) and the grid is
uniform.

The ratio of the companion mass to stellar mass is taken 0 pg.c; /M, = 10.8 - 1073,
The semi-major axis of the companionds= 0.6 AU and the eccentricity is = 0.23. The
disk has a uniform surface density and a scale heighif of ¢,/ = 0.01, wherec; is the
speed of sound. The disk is assumed to cool infinitely fast) shat it is locally isothermal, i.e.
sound speed is constant in time and varies only with radshdce from the central star. The
equation of state is given by = ¢2¥, andc, o< »~°. The disk has a constant and uniform
mass accretion rate aff ~ 5 x 102 M, /yr, chose to approximate the observed value.

For numerical reasons, the disk is only simulated up to aariniistance of 0.2 AU. The
high orbital velocity of the gas at locations close to the éta oc »—-5), specifically the inner
edge, determines the time step for the time evolution of itmelation. Extending the disk up
to an inner distance & - 102 AU would increase to computational time to prohibitive \esu
The choice of computational domain means that the compa@ani-major axis is very close to
the inner boundary, therefore the location of the inner exdglee gap can be slightly artificially
increased (the Hill radius of the companioruat 0.6 AU, which approximately determines the
extend of the gap, is, = 0.09 AU, which is in good agreement with our simulation). However
the broad features of the gap, and the excitation of eccémgtin the disk remain valid.
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Figure 4.20 shows a snapshot of the surface density of the simulatiar a&5 orbital
periods of the companion have elapsed. A non-axisymmediichgs been cleared by the low-
mass companion due to its orbital eccentricity. In addjtitre outer rim of the gap shows a
locally but not uniform increase in surface density and dgngves are created along the disk.
Because of the cut at 0.2 AU we are not able to identify gasghvimight be locally accumulated
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Figure 4.20: Logarithmic plot of the surface density aftgb drbital periods of a 25 lylcom-
panion located at 0.6 AU on an eccentric orbit. See text fptamation. Computation by A. L.
Uribe.

in this region due to the companion-disk interaction. Tfare we can only speculate about
the cause of the observed 53.3 d variability of the seleétexidample accretion tracers (see
Sec.4.5). Under the assumption of magnetospheric accretion, wddaexpect a pure inner
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gaseous disk ranging betwegn10~2 and 0.3 AU (as discussed in Sdc5.3. The low-mass
companion may redistribute the gas alen@.3 AU, and, therefore, producing a dense and hot
region. lIts rotation and different visibility due to geomeal effects may cause the observed
variations with a 53.3 d period in the accretion tracer lines

However, the non-axisymmetric gap and rotating densityupeations may be a reachable
target for NIR interferometry. On a 100 m baseline strucutewn to 1 AU at 150 pc can
be detected ir-band. Multi-epoch closure phase measurements and spewr of the By
line makes HD 142527 an ideal target for AMBER. Detectioneriqdicities and co-rotational
features in these measurements could lead to an indepebdémtdirect detection of the com-
panion.

4.7 Conclusions

We have analyzed in total 119 optical and NIR high-resofusipectra. FronkV measurements
we discovered a 114.5 d period, which can be assignedigiai = 8.5 + 1.0 M low-mass
companion on an eccentric orbit with= 0.23 and with a smeimajor axis af = 0.60+0.01 AU
around the 4 Myr young Herbig star HD 142527. The N?R measurements were used to val-
idate the observed signal in the optical measurements. [plastometric measurements we
found a significant period of 1.21 d, which is consistent wit& measured projected rotational
velocity of v sini = 5043.5 km s~ andi ;. under the assumption of perpendicular alignment
of the stellar rotational axis with respect to the mid-plafieche disk. We used the measured
inclination angle of 4, = 20° 4= 10° of the circumstellar disk to estimate the true mass of the
companion tan = 25 + 6 My making HD 142527 b to be one of the most massive planets or
lowest mass brown dwarfs detected so far. In addition, we ld@termined a full set of stellar
parameters for HD 142527, independent from previous tileeavalues.

To verify that the 114.5 d period is not caused by any actikétated feature in the disk, we
analyzed Ca Il K and H, H, HS, Hv, Hé, He | at)\5876&, Na | D doublet, and Ca Il at
284984 and \86624, which are known to be accretion tracers, for changes iritieeprofile
and periodicity. The line profiles show red and blueshiftedaaption features, varying with
time. These features are a clear indication of materialliafed outflows, respectively. We
found a 53.3 d period present in the equivalent width measeinés of our line sample, which
corresponds to a Keplerian radial distance of 0.3 AU fromstlae. The cause of this period is
unclear. A simulation of the gaseous disk did not show a lpainser region at 0.3 AU but
revealed the presence of a gap and density waves in the iiskasfdHD 142527. We speculated
about a possible magnetospheric accretion process. Aatexgtifunnel flow might be able to
form at3 - 10~2 AU if a magnetic field of at least150 G would be present. This requires an
extension of the gaseous disk dowrstol0~—2 AU. So far, no magnetic field measurements are
available for HD 142527. Without magnetic field measuremeamd detailed modeling of the
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observed line profiles the accretion process remains unclea
HD 142527 b is the first low-mass companion discovered araufdrbig star so far and it
is also by far the youngest companion detected by the RV igobr{Fig.4.21). Previous ob-
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Figure 4.21: Age distribution of all exoplanet host stafsafie of host star is known) as of
February 19, 2012. Controversial or rejected planets areoluded. Data are extracted from
the exoplanet database Bghneider et al2011). The position of HD 142527 is marked by an
arrow.

servations and measurementsMarhoeff et al.(2011) indicate the presence of more planetary
or stellar bodies around HD 142527. The age, mass, distandegccentricity of HD 142527 b
are a test and challenge for current planet formation models



Chapter 5

PRIMA FSU-A as a Fringe Tracker for
MIDI

Abstract We report first results obtained from observations using &WPPR-SU (Fringe Sen-
sor Unit) as a fringe tracker for MIDI on the VLTI when operggiwith the 1.8-m ATs. Inter-
ferometric observations require the correction of theudixince in the optical path induced by
atmospheric turbulence (piston). The PRIMA FSU is able topensate for such disturbances
in real-time which makes it a suitable facility to stabilthe fringe signal for other VLTI instru-
ments, like AMBER and MIDI. Currently, the atmospheric caree time in theV-band (8 to
13 um) observed by MIDI, as well as the thermal background inlaisd, require a minimum
target flux of 20 Jy and a correlated flux of 10 Jy (in PRISM/HIGHNSE mode and using
the ATs under standard conditions) to allow self-fringgcking and data reduction. However,
we show that if the fringes are stabilized by the FSU-A, tredjtion of N-band phase delay
and group delay froni’-band data allow a reliable data reduction even for the ohsien of
faint targets £to.r, v < 10 Jy) with MIDI at standard detector exposure times. We wete ab
to measure correlated fluxes down to 0.5 Jy, which pushesutinent limits of MIDI down to
regions where numerous new targets become accessible oriTA€sobservational tests done
so far and the obtained results represent a first step towdnrase Referenced Imaging with the
VLTIl in the mid-infrared.

Parts of this chapter were published intiller, A., Pott, J. U., Morel, S., et al., 2010,
Proceedings of SPIE, Optical and Infrared Interferometrywbl. 7734
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5.1 Introduction

This part of the thesis covers the setup, observationsredtection, and first results from a new
observing mode available at the Very Large Telescope kranieter (VLTI). We present ob-
servations carried out with the Mid-infrared Interferoneinstrument (MIDI) in combination
with PRIMA FSU-A, which is a newly availabl& -band fringe tracker and part of the PRIMA
facility. The aim of these observations were not primardieatific related but to demonstrate
the new capabilities available with this MIDI + PRIMA FSU-Aade. Therefore, this chapter
describes and presents rather technical aspects, whidgmpoetant for operation for this very
new observing mode at VLTI. We assume that the reader isitamilth the concept of interfer-
ometry and refer to the reviews and text bookd.aivson(2000; Quirrenbach(2001); Haniff
(2007); Glindemann(2011), which provide comprehensive and detailed informatiotits ve-
spect to optical interferometry.

This chapter is organized as follows. In SBd..1to 5.1.3we describe the two used interferom-
eters and the principle setup. The observations, includingbserving sequence, is presented
in Sec.5.2 The different and new reduction procedures and their i@lim is described in
Sec.5.3and5.4 The results of the different data reduction processes asdreed correla-
tion between several environmental parameters are pezsenSec5.5. Because the usage of
MIDI + PRIMA FSU-A s still experimental, we provide a list séquirements for a full im-
plementation at the VLTI in Se&.6. The discussion and conclusions can be found in S&c.

5.1.1 MIDI

MIDI (the MID-infrared Interferometric instrument,einert et al.(2003) on the Very Large
Telescope interferometer (VLTI), is a two beam Michelsopetynterferometer, i.e. the two
beams are superposed coplanar. Fidguleshows MIDI inside the VLTI laboratory. Its optics
are mounted on a so calledarm and cold optical bench The warm optical bench consists
mainly of calibration units (blackbody source, referentatgs) and roof mirrors mounted on
Piezo stages, which act as an internal instrumental DL amdised to scan through the inter-
ferometric signal (fringe). The cold optical bench consisa dewar, which cools the optics
and detector mounted inside, down to 5 K to 40 K in order to seggpthermal background
from the instrument itself. The dewar is the metallic camaivisible in Fig.5.1 Inside the
dewar a filter-wheel, dispersive elements, beam-splitter,oeam combiner, and the detector
are mounted. A schematic optical layout is presented inF=8).

MIDI produces dispersed fringes in tiié-band over a wavelength range from 8 to;a&. The
mid-infrared wavelength range traces especially the destyronment around stellar sources
and makes MIDI suitable for the observation of a wide rangebgdcts like active galactic nuclei
(AGN), circumstellar and accretion disks around youndat@bjects (YSO), and envelopes of
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Figure 5.1: The MIDI instrument. Image courtesy ESO.

Wolf-Rayet stars, Luminous Blue variable, B[e] supergamGB stars, and post-AGB stars.
In addition, the study of the mineralogy, composition, dmel geometrical distribution of such
dusty environments are possible using ¥and. Therefore, the targets are very red, i.e. their
SED peaks at infrared wavelengths. The MIDI instrument temsively used since it was of-
fered in 2004, resulting in more than 110 refereed journt&las so far, making it the world’s
most prolific interferometric instrument to date.

A prism providing a resolution aR=30 and a grism providing a resolution 8£230 at\=10.6m
are the available dispersive elements. MIDI has two obsiervanodes depending on two beam
splitters in front of the beam combiner which reflect 30% af thcoming light into photo-
metric beams which allows to measure the interferometgoaisimultaneously to the photo-
metric flux. This mode is called “science-photometry” (SB®T) but is not of concern for
MIDI + PRIMA FSU-A observations because the required “ctingpt will cause periodic
fringe losses of FSU-A. If the beam splitters are not inggréd incoming light is directly send
to the beam combiner and is called “high-sense” mode (theerobihterest here).

Chopping is the is a standard method to remove backgroumd ifrages. The M2 mirror of the telescope is
periodically tilted. Therefore, the instrument takes feanfrom the target source and the sky.
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Figure 5.2: Schematic optical layout of MIDI. Image couyt€h. Leinert, MPIA.

The most recent (as of ESO Period 90) official required mimmrtarget flux for MIDI
in HIGH_SENSE mode when observing with the 8-m unit telescopes (UT)&m auxiliary
telescopes (AT) are:

o UTs: Prism: kot vy >1Jy / Reorr, v >0.2 Jy, Grism: ke y >3 Jy
o ATs: Prism: Fot v >20 Jy / Rorr,vy >10 Jy, Grism: ke ;v >30 Jy

These limits arise mainly from the thermal background inthband and guarantee self-fringe-
tracking and data reduction. In addition, differential mantof the pupil might be a limitation
as it causes a varying background o sec timescale.

5.1.2 PRIMAFSU

In 2008 the installation and commissioning of the PRIMA (&&eferenced Imaging and
Micro-arcsecond AstrometrQQuirrenbach et al. 199®elplancke et al. 20Q@elplancke 2008
dual-feed facility at VLTI started and is still ongoin&¢hmid et al. 2010 Once fully opera-
tional, PRIMA will be used for faint-object observatioridijller et al. 2010, phase-referenced
imaging using AMBER and MIDI, and narrow-angle astrometrgynhardt et al. 2008.
PRIMA comes with four sub-systems: the fringe sensor uril{FSahlmann et al. 2009
2010, the star-separator module (STSijenhuis et al. 2008 differential delay lines (DDL,

2If PRIMA serves as fringe tracker for MIDI or AMBER or if its sl for phase referenced imaging, PRIMA
acts as dacility as part of the VLTI infrastructure. In the astrometric moERIMA, including its subsystems, is a
stand-alonénstrumentand is called PACMAN (PRIMA Astrometric Camera for Microeaecond AstroNomy).
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Pepe et al. 2008and the internal laser metrologgc¢huhler 200). The latter three sub-systems
do not play a any role here and will not discussed further.aFaetailed description we refer to
the provided references.

The PRIMA FSU consist of two identical interferometers (FBlAnd FSU-B) working in
K-band. Figures.3 displays the schematic optical layout of one FSU with itsrmaptical
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Figure 5.3: Schematic optical layout of PRIMA FSU. See text details. Adapted from
Sahlmann et al2009.

elements. The two telescope beam&ltjand, B1 and B2) enter the FSU on the left sight in
Fig. 5.3 After passing motorized stages (s), which are used to lileckheams or to insert glass
plates for the longitudinal atmospheric dispersion cdaeinto the light path, the beams going
through an alignment and compensation unit (ACU). The ACbis@is of flat mirrors (M2)
mounted on piezo tip-tilt platforms, which are mounted onatarized translation stage. One
beam (here B2) will then go through an achromatic phaseest{fi-prism,Mottini et al. 2005
and experience a phase shift of9betweenp- ands-polarization (three reflections inside the
K-prism). The second beam (here B1) is send through a silmekbn order to compensate
for differences in OPL between B1 and B2 caused by the raetafd®2. The beam combiner
(BC), which is also a 50/50 beam splitter, superimposes bettims. The two beams (now
superimposed by B1 and B2) are send to polarizing beamespli(PBS) through the metrol-
ogy dichroics (M4). The PBS separate theand s polarization components of each beam
from the BC. This results in four beams (A,B,C, and D), which aow separated by 90in
phase with respect to each other. Each beam is now injediediimgle mode fibres (g), which
enter a cryostat containing dispersive elements and adoadrant (ABCD channel) infrared
detector (d). Each channel consists of five pixel over whieeeehtire X -band gets spectrally
dispersed, which allows the measurement of the group d&lalya more detailed description
of the individual FSU components and its current perforneame refer tdviottini et al. (2005);
Sahlmann et al2009 2010; Schmid et al(2010.

For clarity, the so called ABCD principle (spatial phasdtsig) is presented in Figh.4. Before
the two beams enter the BC, the spatial component of thereheagnetic field can be written
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as

(5.1)

wherep ands denote the polarization of beam 1 and 2. After passing thei@lttze PBS each
of the four beams can be expressed as linear superposititre afitial signals of Eqn5.1
Additional phase shifts of the beams of90ccur at the reflections inside the BC and PBS and
have to be taken into account. From Figusel we see that channel A is a superposition of the
transmittedp-polarized beam 1 and the reflectgpgbolarized beam 2, which has an additional
phase shift of 90 Channel B is a superposition of the transmitsgablarized beam 1 and the
reflecteds-polarized beam 2 and so on. We can write the resulting sopedpsignals as:

BA(@) ~ Byt (T) + By (@)e /2 ~ 71 . ik tn/2

f) + E82(x)e—i7r/2 ~ e—iEa‘:’ + e—iEf-i—w (52)

S|
Sy
@

2
@
i

The detected intensity per channel is then:

Ia ~ |BA@)? ~ 2 (1 —l—cosg)
Ig ~ |Ep(Z)]> ~ 2(1 + cos ) (5.3)

Thus, the detected intensity per channel is shifted 5y 90

[
acll{or‘r‘latic Beam 2 lB | O, =D, + /2
A/ s, +ps, |
light Hgoes |:|""” i \ % _—— s |
from T, L 5, + ps, P+ op,
J W A
BC PBS ! @,
S N VAVA
compensator E C
ligh
e e
; I
I
Beam 1 D——> i
|
A @, =D, + 32
2

>

Figure 5.4: Working principle of the ABCD algorithm and iteplementation in the PRIMA
FSU. See text for explanation. Adapted fr&ahimann(2007).
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5.1.3 MIDI + PRIMA FSU-A

The design and sensitivity of the PRIMA FSUs allow to estenaftphase delay and group de-
lay in real time in order to correct for atmospheric turbalereffects (“piston”) which causes
random variations of the optical path difference (OPD). Bperation and sensitivity in the
K-band makes the FSU an especially suitable fringe trackeMi®! compared to FINITO
(Le Bouquin et al. 2008which is anH -band fringe tracker at VLTI. FINITO has a point source
sensitivity of H = 5 mag on ATs which typically delivers enough photons\irband for stan-
dard MIDI self-fringe-tracking operation. Also, the prebi of MIDI+FINITO is the usually
over-resolved diameter iff-band compared t&V-band. Using PRIMA FSU with MIDI allevi-
ates this problem.

Figure 5.5 shows a schematic view of the VLTI laboratory as it is confeguwhen MIDI is
used with PRIMA FSU-A in single-feed, on-axis mode. Thegetmes, here the 1.8m auxiliary
telescopes AT1 and AT2, send the light to the main delay liée M12 mirrors send the light
beams into the interferometric laboratory where they pgasstitchyard which brings it on the
designated beam paths. A dichroic mirror in the light patidseheN-band to MIDI while the
near infrared part of the light passes the dichroic mirratoher dichroic mirror on the PRIMA
bench send thé/-band to the IRIS tip-tilt corrector@itton et al. 2003 while the K-band goes
to FSU-A.

During several PRIMA commissioning runs several nightstéital 10 full nights) were ded-
icated to test the MIDI + PRIMA FSU-A single-feed observingae (on a back-up basis
without impacting the higher priority commissioning taskeéere PRIMA FSU-A is used as
a fringe tracker for MIDI at the ATS “First light” of the MIDI + PRIMA FSU-A mode was
obtained in the night of July 23rd, 2009 (Fi.6). Figure5.6 shows a part of the MIDI real
time display visible during observations. Each verticaélcorresponds to the average Fourier
transform of the frames of the same scan of the channeledrgpeand the horizontal axis
of the plot can be interpreted as a time axis. Therefore, angf@low by eye the change in
OPD (and therefore of the change in group delay, too) witketiFigures.6a) shows the signal
of a typical observation when MIDI is operated without aneemal fringe tracker. The scatter
in time caused by the atmospheric piston turbulence islgle@ible. The situation changes
dramatically when FSU-A as a fringe tracker is used and timgdrsignal gets stabilized by
FSU-A (see Fig5.6b)) where a more substantial portion of the atmospheriopisirbulence
get corrected. Typical group delay variations for MIDI “a& are~30 - 35um, which have to

3The data recorded during the commissioning of PRIMA haversévrawbacks. A regular laboratory calibra-
tion of FSU-A was not carried out, which results in unknowragd shifts and wavelength calibration. Therefore,
a post processing of the FSU-A data with respect to GD and Rintipossible. Hence, a proper reduction of
MIDI+PRIMA data is not possible. In addition, a fibre of FSUiAside the FSU cryostat was broken, causing
significant flux losses. The intervention to fix this problemok place in March 2011. All these reasons make a
homogeneous reduction and comparison of MIDI + PRIMA FSU-#achot possible. Therefore, we only present
data from the official MIDI + PRIMA FSU-A run (ID: 087.C-0824)
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Figure 5.5: Schematic view of the VLTI laboratory configisatwhen MIDI is used with
PRIMA FSU-A in single-feed, on-axis mode. The light path floe two beams are colored in
blue and pink.

be corrected when reducing the data. Using FSU-A as a friag&er the group delay residuals
in N band can go down to Am.

The observations aimed to test the current VLTI environnferdluding hard- and software,

it A d W VM a0 il Vg ] R T ——

Figure 5.6: First light of the MIDI + PRIMA FSU-A mode on HD 1842 (Altair) in the night
of July 23rd, 2009. Snapshot of the MIDI real time displayiblis during observation showing
the average Fourier transform of the frames of the same dctre @hanneled spectrum for
MIDI without (a) and with (b) fringe tracker. The gaps vighh the right plot (b) are periods
where FSU-A lost the fringe.

VLTI setup, observing templates, overall functionality) when PRIMA and MIDI are used
together. In addition, it was tried to retrieve estimatidmsthe limiting magnitudes (IRIS in

H-band, PRIMA inK-band, MIDI inN-band).

Results from these observations were partly publishechdutie SPIE conference “Optical
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and infrared Interferometry 1I”"Nllller et al. 2010. The success of this mode with respect of
higher sensitivity and overall improved data quality forDMkesulted in a “technical” proposal
where three full nights on the ATs were approved. The run veag successful concerning
the observations. Sophisticated data reduction and asadystill ongoing and can only partly
presented in this document (S&2to Sec5.5).

5.2 Observations

The observations were carried out under the observing ID@8824. The nights were pro-
vided by the MIDI science group in the course of the MIDI GT@gmam. Originally, the
observations were scheduled for September 17 to SepterabBuk to failures of IRIS related
hardware at the beginning of the first night, which could retrépaired, the run resulted in a
100% loss. The observations were rescheduled Novembemidviember 30, 2011. Our target
list included 18 objects. The sample consists of variousaibjranging from simple calibrator
stars to binary stars, Herbig Ae/Be stars, and an AGN. ot N-band fluxes ranging from
111 Jy down to 2.36 Jy. Tabk1 lists all objects with their main properties. In additione w
list for each science target the corresponding calibratr ssed in this observing run. For
clarification: we denote the designation “science” for ¢asg which are not a MIDI calibrator
star and are used to demonstrate effects on, e.g. corrdélaxatieasurements.

The used instrumental setup of MIDI was a standard one, hetetwere no extra modifica-
tions on the software side. Only the keyw@#L. FT. SENSOR, which defines the used fringe
tracker for MIDI, was changed to the vall&SUA in the template. This is a necessary step to
prevent MIDI sending offset commands to the main DL. All alvaéions were carried out using
MIDI with the prism in the so called HIGEBENSE mode. For bright objects, i.B..., > 10 Jy,
8000 frames were recorded for each observations. For fajetts with expected correlated
fluxes Fiorr < 10 Jy we used up to 32 000 frames.

A calibration of FSU-A during day time was carried out duritihg first two days. The cali-
bration is needed to define the wavelengths and phase shétch pixel and each quadrant,
respectively. Due to technical tests till sunset by the dag staff it was not possible to execute
a calibration for the third night. From previous commis&ignruns it is known that the cali-
bration values do not change on a timescale of several déysefore, we used the calibration
values derived on the second day for the reduction of theatzsitaned in the third night.

After each preset of the telescopes we executed a sky daibia FSU-A and beam opti-
mization. The sky calibration consists of recording fladehnd background images, which are
necessary for the later reduction process. It depends off thand brightness of the star and
the used DIT of the FSU. By default, the used DIT is set to 1 m4 (kHz). This value has to
be adjusted for faintek -band targets. FaKk = 6 mag on the ATs, the DIT has to be increased.
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For faint science sources and when the weather conditieen@ and coherence time) allowed
it, we increased the DIT to 10 ms (or 100 Hz). The correspandalibrator observations were
then also carried out with the same DIT to ensure same conditind comparability. For all

science observation we observed at least one calibratoftstaobserving log is presented in
Table5.2, including baseline properties and environmental cooialgti



Table 5.1: Targets observed during the MIDI + PRIMA FSU-A atving run.

1) (2 (3) 4) (5) (6) ) (8) 9) (10) (11)
Target Type RA(J2000) Dec (J2000) V* H® K¢ Fiot(9uum) o Calibrator Remarks
[hms] L [mag] [mag] [mag] [yl [mas]
HD 1014 Cal 00:14:27.6 -07:46:49.9 5.2 0.8 0.6 42.35 4.619 -
HD 1522 Cal 00:19:25.6  -08:49:26.5 3.6 1.1 1.0 27.32 3.272 -
HD 16212 Cal 02:36:00.1 -07:49:53.6 5.6 1.4 1.2 19.43 3.110 - -
NGC 1068 Sci 02:42:40.7 -00:00:47.8 8.9 6.3 ~9 16.5 - HD 16212 Seyfert 2 galaxy
RY Tau Sci  04:21:57.4 +28:26:35.6  10.2 6.1 5.4 12.28 - HD 2763 classical TTS
HD 27639 Cal 04:22:22.7 +20:49:16.9 5.9 15 1.4 19.50 3.080 - -
HD 28305 Cal 04:28:37.0 +19:10:49.5 3.5 1.3 1.4 17.90 2.610 - -
HD 36167 Cal 05:29:44.0 -01:05:32.1 4.7 1.0 0.8 27.31 3.660 - -
6 Ori A Sci 05:32:00.4 -00:17:56.7 2.2 3.0 3.9 3.05 - HD 36167 naby? , p =325 mas, PA=133
B Pic Sci  05:47:17.1 -51:03:59.4 3.9 35 35 3.22 - HD 53047,58B10 planet-hosting star
HD 50310 Cal 06:49:56.2 -50:36:52.4 2.9 0.5 0.3 47.60 4.490 - -
HD 50778 Cal 06:54:11.4 -12:02:18.9 4.1 0.8 0.6 34.85 3.907 - -
HD 53047 Cal 07:00:51.5 -51:24:09.2 5.2 1.1 0.8 31.27 3.940 - -
HD 53179 Sci  07:03:43.2 -11:33:06.2 9.9 5.2 3.8 111.00 - HD780 Z CMa, HAeBe star, binafty
HD 83618 Cal 09:39:51.4 -01:08:34.1 3.9 1.0 0.9 27.79 3.362 - -
HD 92305 Cal 10:35:28.1 -78:36:28.0 4.1 0.6 0.4 49.35 4.860 - -
HD 100546 Sci 11:33:25.4  -70:11:41.2 6.8 6.0 5.4 38.47 - HB0S92 HAeBe star
24 Psc Sci 23:52:55.5 -03:09:19.7 5.9 3.8 3.7 2.36 - HD 10D416R22 binaryf, p =43 mas, PA=241

Notes.The columns are: (1) the name of the target; (2) calibratsc@nce observation; (3) right ascension; (4) declina{i®nl’ -band magnitude;
(6) H-band magnitude; (7X-band magnitude; (8)\KARIphotometry abum (Ishihara et al. 2010 (9) diameter of the stellar disk of the calibrator
star; (10) corresponding calibrator star for the scienmgeta(11) remarks.

(a) Values taken from the database provided by Roy van Boeke database is distributed together with the MIA+EWS sofeysackage.

() Estimatedk -band magnitude as we only track on the core of the galaxy\&ttkowski et al.(2004; Weigelt et al.(2004. (©) Photometry at

A = 12 pm from Tristram et al(2009. (9 Values for separation and position angle fritaiz Apellaniz(2010. (¢) SeeKoresko et al(1991).

() Values for separation and position angle frdtason et al(2010.
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Table 5.2: Overview of the observations of the MIDI + PRIMAWA run.

o @ ©) 4 ®) (6) M (C) ) (10) 11) (12 (13 (14) (15) (16) (@17)
#  Target Date UT  Station u v BL PA Vinodel” Vinodel” frsu  DITiris  Airmass Seeing 7o RH
[hm] [m] [(m  [m] [ at22um atlQum [Hz] [ms] ("1 [ms] [%]
1 HD1014 2011-11-28 00:59 Al1l-B2 -9.80 492 1097 296.7 0.98 .001 1000 2 1.054 0.71 591 11
2 24Psc 2011-11-28 01:18 Al-B2 -9.02 477 10.20 297.9 0.11 93 0. 1000 10 1.126 1.03 407 12
3 HD16212  2011-11-28 02:21 Al-B2 -10.35 457 1131 2938 909 1.00 1000 2 1.052 0.85 4384 21
4 NGC1068 2011-11-28 02:44 A1-B2 -10.26 450 11.20 293.7 - — 00 1 2000 1.102 1.08 539 21
5 HD16212  2011-11-28 03:06 A1l-B2 -10.00 4.84 11.10 2958 909 1.00 100 2 1.047 1.08 356 21
6 HD1014 2011-11-28 03:30 Al-B2 -557 5.64 7.93 3154 0.99 001. 1000 2 1.451 164 235 22
7 24Psc 2011-11-28 04:04 Al-B2 -3.32 5.03 6.03 326.6 0.99 0 1.0 1000 10 2.046 1.46 265 22
8 HD28305 2011-11-28 04:33 Al1l-B2 -1024 3.69 10.89 289.8 01.0 1.00 1000 3 1.386 1.39 283 20
9 HD16212  2011-11-28 05:18 Al1l-B2 -6.84 5.52 8.79  308.9 1.00 .001 100 3 1.288 0.81 480 20
10 HD36167  2011-11-28 06:25 Al1l-B2 -9.61 457 1064 2954 909 1.00 1000 6 1.109 0.69 569 22
11 0O0riA 2011-11-28 06:44 Al-B2 -9.26 452 10.31 296.0 0.98 0.57 1000 7 1.134 0.80 484 22
12 HD36167  2011-11-28 07:05 A1l-B2 -8.77 4.60 9.91 297.7 0.99 1.00 1000 2 1.163 096 398 21
13 §OriA 2011-11-28 07:16 Al1-B2 -8.53 4.53 9.66 298.0 0.73 0.56 o0 7 1.188 1.10 349 21
14 HD50778  2011-11-28 07:31 Al1l-B2 -9.89 5.06 11.11 297.1 909 1.00 1000 2 1.030 1.01 3.77 20
15 HD53179  2011-11-28 07:58 A1l-B2 -9.61 519 10.92 2984 - — 0001 100 1.042 181 272 22
16 24 Psc 2011-11-29 02:31 A1-DO -26.36 -22.81 3486 229.1 750. 0.62 1000 10 1.335 1.19 321 20
17 HD 1014 2011-11-29 02:51 A1-DO -26.44 -22.13 3448 230.1 .860 0.99 1000 3 1.281 1.09 315 26
18 HD16212  2011-11-29 03:12 A1-DO -26.13 -24.04 3551 227.40.93 1.00 100 4 1.051 121 283 19
19 HD27639  2011-11-29 03:53 A1-DO -23.04 -16.55 28.37 234.30.95 1.00 1000 4 1.450 1.38 245 18
20 HD27639  2011-11-29 04:12 A1l-DO -24.09 -17.19 29.59 234.50.95 1.00 1000 4 1.431 125 269 17
21 RYTau 2011-11-29 04:55 A1l-DO -26.10 -16.73 31.00 237.4 - — 1000 100 1.673 1.12 295 17
22 HD50778  2011-11-29 05:36 A1l-DO -19.31 -26.71 3296 215.90.90 1.00 1000 4 1.098 111 293 18
23 HD53179  2011-11-29 05:57 A1l-DO -20.35 -26.37 33.31 217.7 — - 1000 100 1.082 0.68 483 18
24 HD50310  2011-11-29 06:17 A1l-DO -22.72 -26.32 34.77 220.80.86 0.99 1000 4 1.125 095 337 18
25 [ Pic 2011-11-29 06:30 A1-DO -26.43 -19.67 32.95 2334 - - 100010 1.123 0.80 4.00 18
26 HD50310 2011-11-29 06:46 A1l-DO -24.44 -24.00 3426 225.50.86 0.99 1000 4 1.114 0.77 410 18

8

IAIN 04 d3MOVHL I9NIdd V SV V-NSd VINIAC 'S



Table 5.2: continued.

o @ ©) (4) ®) (6) M (C) ) (10) (11) (12 (13 (14) (15) (16) (@17)
#  Target Date UT  Station u v BL PA Vinodel” Vinodel” frsu  DITiris  Airmass Seeing 1o RH
[hm] [m] [(m  [m] [ at22wm atlQum [Hz] [ms] ("1 [ms] [%]
27 HD53047  2011-11-29 07:01 A1l-DO -24.65 -23.51 34.07 226.40.90 0.99 1000 4 1.121 096 330 19
28 HD83618  2011-11-29 07:44 A1l-DO -1599 -23.65 2855 214.10.95 1.00 100 3 1.273 0.83 3.73 19
29 HD92305 2011-11-29 08:28 A1l-DO -14.82 -26.97 30.78 208.80.87 0.99 1000 4 1.793 1.04 295 24
30 HD1014 2011-11-30 00:46 B2-DO -16.25 -28.94 33.19 209.3 .870 0.99 1000 2 1.051 2.02 184 17
31 HD1522 2011-11-30 01:26 B2-DO -17.72 -28.66 33.70 211.7 .930 1.00 1000 3 1.074 153 250 18
32 24Psc 2011-11-30 01:46 B2-DO -19.05 -27.92 33.80 214.3 90 0. 0.40 1000 10 1.198 1.78 210 20
33 HD1014 2011-11-30 02:03 B2-DO -18.94 -28.13 3391 214.0 .860 0.99 1000 2 1.151 1.28 295 20
34 24 Psc 2011-11-30 02:24 B2-DO -19.53 -27.75 33.93 215.1 94 0. 0.42 1000 10 1.321 111 340 18
35 HD 1522 2011-11-30 02:46 B2-DO -19.49 -27.66 33.84 2152 .930 1.00 1000 3 1.250 112 423 21
36 24 Psc 2011-11-30 03:04 B2-DO -19.45 -27.56 33.73 2152 92 0. 0.41 1000 10 1.535 1.37 341 20
37 HD27639  2011-11-30 03:43 B2-DO -12.14 -20.45 23.78 210.70.97 1.00 1000 4 1.460 093 493 20
38 RYTau 2011-11-30 04:03 B2-DO -13.48 -17.61 22.18 2174 - — 1000 100 1.676 0.73 6.19 20
39 HD16212  2011-11-30 04:21 B2-DO -18.86 -28.17 33.90 213.80.93 1.00 100 3 1.143 0.73 6.00 20
40 HD50778  2011-11-30 06:39 B2-DO -13.82 -30.00 33.03 204.70.90 1.00 1000 2 1.028 090 469 14
41 HD53179  2011-11-30 07:11 B2-DO -15.10 -29.65 33.27 207.0 - - 1000 40 1.026 0.72 578 12
42 HD92305 2011-11-30 08:11 Al1l-DO -1351 -27.76 30.87 206.00.87 0.99 1000 2 1.812 0.89 472 12
43 HD 100546 2011-11-30 08:48 A1l-DO -12.25 -30.73 33.09 &01. - - 1000 100 1.600 098 436 13

Notes.The columns are: (1) index number by which an observatiorbedadentified in tables and figures; (2) the name of the obsgesbgect; (3) date;
(4) time; (5) telescope stations; (6) and (i y-coordinates; (8) length of the projected baseline; (9)timssangle of the projected baseline; (10) and
(11) model visibility in K -band for FSU-A and inV-band for MIDI, respectively; (12) FSU-A operation freqegn(13) IRIS DIT; (14) airmass;

(15) seeing; (16) coherence time; (17) relative humidity.
() See Seds.2.2for explanation.
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5.2.1 Observing sequence

Till this day, MIDI + PRIMA FSU-A observations are still céed out in an experimental or
engineering like fashion and requires several steps witualesetup of the system. In addition,
it was our responsibility to configure and use VLTI in a prop&ty. Therefore, we list the

major steps of a typical observing sequence in the followiaglibrations of MIDI and FSU-A

executed during daytime are carried out using standardizeglates and will not discussed
here.

Preparation

Besides a proper configuration of the VLTI from ISS levelréhare following steps which have
to be applied prior to the observation.

e Determination of the offset value, which has to be appliedN®OT1 of FSU-A in order
to compensate for instrumental OPD between MIDI and FSU+e €urrent value is
—9.5-10~% m and could in principle only change after realignment ofittstrument.

e Because of dichroics and their mounts in front of IRIS, whach transparent fak'-band
(to FSU-A) but reflective foiif-band (to IRIS), the position of the MIDI reference pixel
(z = 64, y = 64) on IRIS has to be changed from ISS level. As a rule of thumiitaus
six pixels inz-direction and -12 pixels ig-direction.

e The keywordDEL. FT. SENSOR of the MIDI template has to be changed ESUA to
guarantee that only FSU-A can send offsets to the main DL.

e The IRIS filter is set td<-band by default if the preset is executed from MIDI. Therefo
it has to be ensured that tli&-band filter is set for IRIS otherwise FSU-A will not receive
any light.

Observation

After a successful setup the actual observation is carugdythe following steps (in chrono-
logical order).

1. Preset of VLTI including telescopes and DLs, which hasg@xecuted from MIDI.
2. Start of acquisition, telescope tracking and guidinggelof STRAP loop).

3. Optimization of the telescope focus and initializatidrilab guiding” with IRIS.

4. Optional: check of MIDI pupil alignment, record of acqtie images.

5. Optional: FSU-A: beam optimization (spiral search, beaoking)

6. Execution of FSU-A sky calibration.
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7. FSU-A: fringe scan and its evaluation, optimization off@Pparameters (zero OPD and
SNR thresholds). Standard values for the three SNR levels @tetection level), 2 (close
level), 1 (open level).

8. Start fringe tracking of FSU-A.

9. Data recording of MIDI and FSU-A.

Fringe scan with FSU-A

Depending on the accuracy of the OPD model for a certain pa@l@scope station the position
of zero OPD can change with time and telescope pointing. Toffinges on FSU-A two pos-
sibilities are available. The fist method is running a ZPDraeavhere an increasing sawtooth
pattern (or one dimensional spiral) is performed by thekirag DL until the fringe is detected.
This is relatively time consuming if the position of zero ORINknown. A more efficient way
is to perform a so called fringe scan. Therefor the trackinhgdbives a ramp of a previously
defined range. The detection of the fringe is carried out bgrdime evaluation of this scan.
Currently, we simply compute the flux difference of the whHiggt channels A-C and B-D. The
fringe signal between the channels A and C, and B and D, régglgc have opposite phases
because of 18phase-shifts from channel to channel. Therefore, therdifiee between two
opposite channels results in a fringe signal with doubleglamde. Outside of the fringe only
residual noise is left because the two beams are uncouglgig. 5.7). An estimation of the
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Figure 5.7: Fringe scan ¢f Pic. A ramp of~10 mm was driven by the racking DL and is
called “Full Offset” here. The plots show the subtractedtedight channels A-C and B-D,
respectively. The fringe, visible as a peak like feature athiplots, is clearly detected at a
position ofa~4 mm.



88 5. PRIMA FSU-A AS A FRINGE TRACKER FOR MIDI

central fringe position is derived by finding the maximumlad SNR of the PD measurements,
which is located at 4.040~3 m in this case. Figur®.8 shows a close-up view of Fid.7
around the fringe position. The last step of the evaluatioa fit of a function to the measured

Full Offset [mm]
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Figure 5.8: Close-up view of the detected fringe from thensdde vertical blue line marks the
estimated position of the fringe center based on SNR measunts of the PD.

PD SNR values around the fringe. The function (C. Schmidiapei communication) consists
of two Gaussians and one of them is modulated by a sinus &4nwhich is an approximate
description of the measured PD SNR:

(5.4)

sin(x - Py — Pg)} + Py,

wherex is the current offset position of the tracking DR, and P, are the amplitudes?, and
Pj are the centers, anBs and P are the widths of the two Gaussians, respectivély.and
Py are the frequency and phase of the sinusoidal signal, riasglgc P, is an offset parameter.
This enables us to derive estimates for the central fringgtipn as well as reasonable SNR
thresholds for the OPDC. The open levly Ry, is simply defined by%. The close level,
SN Rejose, IS @approximately defined by

SN Rejose ~ SNRﬁt(x =P - 2P3) (5.5)
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and the detection levef N Ryetect, IS @approximately defined by
SN Rgetect ~ SNRﬁt(x =P - PB) (5.6)

The result of such afitis presented in F3g9. By default, the thresholds for the OPDC are set to
SNRopen = 1, SN Rgjose = 2, aNdSN Rgetect = 5. This fit gives us optimized values for the
SNR thresholdsSN Ropen = 0.7, SN Rejose = 1.9, andSN Rgetect = 6.4. The execution of

12

SNR
o

—4.08 —4.06 —4.04 —4.02 —4.00
Full Offset [mm]

Figure 5.9: Fit (red) of the measured PD SNR (black). Thdaeadrblue line marks the estimated
position of the fringe center. The three horizontal greeedimark the estimated SNR thresholds
for the OPDC of this particular fringe scan, WheS&V Ry, is the lowest,SN Rjos. is the
middle, andS' N Rgetect 1S the upper line.

a fringe scan and its evaluation provides us therefore witmized OPDC parameters, which
guarantee an efficient and optimal fringe track. The SNRstiwkels depend mainly on tHe-
band visibility of the star and the current weather condgialuring observation. The contrast
for objects with visibilities significantly lower than 1 wihave by definition a lower contrast
ratio. Thus, the fringe will appear less prominent with exgyio the flux residuals (see Fhy7).

In case of unfavorable seeing conditiorsging = 1.5 arcsec, the injection of the flux into the
fibres of FSU-A will be degraded because of the limited bathwof tip-tilt corrections send
by IRIS.

5.2.2 Estimation of visibility

In Table5.2we list the expected(- and N-band visibility for simple sources (calibrator stars,
binaries) for a givenBL and PA during observation. MIDI calibrator stars are usually gian
stars with spectral types K or M because they have to be baigihtred sources. Therefore, the
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apparent stellar diameter of these stars reaches valuag ighband visibilitiesVi < 1 are
expected. Thus, a trivial point source model cannot be egpiere but a uniform disk model,
which is the simplest model to describe photospheric eonidsom a star as it does not account
for limb-darkening effects. It is defined by
Jy(mlfs)

v = [p 2

w0f. | (5.7)

whered is the apparent stellar diameter in arcsec #nd= BL/\ is the spatial frequency in
fringe cycles / rad. The expected visibility of a binary gf24 Psc and Ori A) was modeled

by assuming two point sources, which have a separation dedtation given by the values
provided in Tablé.2 (Egn.5.8).

1+ F?2 4+ 2F cos ((27T/)\)§' ﬁ))
1+F ’

V= (5.8)
whereF = F,/F; is the flux ratio between the two staié,is the baseline vector, and is the
separation vector of the two stars.

5.3 Data reduction

The MIDI data reduction of the MIDI + PRIMA FSU-A observat®was performed using two
different approaches, which will be described in the follogvsections.

5.3.1 Reduction using EWS

The first method we used is a coherent data reduction andf@ped using the standard EWS
software packade(Jaffe 2004. We will subsequently refer to this reduction proceduréhas
EWSmethod. The reduction process is already described in detail by Tristram(2007) and
Burtscher(2011). Therefore, we will briefly list the main steps performed this reduction
package. FSU-A data are not taken into account here.

a) Creating masks Computation of custom masks for observed MIDI calibratarsby con-
structing an image of the correlated flux as a function of Weangth and slit position on the
detector and fitting a set of smoothed Gaussian to this imdadges step makes use of the
m di MakeMask command of EWS. An observed science target, which is suppodae faint
here, will use the mask of its corresponding calibrator.

‘EWS is part of the software package MIA+EWS (MIDI Interaetinalysis + Expert Work Station) and is
available for download at http://www.strw.leidenuniy.nevec/MIDI/index.html
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b) Compression Compress MIDI data using customized masks to obtain a 1sioral
spectrum using thei r 1dConpr essDat a command from EWS.

c¢) Form fringes Form spectrally dispersed fringes by subtraction of the itterferometric
channels and suppression of background usingthrd=or nr i nges command from EWS.

d) Instrumental OPD Remove the known instrumental OPD components from the dring
spectra using thei r Rot at el nsOpd command from EWS.

e) Group delay Computation of MIDI group delayZDwipi, using theoi r G- oupDel ay
command from EWS.

f) Remove GD RemoveG Dyp and instrumental OPD from the fringe data using the
oi r Rot at eGr oupDel ay command from EWS.

g) Flag bad data Data, which do not meet certain criteria, especially if éheere jumps in
OPD detected, are flagged as bad frames and will not procésgkdr. This step is executed
by theoi r Rot at eGr oupDel ay command from EWS.

h) Averaging good frames In the final step, all unflagged but phase rotated frames are av
eraged to derive a raw correlated florr, raws USING theoi r Aver ageVi s command from
EWS.

5.3.2 Reduction of MIDI + PRIMA FSU-A data

This reduction method is more complex as it takes the imenfietric i -band data into account.
The aim of this reduction is to predict thé-band GD, PD, and dispersion from tt&-band
measurements by FSU-A. This is in particular a powerful meéttor faint or resolvedV-band
targets where standard reduction methods, su@&VéS can not be successful because of very
low SNR data. Because we make use of the analytical findingsdogsko et al.(2006 we
will subsequently refer to this reduction procedure astbeeskomethod. The reduction steps
presented in the following are implemented in a pipelingtemiin IDL, which also makes use
of the routines provided by EWS.

Preparation

The following steps apply to all observations, i.e. they executed on both bright calibrator
stars and faint science targets.
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Table 5.3: MIDI files with NULL values.

# Target Date Time Nul | at Frame
1 HD1014 2011-11-28 00:59 7173
2 24Psc 2011-11-28 01:18 3922
3 HD16212 2011-11-28 02:21 6551
4 NGC1068 2011-11-28 02:44 5690
7 24 Psc 2011-11-28 04:04 4878
14 HD50778 2011-11-28 07:31 6360
21 RY Tau 2011-11-29 04:55 1531
33 HD 1014 2011-11-30 02:03 2966
36 24 Psc 2011-11-30 03:04 3970
40 HD50778 2011-11-30 06:39 13674
43 HD 100546 2011-11-30 08:48 18440

Notes. For comparison the index number in the first columns refetBeandex number of Tablg.2

NULL time stamps A known problem of the MIDI data are the sporadic appeaifiudy L
values in the timestamps, which are identified to be of ed@dtrorigin of a timing board. This
is problematic for the later synchronization in time of théfMdata with the FSU-A data if not
corrected. This affects also the values “localOPD”, “stegphase”, and “integration time”
present in the MIDI fits files. In addition, the OPD values argiteary values and therefore
wrong because MIDI has no longer control about the dela limeen PRIMA FSU-A is used
as a fringe tracker. Therefore, we replace the OPD valuds zéto and correct foNULL
timestamps. TablB.3lists the foundNULL values present in our data set.

FSU-A Laboratory Calibration The “Lab Calibration” files of FSU-A are reduced and an-
alyzed to get the wavelength and phase-shift values of daatinel, which are needed later in
the reduction process. The reduction is carried out by afselAG LAB routines, which are
also used at the telescope, provided by R. Abuter (privatenwenication).

MIDI Masks Computation of custom masks similar to S&S.1a).

K-band GD and PD Computation of the group and phase delay of each PRIMA FSU-A
fringe track. We use the algorithm describedSahimann et ali2009 (especially Egns. 1 to
10.)

Prediction of N-band GD and PD Computation of group delay{Dcompn), phase delay
(PDcompn), and dispersionQ1S Peomp ) for the N-band usingK'-band GD and PD from
PRIMA FSU-A. We use the approach froKoresko et al.(2006 and do not present a de-
tailed description here because the computation itselfrégghtforward, see Eqn. 9 to 14 in
Koresko et al(2006).



5.3. DATA REDUCTION 93

The K-band GD from FSU-A is filtered by a low-pass Butterworth fibecause the FSU-
A GD tracking happens at1l Hz frequency only. The crucial part for the computationois t
reliable unwrap the<-band phase delay measured by PRIMA FSU-A. J. U. Pott degdlap
sophisticated routine, which is able to identify phase jarapd reliable correct for them. The
basic strategy, which consists of four steps, is briefly dieed in the following:

e ‘“intra-data unwrap”: define and clean-up areas with halhefphases aroundr and,
which belong together. This is realized by comparing theiaretiitered and smoothed
PD values. The filter window is defined by a certain box size.

e unwrapping of individual pixel, where a phase-jump aroumllbcal median is detected
e “inter-pixel unwrap”: unwrap where the local median jumpgsnbore than\/2

e The previous steps might produce blocks of PD values, whiemaapped with respect
to each other. In a last step, the routine applies an “inkounwrap”.

Figure5.10 and Fig.5.11 show exemplary the intermediate steps and the final resutieof
unwrapping algorithm. In case of a perfect fringe track (Bid0), i.e. FSU-A was locked on
the fringe during the entire observation, theband phase delay is a constant value without
any phase jumps. If FSU-A lost the fringe occasionally duyitine observation (this depends
on various parameters such as target brightness and ysibirmass, seeing, coherence time,
used OPDC SNR thresholds), the computed phase delay is amavalue as it is computed
from the flux of the uncorrelated beams during this time. Fdullshows the intermediate
and final unwrapped phase delay for an observation with arfmiii of 90%.

Reduction steps for calibrator stars

To reduce data recorded in the MIDI + PRIMA FSU-A mode, we havedistinguish between
observations of calibrator stars and science targets. lares that the calibrator stars have
correlatedV-band fluxesFi..,; y > 10 Jy, which is the case for our sample. This lower flux
limit guarantees a reduction of the MIDI data independeminfiFSU-A data obtained with the
ATs, which is important for the reduction of science targeith Fi,.. v < 10 Jy. This issue
will be discussed in the next section. For bright calibratars we perform following reduction
steps:

e The reduction steps a) to e) described in $e8.1are performed in a similar way.

e Synchronization of MIDI and PRIMA FSU-A data. The typicalbsimtegration time
of MIDI is usually 18 ms in PRISM HIGHSENSE mode. PRIMA FSU-A is operated
usually with 1 ms and up to 10 ms for faidt-band targets. In addition, the times-
tamps of MIDI are in MJD, the timestamps of PRIMA FSU-A are inicro seconds.
Therefore, we have to express the MIDI timestamps in micasés with respect of
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Figure 5.10: FSU-A observation of HD1014 (#1). The lockaas 100%. The phase delay
appears as a smooth constant line without any jumps.

the start of file recording of PRIMA FSU-A. In additiony20 PRIMA FSU-A frames
were recorded during one MIDI exposure. These frames ardifigel and the values
(PDcompnNs GDcompn, and DIS Peompn) averaged. This depends also on the OPDC
state of PRIMA FSU-A, i.e. if FSU-A locked on the fringe dugia MIDI integration or
not. We use the information of the OPDC state to flag the MIDada

e The offset of G Dcomp is then fitted toG' Dvipi, which was measured in step e). This
information is needed later for faint science targets.

e Remove the group delay Dcomp v derived fromK -band data using the
oi r Rot at eGr oupDel ay command from EWS. In addition, we provide the routine a
phase file containing the previous determinedS Feomp v from the K-band data. This
corrects for changes of the water vapor dispersion phaseiivtband.

¢ In the final step we average all unflagged but phase rotatesefdogether to derive a
raw correlated fluxFcorr, raws USING theoi r Aver ageVi s command from EWS.
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Figure 5.11: FSU-A observation of HD1014 (#30). The lockordd 90%. The phase delay
measurement shows several jumps and drifts, which are prwpadled by the unwrapping

algorithm. Data where the OPDC state of FSU-A was not in Statee removed and appear as
gap in the plot.

Reduction steps for faint science targets

e The first four steps are identical to that of SB@3.2 The only difference is that we use
the custom made masks from the calibrator stars for thegmoraling science source.

o If the science source has a correlated flgg ;v <10 Jy we cannot determine thé-band
group delay using standard methods and therefore, we cdpt@imine a mean position
of GDwmipi . We useP Deomp N+ G Deomp Ny DI1S Peomp N, @nd apply the determined offset
from the corresponding calibrator observatiorGtdcomp v -

e Remove the group delay Dcomp v derived fromK'-band data using the
0i r Rot at eGr oupDel ay command from EWS. In addition, we provide the routine a
phase file containing the previous determin@dS FPeomp v from the K-band data. This
corrects for changes of the water vapor dispersion phaseiN tband.
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¢ In the final step we average all unflagged but phase rotatesefdogether to derive a
raw correlated fluxFcorr, raws USING theoi r Aver ageVi s command from EWS.

5.4 Calibration

After describing the reduction process of calibrator aridrexe data, we will now describe the
necessary steps to derive calibrated correldfedand fluxes,Feor, cal Without any photom-
etry taken during the observation. From the previous rednigirocess we obtained the raw
correlated amplitude of the calibrator stars and sciengets, Fiorr, raw

5.4.1 Construction of the Transfer Function

From a calibrator database (“vanBoekel database” availablIEWS provided by Roy van
Boekel, it contains data to 789 calibrator stars) we knowabgarent stellar diametet, and
the N-band spectrophotometry of the calibrator sour€g;. In addition, the projected base-
line, BL, can be computed from the coordinates of the used teles¢apiens and observing
time. From these values we can compute a theoretical Vigjbifnoge, USINg a uniform disk
model (see Se&.2.2). The theoretical correlated flux that can be expected fiwarcalibrator
star is computed b¥orr, model = Vmodel - Fiot. The transfer function of each night;#, can
be know computed b¥'F' = Fiorr, raw/ Feorr, model Figure5.12 shows thel'F's for all calibra-
tors (lines in light blue Koreskg and light greerEWS observed during the three nights of the
MIDI + PRIMA FSU-A observing run. We constructed a méah by averaging the individual
TF's, which is valid during a “stable” (with respect to weathenditions) night. The error bars
are derived by computing the standard deviation of dlls for each individual night.

5.4.2 Calibration of Fior raw

To obtain calibrated correlated fluxes we finally only needdmputeFcor, cai= Feorr, raw/ T F -
This applies to calibrator stars and science targets. Tairolotlibrated visibilities (which is
not strictly required for most science cases) one need pieitec information of the science
source. Because the quality of the photometric Mband data from the ATs is generally
poor (small FoV, limited sensitivity due to small light cattion area), one could use data from
other sources, such as TIMMIZpitzer VISIR, amongst other sources (successfully applied in
Muller et al. (2010). However, this assumes that the science source is phoioally stable
between the time where the interferometric and photomdaia were recorded.
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Figure 5.12: Transfer functions for the correlated flux flbrcalibrator stars observed during
the three nights. The lines in blue in the left column (plets (c), and (e)) are the mediF's
constructed by averaging the individuBF's derived by the&oreskoreduction method. The
plots in green in the right column (plots (b), (d), and (f)oghthe same results but for the
EWSreduction method. The calibrator star HD1014 (index nuntbar Table5.2) observed
inn the night of November 27 is not taken into account bec#ssesultingT' I’ deviates sig-
nificantly from the sample of this night. The strong absanptieature around 9./m is caused
by atmospheric Ozone.
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5.5 Results

5.5.1 Comparison betweerEWS and Koresko

Table5.4lists the FSU-A lock ratio and th& -band GD and PD residuals of each observation.
In addition, the total number of recorded MIDI frames andrihenber of used MIDI frames for
the reduction using thEWSandKoreskoreduction method are presented. For brigliteband
objects, the standamlvsreduction method tends to use slightly more frames Kamesko This

is simply related to the fact that th&reskomethod takes the FSU-A data into account in order
to flag a MIDI frame as “good” or “bad”. Thus, the constrairtatta MIDI frame is considered
as “good” are much more stringent. As described in S22 FSU-A must be locked on the
fringe (OPDC state 7) during one MIDI frame. In addition,ngs#=WW S OPD jumps of 1Qum

are allowed between two successive frames before the fraufi@gged as “bad”. This value
represents five times the wavelength of fieband and such jumps can only occur with a loss
of the fringe by FSU-A.

The number of used frames changes drastically for faidtand targets withf.,,, y < 10 Jy,

i.e. for faint and/or resolved targets. At such flux levelséfitient reduction usingEWSis no
longer possible because the faint interferometric signalni the level of the residua/-band
background. However, the additional informations progibg FSU-A (we know if FSU-A was
tracking on the fringe and we know tt#é-band GD and PD) allow us to predict the group delay
and dispersion for th&/-band at the point of observation as described in 58c2 Figure5.13
displays exemplary the measured WS and predicted (byKoreskgd N-band GD and DISP.
All characteristics and drifts can be predicted by iidand data. This comparison is of course
only applicable to bright sources with., x 2 10 Jy where theV-band GD can be determined
by EWS
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HD50310/2011-11-29 / UTC: 06:17:25
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Figure 5.13: This plot shows the measured (blue dots) andiqteel (red dots) DISP (up-
pler plot) and GD (middle plot) values for the bright calitmaHD 50310 (#24). In our con-
text “measured” means that the star was bright enough tacecthe data using standaleWs
method. The red dots are the compuféeband DISP and GD values from the PRIMA FSU-A
data. Flagged data are not plotted. The lower plot shows IheeGiduals (green dots) between
the measured and predicted GD values. The standard devisitholy 0.5:m and demonstrates
the high potential of the MIDI + PRIMA FSU-A mode. This plotro#ot be produced for a faint
target as the standard reduction method does not allow th thés sensitivity.

Table 5.4: Fringe track performance and used MIDI frames.

1 @ @ @& 66 6 (7) (8) )
# Target LR7 LR57 ogp opD Total Used Frames

[%0] [%] [nm] [nm] Frames EWS Koresko
HD 1014 100.0 100.0 85 110 8000 7990 7605
24 Psc 972 975 749 774 16000 4 15392
HD 16212 100.0 100.0 71 167 8000 7991 7831
NGC 1068 28.6 317 51 232 16000 19 1862
HD 16212 65.0 65.3 580 763 8000 6779 4892
HD 1014 43.1 451 1040 1507 16000 13413 6527
24 Psc 30.3 33.3 1295 1774 16000 4 3406

~N o 0ok W DN
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Table 5.4: continued.

1 @ 3) 4 6 (© (7) (8) )
# Target LR7 LR57 ogp opPD Total Used Frames

[%] [%] [nm] [nm] Frames EWS Koresko
8 HD 28305 26.7 27.7 753 845 8000 2386 1840
9 HD16212 96.8 97.0 241 326 8000 7709 7564
10 HD 36167 100.0 100.0 52 115 8000 7985 7832

11 6 OriA 100.0 100.0 94 116 16000 3 15960
12 HD 36167 100.0 100.0 128 88 8000 7997 7907
13 6 OriA 984 985 295 299 16000 4 15685

14 HD50778 100.0 100.0 82 82 8000 7984 7982
15 HD 53179 87.7 889 504 468 16000 14442 12639
16 24 Psc 99.1 999 770 824 14240 5 12905
17 HD1014 93.6 942 450 500 8000 7993 7364
18 HD 16212 722 727 493 610 8000 6489 5085
19 HD 27639 19.7 204 680 854 16000 3626 2729
20 HD 27639 91.5 927 445 433 8000 7793 6263
21 RY Tau 714 763 907 800 16000 2142 7315
22 HD50778 65.3 659 516 541 8000 7996 5018
23 HD53179 100.0 100.0 165 134 16000 15998 15970
24 HD 50310 996 99.8 115 144 8000 7990 7601
25 [ Pic 99.8 100.0 405 733 24000 5 23725

26 HD 50310 879 883 363 437 8000 7950 6775
27 HD 53047 783 79.1 490 427 8000 7542 6028
28 HD 83618 88.8 89.0 573 668 8000 7731 6541
29 HD 92305 76.2 769 607 641 8000 7816 5477
30 HD 1014 90.2 93.2 835 1045 8000 7716 3781
31 HD 1522 84.8 86.6 705 1143 8000 7998 6148

32 24 Psc 248 28.1 1618 3192 16000 7 2458
33 HD 1014 959 969 509 644 8000 7995 6976
34 24 Psc 921 93.2 1187 1369 16000 5 13635
35 HD 1522 725 741 738 1209 8000 7770 5360
36 24 Psc 37.0 395 1416 2853 16000 5 4460
37 HD 27639 99.8 100.0 141 263 8000 7704 7880
38 RY Tau 90.3 950 730 801 8000 1829 5906

39 HD16212 100.0 100.0 139 261 8000 7990 7854
40 HD 50778 985 986 532 798 16000 15986 15537
41 HD 53179 99.7 100.0 518 524 16000 15991 15756
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Table 5.4: continued.

1 @ 3) 4 6 (© (7) (8) )
# Target LR7 LR57 ogp opPD Total Used Frames

[%] [%] [nm] [nm] Frames EWS Koresko
42 HD 92305 91.0 915 334 239 8000 7214 7065
43 HD 100546 31.6 40.1 966 1227 32000 3 2018

Notes. The columns are: (1) index number; (2) observed object; & ratio for an OPDC
state of 7; (4) lock ratio for an OPDC state of 5 and 7; (5) andi6band group delay and
phase delay residuals of FSU-A over the entire observatitrobly data where OPDC state
was 7 were considered: (7) total number of recorded MIDI &#an(8) and (9) the number of
“good” frames of the individual data reduction methods.

5.5.2 Calibrated correlatedN-band fluxes

In Sec.5.4.1we described the construction of tl&’s using theEWSand Koreskomethod
and displayed them for each night. From these plots (Fif2 a) to f)) we can already see
a significant difference: th&F's obtained from the reduction of the MIDI data taken fie
band FSU-A data into accouniKg@reskd show significant lower scatter with respect to each
other, which results in smoother averadéd's with smaller error bars. This has impact on
the calibration of the raw correlated-band fluxes. In addition, thKoreskoT' F's are higher
than theT'F's constructed by thEWSmethod. This implies that thikoreskomethod is more
sensitive, i.e. we are able to detect more photons from aeraeditons compared to tHEWS
method. Thus, we will be more sensitive for fainter targdtsFigure5.14.1 to Fig.5.1443
the final calibrated correlatel-band fluxesF....,n, of all observations are plottedz,, v is
plotted forEWSandKoreskofor comparison. From these plots, we can already see diifee
between the reduction method$) the error onF¢,,, n derived fromKoreskois significantly
lower and(ii) for faint /N-band targets we are only able to measkgg, y usingKoresko In
addition, our faintest,... y measurements in this run are at the 0.5 Jy level using the ATs,
which is almost a factor 20 better what can be expected if NBDised without PRIMA FSU-A
as a fringe tracker (with respect to the official limits pabed in Sec5.1.1).

Differences inF,,, y between the results obtained wiWSand Koreskowith respect to
slope and flux differences, which can be observed in, e.g.571¢.6 are unclear and still part
of investigations. In generak,.,, v obtained with theEWSmethod is not always higher or
always lower tharf.,. y measurements obtained with tiereskomethod. This might be an
indication that the accuracy #oreskois higher than that dEWS
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Figure 5.14: Calibrated correlated-band fluxes obtained after the reduction with #&/S

(in green) andKoresko(in red) method. The vertical gray region between 9.3 angA0is
characterized by the strong telluric ozone absorption bRodfaint targets withf.,, < 5Jy, a
useful result cannot produced by th#/Smethod and is not shown. The index number, which
is identical to the index number of Tal#e2, the object name, and the time stamp of observation
is displayed in the upper right corner of each plot.
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Figure 5.14: continued.
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Figure 5.14: continued.
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Figure 5.14: continued.
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Figure 5.14: continued.
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Figure 5.14: continued.
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5.5.3 Correlations

To characterize the fringe track performance under diffecenditions we correlated various
parameters and measurements from the observation withataeh This allows the estima-
tion of environmental requirements and target propertas,in order to guarantee a successful
observation using the MIDI + PRIMA FSU-A mode. Figisd 5to Fig.5.17show several cor-
relation plots for the FSU-A group delay and phase delayteds as well as for the measured
lock ratio. All data are derived from our MIDI + PRIMA FSU-A ebrvation run in Novem-
ber 2011. The group delay and phase delay residuals are ¢etdnfpam the respective values
where the OPDC state was at least in level 7 (detection lewy each correlation plot, the
linear Pearson correlation coefficient,and the probability that the data are linearly uncor-
related are computedévington & Robinson 2003 Bright calibrator stars and (faint) science
targets are treated separately in order to detect diffeendth respect to the calibrator obser-
vations caused by the brightness difference. Howeveretisemo such bias present in the data
set.

From the correlation plots we see strong correlations femgeand coherence time, which is
expected because The ABCD fibres are vulnerable for diffidleinjection of the light under
degraded weather conditions. This results in flux dropontslewer SNR or even loss of the
fringe.

At least a trend is visible for the airmass. With higher aissméhe light path through the at-
mosphere increases. In addition, longitudinal disperstanised by different OPLs of the two
beams, leads to lower contrast of the fringe signal. The PRR3U-A possess a longitudinal
atmospheric dispersion compensator to correct for thecefiHowever, a complete test or anal-
ysis is still missing.

The length of the IRIS DIT does not seem to have an effect offrithge tracking performance
of PRIMA FSU-A. This is an advantage for science targetsctvlaire faint inf{-band.

From this correlation plots we can provide a first estimaterofironmental requirements
and target properties which have to be met. Knrband visibility of the target should be higher
than~0.25 for a given baseline. The seeing conditions should hertthan<1.5 arcsec, the
airmass of the object should be higher than 2, and the cobtetime must bey > 1.5 ms.
To obtain analyzable data for MIDI the correlatddband flux of the target must be0.5 Jy.
These estimations apply to the observation with ATs onlystralild provide an acceptable lock
ratio of FSU-A of at least 30%. A comparable MIDI + PRIMA FSU-#ata set for the UTs is
not available, yet.



5.5. RESULTS 109
20001 1 T 2000 T —
i r=0.33 | r=0.79
— p=1.3e-01 — p=9.9e-06
g 1500+ — E 1500 - —
© ©
3 1000 ° _ 3 1000+ i -
3 H 3 °
[0 .8 1 & [ 2 -
Q 500} ° - Q 500} %% -
0] ‘ 8 [ ] - ) Qe ' '
0 ! vb‘l ! [ ) oL @ ..’ . ! . !
-2 0 2 4 6 8 0.5 1.0 15 2.0 2.5
K [mag] Seeing [arcsec]
2000 T T T L 2000 T T T T T
i r=0.26 i r=-0.73
— p=2.4e-01 — p=1.2e-04
g 1500+ - E 1500 - -
© ©
3 1000 d - 3 1000+ i -
3 ° ] °
04 e ° "o, i 14 i o » T
Q 5000e o o ° - Q 500} 3.- L -
O] ¢ ° ] O I ® ° o ]
ol@® . | M 0 1 00 O ee
10 12 14 16 18 20 22 1 2 3 4 5 6 7
Airmass Coherence Time [ms]
2000 T T | L 1200 T T T :
r=-0.15 | r r:—0.21.-
—_ p=5.1e-01 — 1000+ p=3.5e-01 "
E 1500 - = - 1
[t} = [ ]
%) . w 800F o
] © r ‘ [ 1
3 1000 5 3 600 e . -
) o (%] L ) ° 4
(0] (&)
2 4001 ® 4 ° -
Q 500 - S e 1
© M ] 200} -
I o o]
0 & PR I R B B 0 . ! . | . 4
0 20 40 60 80 100 0.85 0.90 0.95 1.00
IRIS DIT [ms] K-band Model Visibility

Figure 5.15: Correlation plots for FSU-A group delay residu(in nano meter). Blue points
mark the observation of bright calibrator stars, greentsaimark the observation of science tar-
gets. The corresponding correlation fact@nd the probability are imprinted for the calibrator
and science observations, respectively. The last plot doeshow science targets because we
did not measure the visibility for our observed scienceggOnly data are taken into account
where PRIMA FSU-A was operated with 1 kHz.
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Figure 5.16: Same as Fi§.15but for FSU-A phase delay.
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Figure 5.17: Same as Fi§.15but for FSU-A lock ratio.
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5.6 Requirements for implementation at VLTI

From the observations and data reduction process desaiime we proofed the functionality
of the MIDI + PRIMA FSU-A and that we are able to make fully makse of thekK- and V-
band data. However, the observations were still carriedroah experimental or engineering
fashion. In the following sections we list modifications aeduirements, which are necessary
to implement the MIDI + PRIMA FSU-A “on-axis” mode in oder tagrantee “smooth” and
efficient operation.

Concerning the present hardware in the VLTI laboratory rditamhal modifications are neces-
sary for MIDI + PRIMA FSU-A single-feed.

From operations point of view several modifications in thapates and software are nec-
essary and are listed and described in the following.

5.6.1 IRIS

e At each preset the IRIS filter changes backifeband. When FSU-A is used as fringe
tracker for MIDI it has to be set té/-band (PRIMA FSUs are operating ii-band).

e The reference pixels for MIDI on IRIS have to be determined siored in a database.
They change because of dual-feed optics in front of IRIShatrhoment we have to set
the previous found reference pixels manually at the begmof each night.

5.6.2 MIDI

e The current MIDI real time display (RTD) is not able to show tielay functiorfor faint
N-band targets. A workaround can be the implementation of aoinng parameter
when FSU-Ais used as a fringe tracker. A proper smoothingevebuld be derived by the
expectedN-band correlated flux provided by the observing template.défaonstrated
in Fig. 5.18the feasibility of this modification by a home written rogiwhere we plot
thedelay functiorfor a Fi.,,,y = 0.5 Jy source observed with the ATs.

e Forvery faintN-band Feorr <5 Jy) sources a quick-look tool could be provided to check
if the observation was successful. Such a tool alreadysfastMIDI stand-alone opera-
tion (Oyst er).

e The FITS header of MIDI has to be adjusted to provide inforomasimilar to AM-
BER+FINITO. In Table5.5 we list important keywords that should be present in the
primary FITS header of MIDI, when FSU-A is set as a fringe keac
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Figure 5.18: 24 Psc (#34Fcorr, v = 0.5 Jy. This plot shows the Fourier transformation of the
complex “de-rotated” (in terms of instrumental delay) MI8dta, which is thelelay function
and is used to determine the atmospheric delay (this platridas to the MIDI RTD at the
telescope during observation). Because PRIMA FSU-A wad ase fringe tracker the MIDI
data are already corrected for changes caused by the atarms@D, which results in this
straight and smooth delay function. The yellow line is thenpated GD (displayed with an
offset), the blue line shows the instrumental delay funmgtiand the red points indicate bad
flagged MIDI frames. To make the delay function visible, weosthed the data over 200
frames. The lock ratio (OPDC state 7) of FSU-A was 92.1%.



Table 5.5: Important keyword parameters to be used in then§py) MIDI FITS header.

Keyword

Value Description

HIERARCH ESO DEL PRI FSU1 LOCKR =
HIERARCH ESO DEL FNT PRI PHARMS =
HIERARCH ESO DEL FT SENSOR =
HIERARCH ESO DEL FT STATUS =

1.00 /Lock ratio for FSU-A.

0.628801737 / RMS value of phase in FSU-A.

'FSU-A" | Fringe Tracker Sens@ame.
'ON’ [/ Fringe Tracker Status.

from FSU-A

HIERARCH ESO ISS PRI FSU1 ACU1 NAME=
HIERARCH ESO ISS PRI FSU1 ACU1 OPL=
HIERARCH ESO ISS PRI FSU1 ACU1 TILTX=
HIERARCH ESO ISS PRI FSU1 ACU1 TIPY=
HIERARCH ESO ISS PRI FSU1 ACU2 NAME=
HIERARCH ESO ISS PRI FSU1 ACU2 OPL=
HIERARCH ESO ISS PRI FSU1 ACU2 TILTX=
HIERARCH ESO ISS PRI FSU1 ACU2 TIPY=
HIERARCH ESO ISS PRI FSU1 DIT=
HIERARCH ESO ISS PRI FSU1 DUROF=
HIERARCH ESO ISS PRI FSU1 EXPNO=
HIERARCH ESO ISS PRI FSU1 FREQ=
HIERARCH ESO ISS PRI FSU1 GDFAC=
HIERARCH ESO ISS PRI FSU1 GDR=
HIERARCH ESO ISS PRIFSU1 ID =
HIERARCH ESO ISS PRI FSU1 NAME=
HIERARCH ESO ISS PRI FSU1 NDIT=
HIERARCH ESO ISS PRI FSU1 NSAMPPIX=
HIERARCH ESO ISS PRI FSU1 RM =
HIERARCH ESO ISS PRI FSU1 SHUT1 NAME=
HIERARCH ESO ISS PRI FSU1 SHUT1 VALUE=
HIERARCH ESO ISS PRI FSU1 SHUT2 NAME=
HIERARCH ESO ISS PRI FSU1 SHUT2 VALUE=

'TTP1/LMOT1 / Name ofdfAlignment Compent.
-0.0000404 /OPL Z positdd ACU j [m].
-0.0000639 /Tilt X ptien of ACU j [deg].
-0.0001103 /Tip Y pamitiof ACU j [deg].
'TTP2/LMOT2" / Name ofd@tAlignment Compent.
0.0010611 /OPL Z positdACU j [m].
-0.0006724 | Tilt X ptien of ACU j [deq].
0.0005442 /Tip Y positiof ACU j [deg].

0.0006558 / Duration of a sofegration [s].

1 /NDRO parameter.
0 /Unique exposure ID number

1000.0000000 / FSU frequéizy

14/ Number of sub-integragi per GD.
1 /Group delay rate [HZz].
'FSU-A" [ Unique identifier badito hardware.
'FSU-A’ / Name of the FSU (F3er FSUB).

3/ Number of subintegrati@idoe readout.

14/ Number of samplespbeel.
'NDRO ' / Read-out mode [listm].
'SHT1' /Name of shuttef FSU-A.
‘open’ /[ Value of shartf of FSU-A.
'SHT2' /Name of shuttef FSU-A.
‘open’ /[ Value of shartf of FSU-A.

Vit
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In addition, inarray descri pti on (3rd extension in the MIDI FITS files) and
array geonet ry (4th extension in the MIDI FITS files) the PRIMA FSUs have tdibted,
which is not the case at the moment.

5.6.3 PRIMA FSU-A

e A procedure has to be implemented to automatically adjesF®U-A LMOT1 position
(relative change currently —9.5 - 10~* m) to compensate for the difference in instru-
mental OPD between MIDI and FSU-A in order to have fringes othknstruments
simultaneously. In principle, this value should not chaiigbe saved LMOT positions
of FSU-A are not changed. If these values would change awytioalapproach can be
found to adjust the LMOT1 offset. This value is set manualltha moment.

5.6.4 Observing Template and Observing Sequence

The MIDI + PRIMA FSU-A mode is currently operated in an expsental fashion. During
operation at least two “Bob” panels are open (one for MIDE &or FSU-A). Before each preset,
breakpoints and values have to be set manually for both wibgetemplates. In the ideal case
there will be a single template containing the observingieage for both, MIDI and FSU-A.

As of period 89 the estimated execution time per OB is set tm2b From our experience
the observing sequence presented in Sgtlcan be executed in 20 min, i.e. a calibrated point
executing a Cal-Sci sequence can be obtained in 40 min. kdrdaslightly resolved targets
in K-band this time should be increased as the FSU-A needs mbineizgition with respect to
fringe detection and OPDC SNR thresholds.

Ideally all steps from the observing sequence listed abawaldvbe executed using a single
observing template. Besides the merging of the individeatglates of MIDI and PRIMA
FSU-A additional requirements have to be implemented:

e If FSU-A is set as fringe tracker pop-up windows asking foriage search with MIDI
and where to move the delay line should be avoided as MIDI basntrol over the delay
lines.

e The DIT list in the FSU-A sky calibration template should keeoved. Instead the DIT
provided by the OB should be automatically set.

e Providing the possibility to enter FSU-A as a fringe trackarMIDI in, e.g. p2pp.

¢ Include templates for fringe scans and their automatediatiah. The results (zero OPD,
SNR thresholds for the OPDC) should be directly send to thBQP

e The record length of the FSU-A data should automaticallgmgined and set depending
on the sub-integration time and NSCANS value of MIDI.
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The data recording for FSU-A and MIDI should start and endenoiess simultaneously.

Pop-up windows asking for the execution of FSU-A beam oation (spiral search,
beam tracking), fringe scan, start of FSU-A fringe trackingshould be implemented.

The operating frequency of the FSU-A should set autométi¢al with the option to
enter it manually) depending on tlié-band magnitude of the target. This affects the sky
calibration and fringe scanning template.

Depending of the current OPL it might be necessary to set &i2@ of PRIMA FSU-A.
(If the usage of the LADC improves the data quality is stildeninvestigation.)

5.6.5 Generated Files

The files generated by MIDI and PRIMA FSU-A need some modifioat too.

e The implementation of the PRIMA FSU-A data into the MIDI fileghich is the current

strategy when FINITO is used as fringe tracker, may not beieffi. The file sizes of
the FSU-A data are comparable to the MIDI file sizes. An img@atation of the PRIMA

FSU-A data into the MIDI files would generate files twice agiéaas now. The number
of splitted files doubles as well. In addition, PRIMA FSU-Auisually operated 20 times
faster, which makes a merging of the two data sets even mificuti

The files produced by PRIMA FSU-A (calibration files and fertgack files) should have
a comparable file name of the format PACMAN.YYYY-MM-DDTHHMLSS fits.

The OPD values written in the MIDI files are wrong as MIDI hasammtrol over the
delay lines. If this cannot be fixed, the OPD values shouldebéoszero.

Important values to be stored from PRIMA FSU-A fringe tramcki(already present in
the current FITS files): Time, GD, PD, OPD, OPDSNR, GDSNR, data, RTOFFSET,
STATE, FUOFFSET, DL(1-6) positions.

5.7 Discussion and conclusions

We gave an overview about the MIDI + PRIMA FSU-A single-feedde and presented a list
of requirements and changes, which should be implememigitéd to the current software en-
vironment. In addition, we presented the reduction stsatefgthe data obtained in this new
observing mode with first very promising results. We demmst thatk’-band PRIMA FSU-

A data can be used to reduce the MINtband data as they contain important measurements
(PD, GD, Dispersion), which are not accessible from faint-band targets.
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We demonstrated that

e faint K'-band targets with PRIMA FSU-A (down to 9 mag) and faitband (down to
0.5 Jy) targets with MIDI are accessible, which were out athefor the ATs with MIDI
stand-alone,

e the MIDI + PRIMA FSU-A mode pushes the limitiny-band flux down by a factor of
~20 on the ATSs,

e we reach significant gain in sensitivity for MIDI when PRIMASE-A is used as fringe
tracker,

e we can reduce and calibrate the MIDI data making use of{Heand data.

The advantages of the usage of the ATs with the MIDI + PRIMA FSUWnode are obvious.
The ATs are dedicated to pure interferometric observatidimerefore, it can reduce the over-
booking pressure on the UTs, i.e. more observations (er@mietric and non-interferometric)
are possible. Due to the 30 dedicated stations for the AT&roof baselines ranging from 8
to 200 m at different position angles are available, thougthal of them at the same time (for
comparison: the four UTs can only provide six fixed baselmaegjing from 46 to 130 m).

To be able to extract all necessary information for a suégkesbservation the observer has
to provide several magnitudes of the object he wants to wbs&r-band magnitude (STRAP),
H-band (IRIS),K-band (PRIMA), and théV-band values.

To guarantee good data quality for both, MIDI and PRIMA FSUfdllowing environmental
requirements and target properties have to be met:

e The lock ratio of FSU-A (OPDC state 7) should be at least 30%.

e The K-band visibility should be higher than0.25.

e Seeing<1l.5 arcsec, airmas2, rp > 1.5 ms

o Foorrn 20.5Jy using ATs

The MIDI + PRIMA FSU-A single-feed mode is the easiest actdssnode with respect to
necessary software and hardware modifications. An advarsage of PRIMA and MIDI is the
off-axis mode, which uses the PRIMA STSs to split the FoV imto equal part. This would
be useful in particular forV-band science targets, which are too faintidirband and require
a bright star (ink-band) where PRIMA FSU is able to track the fringe. The draskhaf this

mode is the additional flux loss of 20% to 30% due to the additioeflections inside the STS.

Even if the data presented here show already groundbreagsudfs on the ATs, there is still a
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lot of room for optimizing the reduction process. Underdiag these single-feed data are an
important step towards phase referenced imaging when MiBIRRIMA are used with addi-
tional subsystem, such as the star separators. In additiese data, unique of its kind, are a
first reference for the implementation of futuk&band interferometric instruments, which are
using externak -band fringe tracker, like MATISSE.



Chapter 6

Outlook

In this work we demonstrated the feasibility of detailedreleterization of Herbig Ae/Be stars
with respect to stellar parameters, stellar activity, iplittity, and planetary companions. In
contrast to T Tauri stars several fundamental questione t@be still answered for Herbig
Ae/Be stars:

e Can HAeBe stars develop their own magnetic field or are cumweak detections left-
overs of a primordial magnetic field of the molecular cloueytivere formed of?

e Are the detection of X-rays related to such magnetic fielddmthey originate always
from stellar low-mass companions?

e How does the rotational velocity of HAeBes evolve? Will thejate always with a
significant fraction of their break-up velocity?

e What accretion mechanism is present? Magnetospherictaecia disk accretion? Is
there a mass range where a transition between both meclsandsur?

¢ Is the evolution and mineralogy of the circumstellar disk$iéeBe stars similar to the
one of T Tauri stars?

e Can planetary companions lower than } fdrm?

These results should encourage further observations bijhgangular and high-temporal res-
olution techniques such as spectroscopy and interfergmEspecially the second generation
instruments arriving at the VLT soon, will significantly pefo answer these questions. With
MATISSE (mid-infrared) and GRAVITY (near-infrared) twodobeam combiner will be avail-

able in the next two to three years. Their imaging capaedittn a milli-arcsecond scale will
provide unprecedented insights in the contribution of walust and hot gas insight circum-
stellar disks with possible detections of planets durirgrtformation process. SPHERE, an
instrument dedicated to exoplanet search, will probe thmugistellar environment of young
stars for exoplanets down to the 1 AU scale. The distributibdust and gas in circumstellar
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disks will be traced and imaged with ALMA in the future. Allebe new data arriving in the
future will help to better understand the formation and etioh of Herbig Ae/Be stars and their
stellar and sub-stellar companions.



Abbreviations

ACU ............. Alignment and Compensation Unit

ADU ............. Analogue-to-Digital Unit

AGN ............. Active Galactic Nuclei

AMBER .......... Astronomical Multi-BEam CombineR

AO .............. Adaptive Optics

AT ..o Auxiliary Telescope

BL............... Base Line

BOB ............. Broker for Observation Blocks

DDL ............. Differential Delay Line

DIT .............. Detector Integration Time
DL...........o... Delay Line

ESO ............. European Southern Observatory

FEROS ........... Fiber-fed Extended Range Optical Spgph
FITS ............. Flexible Image Transport System

FSU ............. Fringe Sensor Unit

GD .............. Group Delay

GLS ............. Generalized Lomb-Scargle Periodogram
GTO ............. Guaranteed Time Observation

HAeBe ........... Herbig Ae/Be

HRD ............. HertzsprungRussell Diagram

IDL ... Interactive Data Language

IRIS ............. Infrared Image Sensor

D ... Julian Date

LADC ........... Longitudinal Atmospheric Dispersion Cpensator
LMOT ........... Linear MOTor

LR .o Lock Ratio

MATISSE ........ Multi-AperTure mid-Infrared Spectro$io Experiment
MIDI ............ MID-infrared Interferometric instrunme

NACO ........... NAOS-CONICA

Nasmyth Adaptive Optics System (NAOS)
Near-Infrared Imager and Spectrograph (CONICA)
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OB .............. Observation Block

OPD ............. Optical Path Difference

OPDC ............ Optical Path Difference Controller

P2PP ............. Phase Il Proposal Preparation

PA . Position Angle

PACMAN ........ PRIMA Astrometric Camera for Micro-arceex AstroNomy
PD .......coeet e Phase Delay

PRIMA .......... Phase Referenced Imaging and Micro-axmse Astrometry
RTD Scope ....... Real Time Display SCOPe GUI

RV ............... Radial Velocity

SNR ............. Signal to Noise Ratio

SPHERE ......... Spectro-Polarimetric High-contrastitanet REsearch
STRAP ........... System for Tip-tilt Removal with AvaldrePhotodiodes
STS .............. Star-Separator

TTS ...l T Tauri Star

UT .o Unit Telescope

VLT ............. Very Large Telescope

VLTI ..o Very Large Telescope Interferometer
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Appendix A

HD 142527 - Radial velocity
measurements

Table A.1: MeasuredV's and their corresponding uncertainties for all used spgphs. The
radial velocity shifts between the different spectrogsapte not included.

Instrument  Time RV ORV Instrument  Time RV ORV
[JD—2400000d] [ms!] [ms™!] [JD—2400000d] [ms!] [ms™]
FEROS 54309.56249 -1040 161| FEROS 54579.75266 -1044 178
FEROS 54309.69843 -1260 194| FEROS 54580.81909 -1209 171
FEROS 54310.63076 -1307 166/ FEROS 54581.63191 -872 153
FEROS 54310.68073 -1319 168| FEROS 54581.81556 -925 168
FEROS 54311.67479 -1213 191| FEROS 54582.72243 -1091 189
FEROS 54311.72336 -1176 195| FEROS 54582.81447 -967 179
FEROS 54312.57737 -1398 161| FEROS 54583.63305 -941 163
FEROS 54312.65436 -1467 171| FEROS 54587.63065 -1000 182
FEROS 54313.56831 -1409 214| FEROS 54587.74255 -1186 169
FEROS 54313.64131 -2335 292| FEROS 54588.75565 -1341 165
FEROS 54314.67948 -1105 191| FEROS 54588.86183 -1160 172
FEROS 54497.88511 -1294 165| FEROS 54591.83584 -1144 181
FEROS 54498.88743 -1101 161| FEROS 54591.91729 -988 186
FEROS 54499.87845 -1024 219| HARPS 54594.85144 -675 147
HARPS 54560.88823 -902 135| HARPS 54595.57615 -813 128
HARPS 54561.8896 -522 177 | HARPS 54595.71268 -422 140
FEROS 54572.68089 -1087 190| HARPS 54595.88751 -586 138
FEROS 54572.77036 -941 167| HARPS 54596.57009 -635 132
FEROS 54574.70829 -979 186| HARPS 54596.75424 -439 169
FEROS 54574.73713 -978 165| HARPS 54596.85669 -764 125
FEROS 54574.8617 -973 184| FEROS 54633.6206 -1350 170
FEROS 54575.78341 -1114 177| FEROS 54638.77732 -1082 172
FEROS 54576.68279 -1329 168| FEROS 54639.77366 -1424 177
FEROS 54577.67343 -949 182| FEROS 54642.81139 -1185 185
FEROS 54577.86587 -1158 194| HARPS 54874.82807 -1277 166
FEROS 54578.70076 -1337 162| HARPS 54875.8432 -1026 139
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132 A. HD 142527 - RADIAL VELOCITY MEASUREMENTS

Table A.1: continued.

Instrument  Time RV ORV Instrument  Time RV ORV

[JD—2400000d] [ms!] [ms™!] [JD—2400000d] [ms!] [ms™]
HARPS 54876.80006 -944 149 | FEROS 55073.66253 -983 216
HARPS 54877.82487 -891 157 | FEROS 55074.58756 -1183 172
HARPS 54891.79063 -883 134| CRIRES  55075.52116 -312 223
HARPS 54892.83191 -615 129| CRIRES  55086.5086 -209 90
HARPS 54894.89721 -834 146 | CRIRES  55094.50143 -220 131
FEROS 54943.84106 -1451 169| FEROS 55257.79841 -970 171
FEROS 54944.90529 -1567 170| FEROS 55258.81917 -1092 189
FEROS 54945.78584 -1332 177| FEROS 55258.87529 -1245 175
FEROS 54945.86997 -1562 175| FEROS 55260.85557 -968 176
FEROS 54946.90433 -1411 153| FEROS 55262.7821 -894 172
FEROS 54947.8537 -1300 182| FEROS 55263.83414 -1017 161
FEROS 54947.91708 -1263 166/ FEROS 55338.77617 -1211 164
FEROS 54948.83204 -1278 169| FEROS 55343.70663 -1238 188
FEROS 54949.85164 -999 183| FEROS 55346.73162 -1566 168
FEROS 54950.89833 -1305 187| FEROS 55347.66264 -1158 211
FEROS 54951.89843 -1616 167| FEROS 55348.70992 -1395 175
FEROS 54985.64716 -1170 171| FEROS 55349.71695 -1175 197
FEROS 54986.70095 -1487 179| FEROS 55351.71407 -1313 182
FEROS 54989.57055 -1503 169| FEROS 55358.6555 -1159 215
FEROS 54990.74763 -1348 195/ FEROS 55628.87124 -1168 177
FEROS 54993.76572 -1347 175| FEROS 55628.88586 -1257 178
FEROS 54994.64674 -1428 196/ FEROS 55630.80276 -1325 202
CRIRES  55032.49898 412 262| FEROS 55630.84562 -1272 194
CRIRES  55037.64491 756 175| FEROS 55634.88038 -1190 211
CRIRES  55041.55951 399 151| FEROS 55635.77146 -1226 194
CRIRES  55046.54745 -103 166| FEROS 55635.79019 -1432 182
FEROS 55053.51561 -1442 170| FEROS 55637.85554 -1099 204
FEROS 55058.56658 -1250 186/ FEROS 55639.72227 -1260 169
FEROS 55060.54462 -1293 261| FEROS 55671.68511 -984 194
CRIRES  55062.54014 -197 153| FEROS 55671.84404 -2227 227
CRIRES  55063.49124 -146 139| FEROS 55672.85654 -2597 186
CRIRES  55064.49222 -235 174| FEROS 55673.83551 -1712 194
FEROS 55070.61077 -1437 158/ FEROS 55674.81147 -1932 173
FEROS 55072.46652 -1299 166
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Figure B.1: Normalized and mediaRV corrected line profiles for Ca Il H plotted over ve-
locity space in chronological order. The synthetic photesje line profile based on the stellar
parameters (Tablé.1) is shown as green line. The position of the line center ai zelocity is
marked by the vertical dotted line. The inset numbers iriditlae time of observation in days
with respect to the first observation. The inset letters Ftmadicate if the spectrum was ob-
served with FEROS or HARPS. The vertical dashed line maskgdsition of H, which might
contaminate the line profile of Ca Il H.
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Figure B.2: Same as Fig.1 but for Ca Il K.
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Figure B.5: Same as Fi@.1 but for Hy.
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Figure B.7: Same as Fi@.1 but for He I.
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Figure B.8: Same as Fi.1but for the Na | D doublet. The narrow and strong absorptioedi
are the contribution by the interstellar medium. We arbirahoose the line center of Na | D2
to set the zero velocity point.
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Figure B.9: Same as Fig.1but for Ca Il at\8498A. Because the spectral coverage of HARPS
ends at 6914, only FEROS data can be shown for this line (93 in total).
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Figure B.10: Same as Fid.1 but for Ca Il atA8662A. Because the spectral coverage of
HARPS ends at 6914 only FEROS data can be shown for this line (93 in total).






Appendix C

HD 142527 - Circumstellar
components

145



146 C. HD 142527 - CIRCUMSTELLAR COMPONENTS
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Figure C.1: Circumstellar component profiles for Ca Il H f@dtover velocity space in chrono-
logical order. The position of the line center at zero velo@ marked by the vertical dotted
line. The inset numbers indicate the time of observationaiysdvith respect to the first obser-
vation. The inset letters F and H indicate if the spectrum etserved with FEROS or HARPS.
The vertical dashed line marks the position af, Mhich might contaminate the line profile of

CallH.
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Figure C.2: Same as Fi@.1but for Ca Il K.
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Figure C.3: Same as Fi@.1but for Ha.
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HP - Circumstellar Component
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Figure C.4: Same as Fi@.1but for H5.
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Hy — Circumstellar Component
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Figure C.5: Same as Fi@.1but for Hy.
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Figure C.6: Same as Fi@.1but for Hj.
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Figure C.7: Same as Fi@..1but for He I.
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Na | D - Circumstellar Component
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Figure C.8: Same as Fi@.1but for the Na | D doublet.
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Ca |l (8498A) - Circumstellar Component
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Figure C.9: Same as Fi@..1but for Ca Il at\8498A.
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Appendix D

Simulation of velocity correlation
matrices

We conducted simulations for simplified line profile vamais and their effect on the velocity
correlation matrix as seen in real observations (8¢t2. The aim is not to fully describe the
physical processes causing the observed profiles vasaiorto give an idea about the depen-
dencies and occurring correlations over the correlatiotrirador all calculations we consider
100 observations separated by one day and we assume a brad emission described by a
Gaussian, which peaks at 0 km's Each Gaussian is described by three parameters, namely
amplitude @), center (%), and with (P3) of the Gaussian:

U—PQ 2
G=P- —0.5
1 exp[ ( P3 >

: (D.1)

wherev is the considered velocity range, which is -400 to +400 kis our example. The
FWHM of the Gaussian is given b8v/2In2P,. Gaussian noise is added in all cases. Red
and blueshifted absorption components (RAC and BAC in tileviing) are constructed by
adding Gaussians to the main Gaussian peak, which is in iemisshe computation is of the
correlation matrix is as follows: the linear Pearson catieh coefficient- is computed for all
combinations of velocity channels (y) over the entire line profile. The resulting matrices are
symmetric across the main diagonal because(ofy) = r(y,z). In addition, ifz = y then
r(z,y) = 1, i.e. each matrix will have a main diagonal with= 1. In the following, we list the
different configurations and provide a contour plot of théogiy correlation matrix for each
considered case.
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158 D. SIMULATION OF VELOCITY CORRELATION MATRICES

Case 1 - FigureD.1
e trivial case
e single peakP;, P,, and P; are constant over time

e r = 1for xz = y, red diagonal line, no other correlation present

Correlation

-1.0 -0.8 -06 -04 -02 00 02 04 06 08 10

200

Velocity [km/s]
o

-200

-400

-400 -200 0 200
Velocity [km/s]

Figure D.1: Case 1.
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Case 2 - FigureD.2
e trivial case
e single peak/,, and P; are constant over time
e veiling added, i.e. only amplitude of Gaussian changes tver
¢ veiling effects the entire line profile, which results in aiagsh correlation
Correlation
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Figure D.2: Case 2.
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Case 3 - FigureD.3
e main peak,P;, P», and P; are constant over time

e subtraction of a broad centered Gaussian with varying angdiaffecting the central part
of the main peak

e squarish plateau arourfd, y) = (0,0) kms!

e extension of squarish plateau with 235 km sorresponds to the range of variability

introduced
Correlation
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Figure D.3: Case 3.
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Case 4 - FigureD.4
e main peak,P;, P», and P; are constant over time
e BAC with variable P;; P, and P; are constant over time
e squarish plateau where BAC is locatdgh (= —150 kms™1)

e extension of squarish plateau corresponds to FWHM of BA® W5 km s
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Figure D.4: Case 4.
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D. SIMULATION OF VELOCITY CORRELATION MATRICES

Case 5 - FigureD.5

main peak,P;, P,, and P53 are constant over time

BAC and RAC, simultaneous variation &%; I, andP; are constant over time for both
BAC centered at -150 knts, RAC centered at 60 knTs

squarish plateaus where BAC and RAC are located along the aiegonal

additional squarish plateaus(at ) = (—150,65) kms™! and at(x,y) = (65,150) kms™*
because BAC and RAC vary simultaneously but do not effedt ettwer

Correlation
[ e I I S N |
-1.0 -08 -06 -0.4 -0.2 00 02 04 06 08 1.0
T . T % T
5 £ __ 2 -
b 0_ i
i)
o
GJ L — — - —v .
>
-200| . 5
_400 : | , | ; 1
-40 -200 0 200

Velocity [km/s]

Figure D.5: Case 5.
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Case 6 - FigureD.6

e same as case 5 but BAC and RAC are now anticorrelated, i.en BA€ is growing,
RAC vanishes and vice versa

e the squarish plateaus next to the main diagonal are nowoargiated (blue colored)
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Figure D.6: Case 6.
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Case 7 - FigureD.7

e same as case 5 but with additional veiling/variation of themtentral Gaussian, i.e.
subtraction of a broad Gaussian with periodically changimglitude, which affects only
the central part of the main Gaussian

e in addition to the four distinct plateaus such as in the 5t#ecahe correlation matrix
shows a squarish correlation over a large velocity rangesamhby the veiling
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Figure D.7: Case 7.
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Case 8 - FigureD.8
e same as case 4 but BAC also changes periodically its posi@itween -200 and -50 knt$

e the correlation matrix shows an elongated area with pesitinrelation along the main
diagonal

e additional plateaus with negative correlation(aty) = (—200,-50) kms™! and at
(z,y) = (—50,—200) kms! caused by the fact that BAC is moving from -200 to -
50 km s ! while its increasing its (negative) amplitude
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Figure D.8: Case 8.



166 D. SIMULATION OF VELOCITY CORRELATION MATRICES

Case 9 - FigureD.9

e main peak,P;, », and P; are constant over time but additional variation of the antr
part due to subtraction of a broad Gaussian with periodicdbhnging amplitude

e BAC and RAC with constant amplitude but with periodicallyaciye of position
e the correlation matrix contains now almost all featuresnftbe previous cases

e depending which parameter varies the correlation pattemappear shifted, more dis-
torted or less significant
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Figure D.9: Case 9.
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