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ABSTRACT

Context. Detecting and characterizing circumstellar dust is a wastudy the architecture and evolution of planetary systebadd
dust in debris disks only traces the outer regions. Warm aheéxozodiacal dust needs to be studied in order to tracensgiose to
the habitable zone.

Aims. We aim to determine the prevalence and to constrain the giepef hot exozodiacal dust around nearby main-sequdace s
Methods. We search a magnitude limite#ll (< 5) sample of 92 stars for bright exozodiacal dust using\durl visitor instrument
PIONIER in the H-band. We derive statistics of the detectaip with respect to parameters such as the stellar spggieaind age
or the presence of a debris disk in the outer regions of thiesygs We derive more robust statistics by combining our $amvjih

the results from ou€CHARA/FLUOR survey in the K-band. In addition, our spectrally disged data allows us to put constraints on
the emission mechanism and the dust properties in the ddtsgstems.

Results. We find an over-all detection rate of bright exozodiacal dshe H-band of 11% (9 out of 85 targets) and three tentative
detections. The detection rate decreases from early typeettype stars and increases with the age of the host staio\et confirm
the tentative correlation between the presence of cold andust found in our earlier analysis of the FLUOR sample @loBur
spectrally dispersed data suggest that either the dustremesly hot or the emission is dominated by the scatterdd ligmost cases.
The implications of our results for the target selectionutfife terrestrial planet finding missions using direct imggre discussed.

Key words. Techniques: interferometric — Stars: circumstellar matter — Stars: planetary systems — Zodiacal dust

1. Introduction —several tens of AU from the host stars and similar to — atifeit
Debris dust around main sequence stars has often beerdrel%ﬁﬁ]l?erg;g]ﬁgr (—:T glfjésotgggratgr é?(;llf%plelr&ﬂag Ei)tuf;'_s%”izs
to the presence of colliding planetesimals left over frora tr]Eiroa et al. 2013Ertel et al. 2013 If we want to study the for-
planet formation process (ségivov 2010andMatthews etal. \44i0n and evolution of Earth-like planets close to the tete
2014for recent reviews). As _the most readily observal:_)le COMdne, we need to observe dust closer to this region, sinoilaunt
ponents of plane_tarp!anetesma.l systems, such debr!s OI'Skzcbdia,caldust (exozodiacal dust). On the other hand,tk&epm
are thqught to give important insights into the archﬂeexurof such dust around other stars may represent a major obstacl
dynamlcs_, and evolution of these systems (eplas et a.l. for future terrestrial planet finding missiori3dfrere et al. 2010
2005 Chiang et al. 2009Boley et al. 2012 Beust et al. 2014 2012h Roberge et al. 2032 The possible presence offitise
Wyatt 2003 Kuchner & Holman 200§Kuchner & Stark 201_0 emission adds uncertainty to the observations. Clumpycstru
Eiroaetal. 2011 Erteletal. 2012#; Thebaultetal. 2012 tures in the dust distribution may point toward dynamicétin

Krivov et al. 2013. However, in most debris qlisks observed SQction with planets Stark & Kuchner 2008but a clump may
far, the known dust is located in the outer regions of theesyst also be misinterpreted as an actual planet. In the recenadit

* Based on observations made with ESO Telescopes at the laa gire, the term “exozodiacal dust” has been used mostly &r ref
Paranal Observatory under programme IDs 089.C-0365 andco90to dust in the habitable zone of main sequence stars due to the
0526. relevance of this kind of dust for the detection of exo-es(éhg.,

** F.R.S.-FNRS Research Associate
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Stark & Kuchner 2008Defrére et al. 2010Millan-Gabet et al. these stars or the zodiacal dust is not straightforward .efn
2011 Roberge et al. 201 Xennedy & Wyatt 2018 However, less, this kind of observations provides a valuable dattoséte

it is important to note that the zodiacal dust in the solatesys investigation of the dust content of the inner regions ofasdlar
extends well beyond the borders of the habitable zone. It faglanetary systems.

it's global radial distribution has been shown to extendtican Earlier publications mostly focused on reporting and study
ously, and with inwards increasing surface density, froreva f ing single, new detections. Major advancements have been
AU from the sun down to a fraction of an AU where it forms thenade recently by two surveys on tkeck Interferometric Nuller
F-corona Kimura & Mann 1998 Hahn et al. 200 Likewise, (KIN)inthe N-band Millan-Gabet et al. 202)iwith three detec-

it is expected that extrasolar analogs to the zodiacal dostlc tions out of 22 targets and th@enter for High Angular Res-
(exozodis) will span a broad range of distances, encompgssolution Astronomy (CHARA) array in the K-band Absil et al.

but not limited to, the habitable zone. In this paper, exéacal 2013 with 13 detections out of 42 targets. They represent the
dust disks, or exozodis, will thus refer to any fedrm dust lo- first attempts to statistically study the incidence of extiae
cated within a few AU from a star, down to to the region whereal dust depending on fiiérent parameters of the systems such
dust grains sublimate. While Kuiper belt-like debris digksit as the stellar spectral type, age, and the presence of a Kuipe
the majority of their radiation in the far-infrared, and tmis- belt-like debris disk. In particular th€HARA survey revealed
sion of dust in the habitable zone around a star peaks in ttie nfirst correlations, although conclusions were limited dué¢he
infrared, a significant contribution from exozodiacal dgistins limited sample size. These statistics tentatively sugthedtthe
very close to the sublimation distance is expected to extiead incidence of the circumstellar emission correlates witbcsal
emission of exozodis towards near-IR wavelengths. type (being more frequent around stars of earlier spectpa)t

Warm dust around main sequence stars showing extreama — in the case of solar-type stars — with the presence -of sig
emission in the mid-infrared has been discovered photamenificant amounts of cold dust detected through its far-irita
cally or spectroscopically mostly by space based obsetrieato excess emission. In the present paper we extend the sample
(e.g., Lisse et al. 2008Lawler et al. 2009 Lisse et al. 200Q of the CHARA survey toward the southern hemisphere and to-
but these extreme systems are found to be rare with an ocouard fainter stars using olery Large Telescope Interferome-
rence rate of only~ 1%. The large number of stars observetér (VLTI) visitor instrument Precision Integrated Optics Near
in the mid-infrared by the Wide-Field Infrared Survey Exgo Infrared ExpeRiment (PIONIER,e Bouquin et al. 2011 We
(W SE) recently allowedennedy & Wyatf(2013 to detect pho- increase the sample size by a factor of three. In additiensith
tometrically in the mid-infrared a reasonably large sangblex- multaneous use of four Auxiliary Telescopes (ATs) allowsais
cesses due to exozodiacal dust for a statistical analysisv- H obtain closure phase measurements, directly distingugshe-
ever, this is limited to the brightest excess sources witisk-d tween uniform circumstellar emission and a companion being
to-star flux ratio>15%. Furthermore, these observations magsponsible for the excess found. Finally, our low spectsb-
not only trace warm dust, but may also be contaminated by thiion data dispersed over three spectral channels in tharid+
warm end of the emission of cold dust in the system, far awajlow us to draw conclusions on the spectral slope of thessease
from the habitable zone. The first detections in the nearirfl detected and thus on the nature of the emission and on the dust
of systems showing a small, possibly more common excesspobperties.
~ 1% attributed to the presence of hot, exozodiacal dust have We present our sample selection in S&ct.Our observing
been reported byAbsil et al. (2006, di Folco et al.(2007, and strategy and data processing is detailed in Sedh Sect4, our
Absil et al.(2008. Detecting this dust against the bright stellaresults are presented and discussed. Statistics on the baoal
photosphere requires spatially resolved, high contras¢émia- detection rate in the PIONIER sample are presented in 8gtt.
tions, as the photometric accuracy is usually ifisient. Coro- while we analyze the spectrally dispersed data in moreldetai
nagraphy is limited by the large inner working angles of ligua Sect.4.3. In Sect.5 we merge th&/LTI/PIONIER sample with
>100 mas of available instruments and the small extent of tthe CHARA/FLUOR sample and derive more robust statistics. A
systems, as 1 AU at 10 pc corresponds to an angular distancewfimary and conclusions are presented in $ect.

100 mas from the star. Thus, near- or mid-infrared interfezo
try is the only technique available so far that allows foredéing
and studying this kind of systems.

Itis, however, important to note that observations in therne In this section, we present the stellar sample for our PIGNIE
infrared are sensitive only to the hottest dust componeekef survey and, in general, suggest guidelines for the tardet-se
ozodiacal systems On the other hand, our knowledge abouton of future near-infrared interferometric search fooeadia-
our own zodiacal dust is highly biased towards its propsgrtieal dust.
near the orbit of the Earth due to various observations bgespa
based infrared facilities (e.gSykes 1988Berriman et al. 1994
Pyo et al. 201)) the problems arising from observations of fain
extended emission very close to the sun, and the naturally iR the following, we distinguish betweentiper belt-like de-
creased interest about this region. Furthermore, thelrdidiai- pris disk or cold dust and exozodiacal dust or hot dust. The
bution of the dust around other stars does not necessalliyfo former refers to dust between several AU and few hundreds of
that of our zodiacal dust. As a consequence, connecting-det&U from the star, most likely produced by larger bodies in-col
tions in the near-infrared to dust in the habitable zone raoulisional equilibrium over the age of the system, and predomi
1 One might call this component “exo-F-corona”, but in oraeatoid hantly emitting ‘herm"’!”y in the fa_r-lnfrared. The lattefers to
unnecessary complexity in the terminology we stick to “hadzodia- dust between the §u_b||mat|0n rad|us_ apd a few AU from t.he star
cal dust” or just “exozodiacal dust’. We keep in mind that treder Predominantly emitting thermal radiation in the near- arid-m

between the F-corona and the zodiacal disk is not well defnethat, infrared. The main goal of our survey is to study the origin of
depending on the focus of the respective publication, ortés just exozodiacal dust through statistical investigation oiritsdence

considered an extension of the other. with respect to the following properties of the observedeys:

2. Stellar sample

t2.1. Sample creation
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— The age of the central star. This will allow us to study th®o faint for our high accuracy observations (i.e., minimigthe
evolution of the hot dust content vs. system age. If the dysiston noise by scanning the fringes as fast as possibleyitut
is produced in steady-state by collisions of larger bodi¢s E€nough flux not to reach the photon noise regime). Sources as
the location of the hot dust detected or somewhere elsefaint asH = 4 can comfortably be observed in this mode at
the system and continuously drawn to this location), the dugpical conditions using PIONIER with the ATs. The regime of
content will decrease over time. Thus, the excess detectedc H < 5 is accessible under good atmospheric conditions.
and with it the detection rate will also decrea®éyétt et al. Targets fainter thatd = 5 have been removed. Furthermore,
2007h Wyatt 2008 L6hne et al. 2008 very bright stars cannot be observed as they saturate the-det
— The stellar spectral type. This can give hints on the origtar. This is the case, for example, for the otherwise veryi-obv
and evolution of the phenomenon. The evolution of circunous target Fomalhautébreton et al. 201)3 Binary companions
stellar dust is significantly feected by the stellar radiationwithin the interferometric field of view~400 mas full width at
and thus is dferent for stars of dierent luminosities. The half maximum in H-band) prevent us from detecting weak, ex-
detection rate of (cold) debris disks is well known to be déended circumstellar emission and even light from close-com
creasing from early type toward late type host gtars panions outside the field of view may enter the optical path in
— The presence or absence of a debris disk in the system. Thse of bad seeing. Thus, all known binary systems with angul
exozodiacal dust might be produced in a debris disk and deparatiorn< 5” are removed from the samples, using the cat-
namically drawn to the inner regions of the systems or largéogs of Pourbaix et al(2004, Eggleton & Tokovinin(2008,
bodies originating in the outer belt might be transported ®aghavan et a(2010, andDommanget & Ny£2002.
the inner system and producing the dust through collisions In addition, stars with unusually large linear diametens fo
there Bonsor et al. 201,2013. In this case, a clear correla-main sequence stars of a given spectral type are removed. Thi
tion between the presence of the cold and hot dust wouldisea signpost of post main sequence evolution which might re-
expected. sult in physical phenomena such as outflows that would be mis-
interpreted as exozodiacal dust. The stellar angular d&me
To achieve these goals, a carefully selected target listbig k is estimated from V and K colors using the surface bright-
mandatory in order to avoid selection biases. We considist a hess relatioriKervella et al.(2004:
of debris disk detections and non-detections in the faaned
available to us (by April 2012). These data come from thrd@g6y—k = 0.2753(V — K) + 0.5175- 0.2V . 1)

sources: . . .
The linear diameteD, = 6y_k/d is computed from that value

— A list of all stars observed by thgpitzer Space Telescope using the HipparcosRerryman et al. 1997distancesd of the
in the context of debris disk programs. Published fluxes $trs.V-band magnitudes are taken frdtharchenko & Roeser
24,m and 7Qum where available (see excess references (8009. We consider K-band magnitudes from the Two Micron
Table1) as well as archive data have been considered. TA Sky Survey (2MASS Skrutskie et al. 2006where the data
archive data were checked for izt excess by predicting thequality is suficient. For targets with 2MASS quality flag A,
flux at 70um from that at 24um using the Rayleigh-Jeanse.g., due to saturation, data collected®szari et al(1993 (up-
law. This method has been checked considering publishégted in 1999) are used, averaging the listed measuremahts a
detections and the results are found to be in good agreemégnsidering typical uncertainties quoted in the referenteno
If only detections were published for a survey, and a stéata are available froGezari et al(1993, the 2MASS data and
observed was not included in this publication, it is assumég@propriate uncertainties are used. In order to identifgsswith
that indeed no excess was detected. large diameters, our estimated linear diamelgrsre compared

— The results from théderschel/ DUNES survey Eiroa et al. to theoretical valueB, i from Allen’s Astrophysical Quantities
201Q 2013 including all detections and non detections ofCox 2000. Stars above an empirically defined threshld;

excesses. are removed:

— Alist of preliminary non detections of excess (G. Kennedy, Dyth
personal communication) from theerschel/DEBRIS sur- D cut= Dy + aop D — . (2)
vey (Matthews et al. 2010 (D)

— A reduction of the data for an incomplete list of targets olyere D, 4, is the theoretical linear diameter derived from a
served by otheHerschel debris disk programs taken fromg agratic fit to theoretical values vs. spectral types,is de-
the archive. rived from the scatter of the diameters for a given specyra t

(Dy.th) is the arithmetic mean @, , of all stars, ané is chosen

to be 1.5. Available ages of the stars removed have beenetieck
early all removed stars have ages comparable to or largar th

heir main sequence life time, indicating that the methoslis

cessful.

In order to obtain comparable results for debris stars and co
alirol stars, the two samples have to be as similar as possitiie w
Jespect to their distribution in spectral type, brightnessl ob-
serving conditions (i.e., sensitivity). This can be acki\by
a%:‘I-Iecting and observing pairs of debris stars and mostaimil
control stars directly after each other (which ideally ngean
very similar conditions), where possible.

2 This might be due to an age bias, as the mass of debris disks is d _This results in an all sky sample of targets. For each PIO-

creasing with age and late type stars have a much longer @gireace NIER run the suitable targets are selected from this sam'plte w

life time than A type stars3u et al. 2005 special attention on observing a sample of stars that isbath

According to these information, we distinguish betwelen
bris stars (stars with a debris disk detected) acwhtrol stars
(stars that have been searched for a debris disk, but nongewva
tected). In case of controversial informatidierschel data are
considered more reliable th&pitzer data due to the higher an-
gular resolution and usually higher sensitivity and DUNESad
are considered more reliable than DEBRIS data due to tyipic
higher sensitivity and because the DUNES survey resulte h
been published already.

Further refinement is necessary to remove targets unsaiit
for interferometric observations. This is the case if a¢aig
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between the three spectral type bins of A type stars, F tgps,st 1.0 ‘ ‘

> T

and G and K type stars. Only very few M type stars remain % 1.0 Joom .
the sample due to the brightness limitations. They are tois | 2 0.8} 1]
considered for any spectral type bin. B NN 5 0-6i ]

B = 0.4p R

B ©

: 3 0.2} .

; 0.95} I [ .

2.2. Properties of the observed targets : P 0.05—2—750"T50

Do Disk only
0.90l i - - - Star + disk (real)

i Star + disk (simplified)
Star (£5% on diameter)

A list of stellar parameters and near-infrared photometryus Baseline [m]

observed targets is given in Takle Angular diameter#y_g el
are computed following Sec?. Age estimates, were collectec v
from theVizieR data basé The mean logarithmic ages are

uared visibility

computed from all independent estimates available. Eimept 0-85 /ggk/stzré)f'lj\x ratio

have been made fggPic and HD 172555 which are well es- LV (121 <—1 (m b6/ )>2

tablished members of th@&Pic moving groupZuckerman et al. 0.80— ‘ ‘ ™ b6/ ‘ ‘

200). Here, we consider the latest estimates for the age 0 10 20 Basel?r?e mi 40 50 60

this group Binks & Jefries 2014. For two targets, HD 141891
and HD 128898, no age estimates were found. HD 141891Fig. 1. lllustration of our detection strategy foIIowim;j Folcp etal.
an old F-type star for which we will see later that even a nofz007. For the ‘real’, dashed curve we assume a uniform disk fé bo
detection is relevant for the statistics of excess deteatin age the star and the flux distribution from the exozodiacal dust a disk-
(Sect4.2.4. We estimate the age from the bolometric and X_raS?-star flux ratio off = 0.01, while for the ‘simplified’, solid curve we

) - . - . se the same assumptions but the approximation followiagduation
luminosity (Anderson & Francis 2012Schmitt & Lieftke 2004 in the figure. Diameters of the star and (face-on) disk haea lshosen

following Mamajek & Hillenbrand2008. HD 128898 is an A {5 2 5 mas (about an A-type star at 10 pc) and 500 mas (5 AU at)10 p
type star without hot excess as we will show in Sdctror this  pyt exact numbers are not relevant for the illustration of detection
age bin the inclusion or not of one more non detection does B@htegy. For details see Segtl
significantly dfect our statistics. Thus, we exclude this target
from the age statistics. The age values are listed in Thble
vations of one target are interrupted by identical obs@mat
of calibrators. For details, see Seg3

3. Data acquisition and processing — Data reduction is carried out using the dedicated script

3.1. Detection strategy gf tr;% ZIONIER data reduction pipeline. For details, see
ect.3.4

When it comes to the detection of faint, circumstellar esces— Calibration of the measured squared visibilities is done with

emission, the strength of (near-)infrared interferomésryhe the dedicated script of the PIONIER data reduction pipeline

ability to spatially resolve this emission and thus to syibtidis- From the observed sequences of calibrators (CAL) and sci-

entangle it from the much brighter stellar emission. Themref  ence targets (SCI) we select CAL-SCI or SCI-CAL pairs ob-

we follow the approach first presented tfolco et al.(2007 served directly after each other to compare their squassd vi

and briefly summarized here. When observing at small baselin  pilities. Several iects such as chromaticism have to be char-
of up to a few tens of meters, a nearby star is nearly unredolve acterized and considered in detail to achieve the accuracy w
This minimizes the ect of its uncertain diameter on the predic-  aim for with our survey. For details, see S&#.

tion of its squared visibility Y?). At the same time, an extended — Analysis of closure phase datén order to reject targets with

circumstellar emission is ideally fully resolved. This Wwiésult companions. See Se&6for details.

in a drop inV? compared to the purely stell&, because itadds — Measuring the excessith the high accuracy needed to de-
incoherentflux. This represents the core of our detectiategy tect possible excesses requires the combination of all mea-
and is illustrated in Figl. Measurements on a limited range of  surements of one target in order to achieve a high cumulative
baselines, however, do not allow one to directly distinguie- accuracy. Therefore, we use a simple model of the instru-

tween a faint companion or a circumstellar disk. The avditgb mental response to extended emission. See S&dor de-
of closure phase data allows to distinguish between aziaflyith tails.

symmetric emission from a circumstellar disk and highlyrasy
metric emission from a companiohd Bouquin & Absil 2012

Marion et al. 2013 3.3. Observation
Observations have been carried out in H-band in two runs each
3.2. Overview in P89 (Apr. 2012 and Jul. 2012) and P90 (Oct. 2012 and Dec.

2012), each run consisting of three consecutive obsenigigs

In this section, we describe the acquisition and processiitite |n total, 92 stars have been observed. An observing log of all
data from the observations to the measurement of the distato nights can be found in Tab®

flux ratio in case of detected circumstellar excess emisdibis We used the four 1.8-m ATs to obtain six visibility mea-

is a complex, multi-step process with some decisions inegarlsyrements simultaneously. The most compact array configura
steps being motivated by the need of later steps. Thus, vee gi¢n available at th&/L Tl with baselines between 11 m and 36 m
here a quick overview first before discussing each step iildetyas selected. The detector read out mode was set to FOWLER
in the following sections: with the SMALL dispersion (three spectral channels) and only

— Observation: We measure the squared visibility of our taroutputs A and C read in order to speed up the readout. The

: . : rtyjmber of steps read in one scaMDREAD) was 1024. See
gets on six baselines (4 telescopes) simultaneously. Ob e Bouquin et al. 201%or a description of the available modes

3 httpyvizier.u-strashg.fwiz-bin/VizieR and their &ects. This setup was used for all observations (be-
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Table 3. Summary ofVLTI/PIONIER observations

Run Night # targets Seeind] to [ms] Condition notes
089.C-0365(A) 2012-04-27 0 - - Night lost due to bad weather
089.C-0365(A) 2012-04-28 10 1.2 (0.7-1.8) 2.0(1.5-2.1) erAge conditions
089.C-0365(A) 2012-04-29 11 0.8 (0.6-1.8) 4.5(1.5-6.2) o@Geoonditions
089.C-0365(B) 2012-07-23 9 1.0(0.7-1.7) 3.0(2.0-4.0) Goanditions
089.C-0365(B) 2012-07-24 9 0.7 (0.5-1.0) 3.5(2.5-5.0) Goanditions
089.C-0365(B) 2012-07-25 13 0.9 (0.6-1.7) 2.5(1.5-4.0) od=monditions
090.C-0526(A) 2012-10-14 11 0.8 (0.6-1.3) 2.0 (1.5-3.0) o@oonditions
090.C-0526(A) 2012-10-15 6 1.3(0.8-2.4) 1.5(1.0-2.5) Baditions, tech. loss
090.C-0526(A) 2012-10-16 11 0.9 (0.6-1.9) 1.5(1.0-3.0) o@Geoonditions
090.C-0526(B) 2012-12-15 6 0.9 (0.5-1.5) 5.0 (3.0-7.0) dGoanditions, tech. loss
090.C-0526(B) 2012-12-15 8 1.2(0.7-2.1) 3.0(2.0-5.0) Bamtitions
090.C-0526(B) 2012-12-15 8 0.8 (0.6-2.0) 4.0 (2.0-6.0) rage conditions

Notes.The seeing is measured as DIMM seeing in the visible. Thetgyapthe nominal coherence time. The first value in both columwegyi
the typical value for the night, and the values in parenthéise range observed. In addition, the condition notes colgives an evaluation of
the conditions based on instrument performance and datityaa the nominal values af andt, are not always fully correlated with the actual
performance of the observations (e.g., due to local turtugle at the ATs not measured by the DIMM seeing). The sum afdh&er of targets
is larger than the total number of targets observed (92pm@m& dargets have been re-observed due to limited datayjoalihe observations have
been carried out over two nights due to timing constraints.

sides a few with slightly dferent setups tried in order to op-a global analysis of each night, before the classical/GAIL
timize the strategy). Instead of adjusting the instrumetts calibration.

accounting for faint targets or bad conditions, we seleicfriber
targets in case of worse conditions and vice versa. Thisaguar
tees a homogeneous observing setup for the whole sample.

Three calibrators were selected frdvérand et al.(2005

for each science target, typically within 2L@h order to min-
imize the dfects of the pupil rotation (i.e., position on sky

Le Bouquin et al. 2012 Additional criteria were similar H-band also all CAL. After this correction, the average level of fhe

brightness and small angular diameter. Most of the targats h s e .
been observed in a sequence of CAL1-SCI-CAL2-SCI-CAL rumental response within a CAL-SCI-...-CAL sequenceis-g

X . . rally not unity, because EQ&.sufers from idealization. Nev-
SCI-CAL1 and where p035|bl_e the corresponding debris or C%r?theless, this strategy successfully removes any sgitiend
trol star has been observed directly afterwards.

that could be associated to the global pointing depend&wmy-
sequently, the typical scatter among the four observatiboal-
ibrators within the sequence is reduced to two to three perce

We first fit Eq. 3 to all calibrators of the night in order to
determine the parameteasandb. This fit is well constrained
because we typically gather about 35 observations of eabbs
during a single night, spread all over the sky. Then weaused
b to correct all the observations of the night, that is all SQi b

3.4. Data reduction and calibration

In this section we describe the conversion of raw observa-

tions into calibrated interferometric observabl&® @nd clo-

sure phase). Data reduction has been carried out using $he5 sci/cAL calibration

standard PIONIER data reduction pipelipedrs version 2.51

(Le Bouquin et al. 2011 The five consecutive files composing

an Observing Block, either SCI or CAL, were averaged togeth.@:Ib
f

. e goal of this second step is to correct for the instrumenta
to increase SNR and reduce the amount of data to be dealt w, ponse within the CAL-SCI-...-CAL sequence. In order to

ease the implementation of the subsequent bootstrappadg an
ysis (see Sec.3.7), we do not average all the CAL obsenstion
] ) ) . into a single value of the instrumental response. Instead, w
As explained byte Bouquin et al(2019, we identified that the cajiprate individually each SCI by pairing it either withetjpre-
major source of instrumental instability in the data is édko ceding or the following CAL. Calibrators with low SNR or with
the pupil rotation inside th&LTI optical train. At first order, the jear closure phase signal are rejected. This accountbéarta
instrumental contrast (transfer function, TF, i.e., theameed 194 of all calibrators observed. Furthermore, the same CAL ob
but not calibrated/? of a point source given instrumental andgryation is never used to calibrate two SCI, in order to mini
atmospheric gects) is described by: mize the correlation. Finally, where this is possible, omhg of
C = a+ bcos@lt + az— 18°) 3) the two observations on the same calibrator in one sequence i
used, in order to maximize the number offdient calibrators

wherealt andaz are the actual elevation and azimuth. (ideally 3). For each object we gather a total of three catimxt

For typical values o& ~ 0.7 andb =~ 0.1, this means that the observations, each of them calibrated by fiedent calibrator.
difference ofilt + az between the observations of SCI and CAIEach observation contains 6 squared visibilities measeinésn
should be smaller thare Zor this efect to be smaller than the(V?) and 4 closure phase measurements, each of them dispersed
desired level of accuracy. Since the density of calibratothe over three spectral channels with central wavelengthsdam,
sky is not stficient, we correct for thisféect by implementing 1.68um, and 177um.

3.4.1. Nightly-based, global calibration
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3.5. Assessment of systematic chromatic effects The computation is performed by a set of IDL routines devel-
oped initially for CHARA observationsAbsil et al. 200, and
A conservative estimate of the chromaticism of PIONIER W%apted later for a |arger number of te|esco®ef|(ére et al.
given byDefrere et al(20123. Given the precision intended for2017). To derive the value and uncertainty of the flux ratio for
our survey, we have to quantify thisfect. This is particularly each target, we use a bootstrapping algorithm with eachithdi
important since most calibrators fromérand et al(2009 are yalfit to the data being performed using a Levenberg-Mantjuar
K giants, while our science targets are distributed ovectspe |east-squares minimizatioMarkwardt 2009. This means, that
types A to K. We describe in Appendix the detailed analysis the individual uncertainties on the data points are noticened
of the chromaticism carried out based on our data set. We edfitectly in the estimate of the uncertainty of the flux ratioif
pirically derive a correction for the chromaticism, but fititit rather their scatter. In addition, a systematic unceryainteach
the efect of this correction on our results is negligible. In fewjata point due to the uncertain diameter of the calibratoois
cases the correction derived is much larger but obviously-ersjdered. Finally, a systematic uncertainty ot 804 due to the
neous (mostly due to noisy data). Thus, we do not apply tBBromaticism is added to the flux ratio derived (S8c%).
correction to the data set used for the further analysiseptes For the bootstrapping, we investigate several possible cor
in this paper, as the potential gain is minor, while therehs trelations among the data. These could be present, e.g.,camon
risk of a failure of the correction for some targets which ¥aou the diferent spectral channels in which data have been obtained
result in a significant degradation of the data quality. éaslt simultaneously, the baselines sharing one telescope tawtia
we consider a conservative, systematic calibration uaireyt tained on all six baselines simultaneously in one OB, asethes
of 1x 10°% on the squared visibility measurements. This unceshare the same calibrator. We fit the whole sample severestim
tainty is correlated among all data and results in an uniceyta each time assuming one of these correlations to be the domi-
on the star-to-disk flux ratio of & 10™*. nant one. The level of correlation left in the data after thésfi
estimated by the width of the distribution of excesses wteidh
by their uncertainties. Such a histogram should ideallyehav
Gaussian shape with a standard deviation of one if there is no
Jdlefection at all among the sample. Less than 1% of the tar-
Jgets should have a flux ratie —3c-, while some significant
ections should show up with a flux ratto 3o~. A smaller
g?'\tter suggests an over estimation of the correlationlevehi

3.6. Analysis of closure phase data

The closure phase data obtained in the context of the pre
project constitute a valuable sample for the search for
known, faint companions around nearby main sequence st

We analyze the closure phase data in detail in another pa = X .
(Marion et al. 2013 Here, we rely on the results of this work@/9€" scatter and a significant number of targets with fltio ra
’ ¢ < —3 sigma suggest an under estimation.

and only discard for our further analysis the systems in twhi¢ . .
y y y We find that the correlation among the three spectral chan-

companlons have been detected. els is dominating and that all other correlations can be ne-
Five of the 92 targets observed — HD 4150, HD 1655gi0 teq. This is expected because the spectral channetsthba
HD 29388, HD 202730, and HD 224392 — show a closure phagg | | beams, and so the same polarization behavior, which
signal that can be attrlbuted to the presence of a previausly o e qominant source of systematic error. Moreover thayesh
known stellar companion and thus have to be removed frqf), o4 me piston statistics, which is the dominant sourctatés

the subsequent analysis. In addition, a companion around, oise. Fi ; SRy

. . Fig2 shows the histogram of the significance of the
HD 15798 (rQet) has been de’gected Eﬁgakoylnln etal.(2014 g,y ratios for our sample in this case, as well as the seit&tv
using speckle interferometry. Finally, we reject HD 2328E1(() reached (&).

due to potential post-main sequence evolution (Set), which
leaves us with 85 stars.
4. Results

3.7. Fitting of exozodiacal dust models We have observed a sample of 92 stars looking for faint, ex-
tended near-infrared excess. Five targets show signifidant
In the present section, we describe the fitting strategy trsedsure phase signal indicative of a companilgiafion et al. 2014
combine allv? data of a given object in order to derive a diskwhich makes the targets useless for our analysis. One target
to-star flux ratio (here after: flux ratio). The flux ratio doest — HD 15798 ¢ Cet) — needs to be rejected because it has a
depend significantly on the assumed disk geometry as showrtampanion not detected by our analysis and another target —
previous studies (e.gAbsil et al. 2009 Defrere et al. 2011 We HD 23249 Eri — needs to be rejected because it is likely a post-
consider a model consisting of a limb darkened photosphere snain-sequence star (Seétl). This leaves us with a sample of
rounded by a uniform emission filling the entire field-ofwie 85 stars that can be used for the subsequent analysis.
of PIONIER on the ATs (see analytical expression in Hiy. For this sample, the mediawn-laccuracy of the measurement
Under typical seeing conditions, this field-of-view can e aof the disk-to-star flux ratio is.8x1073, i.e. 0.26%. As shown in
proximated by a Gaussian profile with a full width at half max=ig. 2, the excess distribution is consistent with a Gaussian with
imum of 400 mas Absil et al. 201). The visibility expected o = 1. Thus, we consider an excess to be significant if the flux
from a limb darkened photosphere is estimated accordingratio is larger than its @ uncertainty. Using this criterion, we
Hanbury Brown et al(1974 using the linear H-band limb dark-find 9 out of 85 stars (16f‘2‘-g%) to show a significant visibility
ening codicients ofClaret et al.(1995. We estimate the vis- drop in broad band (TabW). We interpret this as faint, extended
ibility for the whole bandwidth of each spectral channelno circumstellar emission, attributed to the presence of ediacal
sidering the actual spectrum of the star using tabulate@htib dust.
spectra fronPickles(1998 and the spectral transmission of the In the following, we first briefly discuss a few peculiar tar-
PIONIER instrument. The estimated squared visibilitiestaen gets (Sect4.1). Afterwards, we statistically analyze the broad
compared to the measurements and the flux ratio for each dadaad detection rate (Sect.2) and discuss the spectrally dis-
set is derived. persed data obtained (Se4t3).
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Fig. 2. Excess distributionl éft) and distribution of uncertainties on the disk-to-star ftato (right). The Gaussian overplotted on the excess
distribution has a width of- = 1 and is used to guide the eye and illustrates that the datasistent with this ideal behavior. Vertical, dashed

lines are plotted afcsg/o; = —3 and fesg/os = +3 for the excess distribution and at the median uncertaifyX 10°3) for the uncertainty
distribution.
4.1. Notes on specific targets this level of accuracy, we can only rule out variability larghan

- . : 5 . ~80% of the total flux. We confirm the flat spectral slope of the
HD 15798 (r Cet) Has a significant signal in thé” but no sig- -,y ratio discussed in detail Hyefrére et al(20123.
nificant closure phase signal. This would identify the staaa o
excess star in our sample. HowevEskovinin et al.(2014 de- HD 69830 and HD 17255%ave strong excess emission de-

tected a companion to this star at a separation of 210 mag udgfted in the mid-infrared (HD 69830Beichman etal. 2005

speckle interferometry. This separation is too large ferftmge HD 172555: Schiitz et al. 2005Chen et al. 2006 We do not

not be detected by our observations. However, it is expecf@’s- HD 69830 was also observed with FLUOR and no K-band

to contribute some incoherent flux to the observations tret mexcess was detected eithébgil et al. 2013. Given the large

well be responsible for the detected drop. As a consequence Number of detections in our samples and the strong midiedra
the star has to be rejected from our subsequent analysisgrcgXcess found for these targets, the non detections areisurpr
no conclusion on the potential presence of an excess is-po¥y- For HD 172555 we find a tentative excess based on signifi-
ble. This example illustrates that even the availabilitglosure Cant excess in the long wavelength channel only and on a spec-
phase data doesn’t completely rule out the possibility tfefa ral slope of the flux ratio that suggest increasing excesarit
excess detections due to unknown companions to our targetdonger wavelengths. We discuss this in more detail in Segt.

HD 23249 ¢ Eri) has been observed wittLTI/VINCI in K- As this can only b_e conS|de(ed a tentative detection, we do no
band between October 2001 and February 2qb&yenin et al. include t_hls_potentlal excessin our statistical ginalydlé.69830
2009. These data show no evidence of circumstellar excess @8 N significant far-infrared excess detectido@ et al. 2018
contrast to our PIONIER data in H-band taken in October 2089 is thus not counted as a cold dust host star in our stalisti
(Tabled). The sensitivity of the two observations is comparabf@lysis. The dust in this system is located-at AU from the
ruling this out as a source of the discrepancy. The fact treat St&r Smith etal. 2009 It is doubtful whether this dust can be
excess has detected in H-band but not in K-band suggesta thgfoduced at this location in an equilibrium collisional case of
specific temperature of the dust cannot be responsibledatith 1arger bodies over the age of the systdnsge et al. 200¢ No
crepancy either, as a black body of any temperature lower t gnlflcan_t amounts of cold dust are found. This would gyalif _
the sublimation temperature would peak longward the H-barife dust in this system as exozodiacal dust. However, since i
implying a rising flux ratio toward the K-band. Thus, assuni$ NOt detected by PIONIER and FLUOR observations, we con-
ing that the emission originates from circumstellar dugt,anly sider it to be a non-detection in our statistical analysis.
explanation known would be an increase of the excess betweenHD 56537 (1 Gem) has been observed with FLUOR before
the two observationg.hévenin et al(2005 also determined the and was found to have significant K-band excesbsfl et al.
evolutionary state of HD 23249 to be at the end of the subgi@@#13. We do not detect any H-band excess in our PIONIER
phase. Thus, our observations could trace emission otigina data. The FLUOR accuracy on this star is slightly bettef K
from physical processes related to that evolutionary stteer 1072 vs. 25 x 10°2 for PIONIER), but not enough to explain
than circumstellar dust. As a consequence, we reject tigstta the diference. Absil et al. (2013 discussed an issue with the
from the further analysis. We note that this target is simita diameter of this star when computed from surface brightress
k CrB which has been observed as part of the FLUOR samji@ons (065+0.08 mas) compared to direct interferometric mea-
and has been rejected for the same readusil et al.(2013. surements (835+0.013 mas followingBoyajian et al. 2012nd

HD 39060 3Pic) has been observed extensively with PI0.807+0.18 mas, new measurementbsil et al. 2013. In the
ONIER before, resulting in an excess detecti@effere et al. present paper, we use the diameter from the surface briggtne
20123. We re-observed the target as part of our unbiased samlations in order to have a consistent diameter estimatesfth
ple and confirm the detection. At the same time, we do not tletearget. We repeated the excess measurement for this target u
any significant variation of the excess between the obsenat ing the stellar diameter of.835+ 0.013 mas without significant
(December 2010 to November 2011 vs. October 2012). Houhange of flux ratio measured@51352% vs.—-0.42052%). A
ever, the excess in our survey data is only detecteddat. 3At  possible explanation for theftierence between the FLUOR and
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Table 4. Detections (marked in gray) and non-detections of exterdedsion and closure phase signal

HD  fese[%] o [%] xt  x% V2 Comp. HD  fese[%] o [%] x1  x% V> Comp.
142 -0.69 0.26 -261 1.05 no no 91324 0.14 0.17 0.82 0.38 no no
1581 -0.21 0.31 -0.67 1.00 no no 99211 0.35 0.22 1.60 0.75 no no
2262 0.67 0.18 3.72 0.51 yes no 102365 0.43 0.23 1.91 066 no no

3302 0.36 0.26 136 122 no no 104731 0.52 0.14 3.73 0.55 yes no
3823 0.25 0.22 1.16 0.78 no no 108767  0.57 0.15 3.73 0.54 yes no

4150 2.57 0.49 5.22 2.83 yes yes 109787 -0.32 020 -161 0.7 nno
7570 -0.36 0.26 -1.36 1.17 no no 115617 0.09 0.23 0.40 040 noo n
7788 1.43 0.17 8.53 0.47 yes no 120136 -0.21 0.22 -0.96 0.65 no no
10647 -0.08 0.26 -0.31 0.81 no no 128898 0.15 0.22 0.69 0.75 namo
11171 -0.06 0.42 -0.14 130 no no 129502 -0.04 0.14 -0.29 0.88 no
14412 0.96 0.21 4.66 0.74 yes no 130109 -0.41 0.43 -0.96 1.75 no no
15008 0.56 0.32 1.73 1.22 no no 134083 -0.56 0.47 -1.18 2.64 namo
15798 3.03 0.34 8.82 0.68 yes o 135379 0.18 0.37 0.48 101 no no
16555 40.55 2.45 16.55 ... yes yes 136202 -1.56 0.64 -2.463 3.00 no
17051 -0.24 0.23 -1.06 096 no no 139664 0.11 0.19 0.59 0.62 namo
17925 -0.05 0.23 -0.22 0.70 no no 141891 -0.1 0.20 -0.50 064 nno
19107 0.47 0.21 228 049 no no 149661 0.14 0.22 065 1.70 no no
20766 0.08 0.26 0.30 1.18 no no 152391 0.06 0.18 0.34 058 no no
20794 1.64 0.37 446 1.58 yes no 160032 0.01 0.11 0.09 0.28 no no
20807 -0.05 0.53 -0.09 3.74 no no 160915 0.19 0.28 0.67 0.67 namo
22001 0.3 0.20 1.53 0.71 no no 164259 -0.18 0.19 -0.96 062 noo n
23249 2.44 0.37 6.65 2.17 yes no 165777 0.46 0.28 1.62 098 noo n
25457 -0.07 0.14 -0.50 0.37 no no 172555 0.55 0.25 2.16 1.09 naoo
28355 0.88 0.09 9.33 0.36 yes no 178253 0.15 0.36 0.41 168 no no
29388 3.84 0.46 835 3.02 yes yes 182572 0.09 0.13 0.69 0.37 noo
30495 -0.14 0.21 -0.68 0.46 no no 188228 0.53 0.27 1.99 0.82 namo
31295 0.21 0.15 1.41 0.54 no no 192425 -0.31 0.25 -1.26 1.03 namo
31925 0.41 0.22 1.90 0.63 no no 195627 0.05 0.52 0.10 2.87 no no
33111 0 0.41 0.00 2.00 no no 197157 0.35 0.30 1.15 1.03 no no
33262 0.27 0.21 1.31 0.58 no no 197692 -0.14 0.20 -0.71 0.48 namo
34721 -0.36 0.21 -1.75 0.61 no no 202730 29.56 9.96 2.97 ... nges
38858 -0.69 0.29 -2.34 110 no no 203608 -0.74 0.34 -2.15 1.6? no
39060 0.88 0.23 3.90 0.49 vyes no 206860 0.21 0.30 0.69 124 no no
40307 -0.34 0.24 -1.44 1.06 no no 207129 0.13 0.13 1.00 0.26 namo
43162 0.4 0.21 1.94 0.63 no no 210049 0.18 0.38 0.47 267 no no
45184 0.42 0.15 2.83 0.53 no no 210277 -0.41 0.31 -1.31 1.85 namo
53705 0.08 0.23 0.35 0.67 no no 210302 0.83 0.25 3.39 1.07 yes no
56537 -0.42 0.25 -1.68 0.98 no no 210418 -0.43 0.29 -1.46 1.hd no
69830 0.04 0.26 0.15 101 no no 213845 -0.43 0.24 -1.81 0.82 namo
71155 0.09 0.25 0.35 1.16 no no 214953 -0.15 0.22 -0.69 0.71 nmo
72673 0 0.33 0.00 189 no no 215648 -0.21 0.22 -0.96 0.76 no no
76151 0.16 0.28 0.56 1.38 no no 215789 -0.2 0.26 -0.78 0.68 noo n
76932 -0.04 0.42 -0.09 279 no no 216435 -0.35 0.27 -1.27 1.hé no
82434 0.39 0.58 0.68 3.72 no no 219482 0.2 0.17 1.19 0.53 no no
88955 -0.25 0.25 -1.02 1.00 no no 219571 0.09 0.27 0.33 0.78 namo
90132 -0.74 0.41 -1.79 180 no no 224392 1.74 0.27 6.34 1.1% yeyes

Notes.Detections, i.e., stars with significant excess but witleocompanion followindviarion et al.(2014) are marked in gray. The quantifysg

is the disk-to-star flux ratio. The quantity; is the X uncertainty on that measurement, = fcsg/o ¢ gives the significance of the detection,
andy?, gives the reducegt of the fit of our model to the data. The columns nameé# and ‘Comp.” include notes whether or not there is a
significant detection of extended emission or of closuresplsignal, respectively.

1 See notes in Sect.1

PIONIER measurements would be an increasing excess froméspectively). Another FLUOR observation confirming oirgl
to K-band suggesting thermal emission and a low contributiout the excess being still present would help clarifying.
from scattered light at both wavelengths. Another posgibil

would be time variability of the excess, significantly reihgc

the total excess flux between the two observations (Octd@8 2

vs. December 2012 for the FLUOR and PIONIER observations,
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Fig. 3. Detection rate of exozodiacal dust for stars dfetient spectral Fig. 4. Detection rate of exozodiacal dust vs. the presence of ataéete
type. debris disk.
4.2. Statistics from the PIONIER sample or the aftermath of a large collision (e.gisse et al. 2008009
_ Jackson et al. 20)4Bonsor et al(2013, however, show that it

4.2.1. Over-all detection rate is unlikely that we observe the aftermath of dynamical inita

i . 43 ) ities in such a high proportion of planetary systems. Thepot
We find a total detection rate of B, :% of H-band EXCESSeSyal origin of the hot dust in an outer debris disk is discuasge

that can be attributed to hot exozodiacal dust. This dmc“SectA.Z.a

rate is less than half as high as found Asil et al. (2013, a A potential scenario to decrease the removal rate of dust

fact we will discuss in Seck.1l Our detection rate is consistent_ .
with the result found byMillan-Gabet et al.(2011) using KIN grains from the system and, thus, to reduce the dust produc-

in N-band. However, given the fierent wavelength, sensitivityt'on rate necessary to explain the presence of the dust would

) . - the trapping of nano grains (10 nm in size) in the mag-
to different dust populations, and the large statistical erras,b t})e o . ]
drawing clear conclusions from this fact is not possibleho Hetic fields of the host star€gechowski & Mann 201,(Bu et al.

. 2013. Su et al(2013 suggest this scenario to be responsible for
detailed knowledge about the systems detected. .
The detection rate obtained in this survey is not dissintdar the hot excess seen around Vega, butthe extension o A se st

. U . is not obvious because the topology of their magnetic fiedds i

getzctlon raltezsofgfrsé:old deibggglsEks (e@e,ltfhgan eEI’?lL 2d006 not well known. While the dust in this scenario would stiliger

ryden et al. oSu et al. bEiroa etal. B € dust ihate in an exozodiacal disk, alternative scenarios toamhe
observed in these disks, however, can be readily eXp.Ia'yedr?éar-infrared excess like free-free emission produceddlias
steady—state models in which 1tis contmuoysly replerdshe winds have been discussed as wAbsil et al. 2008. This has,
collisions between Ia_rge, .km'S'ZEd planetesimals. If thearid however, been ruled out as an explanation for the nearredra
excesses observed in this sample were produced by the callizooq ar0und Fomalhaut Mennesson et a(2013.
sional evolution of planetesimals to produce dust in a simil
manner, the planetesimals would have to be very close tdahe s
at the very least within the field of view of PIONIER. Collisio 4.2.2. Detection rate vs. spectral type
rates increase with decreasing orbital timescalégattetal. _ _ .
(20073 show that this leads to a maximum mass — and th{id- 3 shows the detegtmn rate of exozodiacal dust for thg dif-
fractional luminosity — of dust that can be produced in syead'€rent spectral type bins considered. The detection ratke-s
state, as a function of the orbital distance and age of themsys créasing toward late type stars, similar to the behavioredfrs
According to these estimates, e.g., the maximum fractihral disks Su etal. 2006 Bryden et al. 2006 Gautier et al. 2007
minosity of a disk at 1 AU and an age of 100 Myr i$k 10°°. Eiroaetal. 2018 However, given the large statistical uncer-
Given only one measurement of the flux ratio for each targt@{ntles (ba}sed on binomial probability distribution)sttrend is
available and even with the spectrally dispersed data asstied ONlY tentative.
in Sect.4.3 only weak constraints can be put on the fractional
luminosity of the detected exozodiacal dust systems willy ory 5 3. petection rate vs. presence of a debris disk
lower limits, typically of the order of 1¢, being possible as-
suming thermal emission (considering scattered lightlithe The correlation between stellar spectral type and detectite
its would be even larger). A realistic model of the exozodiacof exozodiacal dust is similar to that of debris disks. Thises
dust around Vega, that is representative for the deteciioiiés  the question whether the origin of the hot and cold dust is the
work, has been first produced Bypsil et al. (200§ who found same population of colliding planetesimals, some of whiaveh
a fractional luminosity of 5< 10*. These values are clearlybeen transported closer to the star. This hypothesis carsheit
inconsistent with the maximum levels estimatedWyatt et al. by searching for correlations between the presence of eazo
(20073 for any reasonable range of parameters. Thus, the €rl dust and a debris disk.
cess emission observed in this survey cannot derive frorh dus Given the statistical uncertainties there is no significamt
produced locally in a steady-state collisional cascadettier relation between the incidence of hot and cold dust (Bjg.
ages of these stars. Alternatively, we could be observimgrat This would suggest that the two phenomena do not have a com-
sient phenomenaiyatt et al. 2007aKennedy & Wyatt 2013 mon origin. However, we are only able to detect the bright-
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Fig. 5. Excess due to exozodiacal dust as a function of stellar ageHig. 6. Detection rate of exozodiacal dust for stars younger anerold

the PIONIER sample. than the median age of each spectral type bin. Note that #otcth
tal bin the age bins derived from the individual spectral typeskare
considered, not a median age of the whole sample.

est exozodiacal dust systems and the most luminous debris

disks (e.g., withHerschel ~10 times more luminous than our

Kuiper belt, Vitense et al. 2010 Furthermore, potentially im-

portant mechanisms such as dust trapping in a planetary SYfhe late t . . : .

- ype stars in the old bin. While such an analysisld/o
(S et & 2017 or realisic reatment of sublmatng dust par generalbe useful if the dust evolution depends on timein g
. ' . eral, not on the stellar evolution, in the present case itlvbe
ticles (Lebreton et al. 201,3van Lieshout et al. 20)4have not [ : e
been considered in the theoretical investigation. Thusjrat,f heavily biased by the higher detection rate around A typssta

undetected debris disk might be able to produce significant

amounts of exozodiacal dust. Migration _ofa planetinto aeou the systems visible in Figh. However, there is a tentative cor-
faint belt has also been shown to potentially produce enbogh o\ion hetween the detection rate and the age for F aid G
dustto t?e detectable by our observations and would notrrteqwtype stars (Fig6). Considering the F and GK spectral type bins
correlation between observable hot and cold dBsih&or et al. together, a2 test yields a probability of 0.75 that there is a
2014 Raymond & Bonsor 2014 real correlation between the stellar age and the excesstitete
rate. While a similar correlation is not visible for A typeast,
4.2.4. Detection rate vs. stellar age for stars of later spectral type the detection rate seenmstease
with age. This is the opposite of what would be expected in the
Another well known correlation for debris disks is the des® case of steady-state evolution, but is not necessarilyradict
of dust mass with the stellar age which translates into a drepy to planet induced instabilities. A similar trend isitie in
of the detection rate and disk brightness with increasing aghe combined sample (keeping the age bins derived for the ind
(Rieke et al. 2005Su et al. 2006 This has been attributed tovidual spectral type bins) with a probability of a real céat@®n
the continuous mass loss due to the collisional evolutiothef with age of~ 0.75. As in this case the age bins are linked to
disk (e.g..Wyatt etal. 2007pLohne etal. 2008 We already the stellar main sequence life time rather than absolute, tihis
concluded that the high levels of hot dust found are unlikely might suggest that the circumstellar excess emission isechu
be consistent with steady-state collision evolution. @egfor by a stellar phenomenon rather than a circumstellar one. We
a similar correlation between the detection rate and bmggg note however, that such a phenomenon would have to be very
of exozodiacal systems with stellar age, we can furthertbést similar over a large range of stellar spectral types and ribat
hypothesis. such phenomenon is known. Aff#irent explanation could be
We do this in two diferent ways. First, we plot the flux ratiothat the time scale of the circumstellar phenomenon (ehg., t
as a function of the stellar age. We divide our sample in eadyst evolution) that leads to the excess at large ages depend
type stars (spectral type A) and stars of later spectral, tgpe the properties of the star. This would be the case, e.g.hfor t
counting for diferences in the stellar properties such as stellRoynting-Robertson time scale which is decreasing for argiv
luminosity, winds, and magnetic fields potentialljezting the dust species with increasing stellar luminosity and mass.
dust evolution. Second, we investigate the excess deterte
with respect to the stellar age. For each spectral type bir(A
or G/K) we divide the sample in stars younger and stars older, . .
than th)e median age in thepbin, 0.34 Gy%, 1.995 Gyr, and 4.47 y?"r" Correlation with presence of planets
for A, F, and GK type stars, respectively. The detection rate in
the young and the old stars samples are compared. Finally, weur sample there are 14 stars for which the detection of an
perform the same analysis on all stars together, but kegpang exoplanetary system has been reported. All planets ar¢éelbca
old and young categories of the stars as indicated by theamediithin few AU from their host stars, near the region where the
ages in theirespective spectral type bins. We do not perfornmdust must be located for our exozodi detections. In our sampl
this analysis for all stars together, witine median age for all we find no correlation between the presence of exozodiacal du
stars. This would put all A type stars in the young bin and moahd of planets in the system.

There is no clear correlation of the excesses with the age of
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4.3. Analysis of spectrally dispersed data 0.5 /7"75/1{— 05 74

0.5 ]
While our analysis so far followed closely the approach used 0 et 0.0p E g et
Absil et al.(2013 due to the very similar kind of data available P55 165 175 155 165 175 P55 165 175
the SMALL spectral dispersion of our PIONIER data with threc Wavelength [um]

spectral channels across the H-band allows us to investigatFig. 7.  Disk-to-star contrast as a function of wavelength for the de
addition the spectral slope of the excess for detected ekozaected excess sources. Thiack line illustrates the case of constant
acal systems. Since the spectral channels are considebed toontrast, while theblue, orange, andred lines illustrate the cases of
correlated in our contrast measurements, consideringgdther pure black body emission with a temperature of 2000 K, 150arid
does not reduce the uncertainties on the combined excess m&80 K, respectively.

surement and, vice-versa, the uncertainties in the sirglereels

are not significantly larger than for the combined measurgme o . )
Therefore, for significant excess detections, the spégtris- the three stars Wlt_h_SlgnlflcantIy positive sIope_s. '_rhe_s_esmall
persed data may allow for putting constraints on the H-band coffset toward positive slopes which we rate insignificant. We

ors of the excesses and, thus, of the location and naturesof @0 compute the spectral slope in the H-band of the blacl bod
emission. curves fitted to the data of the excess stars in order to eealua

whether any black body temperature can clearly be ruledyut b

the spectral slope measured (Tab)e Note that the slopa of
4.3.1. Approach the flux ratio depends not only on the black body temperature,
dbut also on the flux ratio itself as well as on the spectraleslop
of the stellar photosphere emission. Thus, for a given lbladi

The flux ratio vs. spectral channel for the nine sources wéth
tected excess is shown in Fig(first nine rows). We fit curves mperature, the spectral slope of the flux ratio is expetctée

for thermal black body emission for four temperatures, 500 K
1000K, 1500 K, and 2000K to the data. The error weighted qyl_fferent for diferent targefexcesses. For gray scattered stellar

erage of the three spectral channels represents the cashdhqght’ l.e., in case the spectrum of the excess being the same

circumstellar emission detected follows the spectrum efitbst hat of the star, the spectral slope of the flux ratia is 0. A 3o
P criterion is used to check whether the measured slope igszons

star (i.e., constant contrast with wavelength). As can Iem S§entwithin the uncertainties with the predicted slope fidirestent

in Fig. 7, the contrast is rathe_r constant over the three Specq’é?“wperatures or a zero slope for scattered light emission.
channels for most targets. This would be the case for pure gra . .
Second, we search for significant excesses in only one or two

scattered light emission from dust grains, suggestinglhiigbhas ) O
g g 99 g spectral channels. Therefore, we consider the full uniceiiea

a significant contribution to the total emission. Only th&t lavo | . o e .
targets exhibit a tentative slope that might be suggesfiviecs- including systematic calibration uncertainties. Excessethe
long wavelength channel(s) might be expected if the excess i

mal emission. However, for all targets we are neither abtal® | _ S . : )
out pure black body emission, nor pure scattered light eariss/USt Starting to be significant in the middle of the H-bandthis
case, we would expect the targets also to exhibit some pesiti

based on this qualitative analysis. fthe fl ) q
To carry out a more systematic analysis of the spectral behﬁlppe ofthe flux ratio measured.

ior of the contrast for all our targets — be it with or withoigrsf-

icant broad band excess — we proceed in two ways. First, wesfi§ o piscussion

a straight linefcsg(1) = ad + fo to the three spectral channels in

order to derive the spectral slop®f the contrast and the corre-The results of this analysis are shown in FigFig. 8, and Ta-
sponding uncertainty,. We prefer this over a black body fit toble 5. It is obvious that — within the @ uncertainties — the
the data because we suspect scattered light to have a sagnifislopes for all detected broad band excesses are consistant w
contribution to the emission as discussed above. In this @y a constant contrast with wavelength and most of the black bod
black body temperature derived would be meaningless. In ce@emperatures considered. Neither black body emission urer p
trast, the spectral slopeeis a purely empirical quantity which scattered light can be ruled out. However, most targets etre b
does not need any assumptions on the underlying physics bugr fit by a constant contrast than by a black body of realistic
handy in order to quantitatively investigate the significanfthe temperature. Only two sources, HD 108767 and HD 210302,
spectral behavior. Note that the spectral channels arelated are better fit by a black body. A clear conclusion would re-
and that systematic uncertainties such as the uncertaimeti® quire data of higher precision or over a larger wavelengtiyea

of the star or of the calibratoffect them in the same way. Thus]f real, the constant slope would be indicative of very hostdu
these systematic uncertainties are not considered in #sept or of the emission being dominated by scattering rather than
fit. We validate this by plotting the histogram afo, i.e., the thermal emission. Both scenarios have been investigated by
significance of the slopes for all targets (F&). The histogram Defrere et al(20123 on the example ¢f Pic (HD 39060) which

is well behaved with a standard deviation of 0.87 not inaigdi exhibits a similar behavior. In particular, the possilgitias been
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20 | ‘ < 2.0f B 1775587 ] 1O B 167573 ] 2 HD 210049
[ All targets N 2.0 j 0.5F 2: 1.0F
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[ Any channel < -3¢ 2155165 175 UPs5 1es 175 155 1.65 1.75
. Wavelength [zm]
(]
g 10} 1 Fig. 9. Same as Fig7 but for the three tentative detections based
2 on the spectral slope and excess in the long wavelength ehanty.
Theblue, orange, andred lines illustrate the cases of pure black body
emission with a temperature of 1500 K, 1000 K, and 500 K, retsyy.
5¢ ,
emission is dominated by thermal emission or scattered iggh
0 || l_. not possible based on the available data on our detectedsese
=3 =2 -1t 0 L 2 3 4 3 There are, however, four more targets not found to have sig-

slope significance dcgp/os nificant broad band emission but to exhibit a significant slop

Fig. 8. Distribution of the spectral slopes of the flux ratios. Ttite Of the contrast or a significant excess in the long wavelength
bars represent the whole samptegd bars represent nominal, broadchannel only (or both). Two of these sources, HD 172555
band detectiondylue bars represent targets with excess only in the lorand HD 182572, fulfill both criteria and we thus consider
wavelength spectral channel, aoinge bars represent stars with negthem as tentative excess detections. The tentative dmtecti
ative (< —30) excess in one or more channels. White bars can be hidp 172555 is particularly interesting due to the strong, mar
den by colored bars, while colored bars are stacked, i.ey, ¢annot gy cess this star is known to exhibit in the mid-infrared (e.g
E'gelsgggsotueé Jgg%;gee ?ﬁgtz"(’;&gg?‘:"ca‘?“y pﬁmc’pgsba;e Lisse et al. 2009 HD 210049 has a significant slope, but we
, , an . The star véth, ~ 0 bu
with excess in the long wavelength channel only is HD 4518AesE geasure onthe Iong_ wavelength ch_an_n_el only a contrasot 2
cases are discussed in Sek8.2 Since Fms contrast is nearly ata significant Ieve_l anq tbpesl
is significant, we consider this target as a tentative dieteets
well. Furthermore, the contrast in the short wavelengtlaneh

Table 5. Spectral slopes of the detected excesses nel is (-0.93 + 0.46)% which together with the significant slope
suggests that in this case the absolute calibration ersaitsain
HD a Oa @000k @&1500k A1000k aAsook  an under estimation of the contrast in all three channelse Th

2262 -063 1.49 1.01 1.48 228 3.4 Source with a.sig.r]ificant excess in the long wavelength cdalann
7788 004 167 206 311 5.00 (8.46) but with no significant slope is HD 45184. Here, the slope is
14412 -093 1.69 1.27 1.95 3.14  (4.94) rather constant and we measure a contrast ab@meeaqh of
20794 050 2.41 1.94 298 4.80 (7.99 the three spectral channels_. 'I_'he reason the contrast _|ra$he |
28355 -1.13 141 1.33 196 (3.12) (5.25) spectral channel appears significant is that the unceytasitibe
39060 0.11 1.89 1.41 209 332 5 42 lowest here, not that the contrast is the largest. Thus, amg
104731 039 138 082 1.23 1.97 330 the fact that we alsq have two targets with negative coninast
108767 147 135 114 163 250 4.0 Single tha”[‘]?'s (which ‘?a”.“Ot.ft.’e rea')ﬁ‘?’e CO“C'”?le;gmze
tection for this target is insignificant. The spectrallyplisse

210302 461 215 1.37 2.06 332 563 contrast for HD 172555, HD 182572, and HD 210049 is shown
172555 8.02 2.12 (1.37) 212  3.65 7.25 inFig.9. Their spectral slopes are listed in TableFor these
182572 3.97 1.06 (0.29) (0.48) 0.87 181 targetswe can rule out based on the spectral slopes botly pure
210049 10.50 3.10 (0.58) (0.94) 1.74  3.81 gcattered light emission as well as very hot black body tlaérm
emission. Clearly, these targets deserve follow-up olasiens,
Notes. Slopes and uncertainties are listed il In addition to the gijther deeper in H-band or at longer wavelength. Also, a deep
measured values, we list for all targets the spectral slopesrely ther- observation with th& ARGE, seven channel spectral resolution

mal excesses with black body temperatures of 2000 K, 150080 K, ;
. ; >~ of PIONIER would help to put stronger constraints on the pote
and 500K. For targets marked in bold face, constraints orethis- tial presence of an excess around these stars.

sion mechanism or the black body temperature are possitdasited
slopes marked in bold face are significantl§felient from a zero slope,
i.e., with scattered light emission, while black body slepeparenthe- .
ses can be ruled out. The three last targets are the terdativetions of - Merging the VLTI/PIONIER and CHARA/FLUOR
circumstellar excess based on the spectral analysis, duioadetected samples

as broad band excesses by our original approach.

5.1. Comparison

One of the goals of the PIONIER observations was to ex-
discussed that the near-infrared excess emission is pedduc tend the sample of stars searched for exozodiacal dust by
forward scattering in the outer debris disk seen edge-ond-McCHARA/FLUOR toward the south by merging the two samples,
eling this scenario constrained its contribution to thaltaear- to increase the number of targets observed and of excesses de
infrared excess to be smaller thab0% for 3 Pic. The debris tected, and thus to improve statistics. Therefore, it isaatory
disks around the other stars for which we detect near-iefrarto compare the two samples and to check whether they are com-
excesses are significantly fainter than the one ar@id. In patible. While target selection and detection strategytfertwo
six of nine cases a debris disk has not even been detectedamples are most similar, the maiftdience is in the observing
the far-infrared. Thus, we conclude that this scenario caha wavelength. PIONIER and FLUOR operate in H-ban®$lu:m)
responsible for the excesses detected. Concluding whiteerand K-band (2 um), respectively.
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Fig. 10. Spectral behavior of black body emission dfdient tempera- Fig. 11. Sensitivity distribution of theCHARA/FLUOR sample. For
ture. The black lines show black body curves for typicallatéempera- details on these data, sAbsil et al.(2013.
tures in our sample, while colored lines show curves fordgisublima-
tion temperatures of dust (e.giebreton et al. 20L,3san Lieshout et al.
2014). be significant. Consistently witAbsil et al. (2013, we find no
significant correlation of the excesses with stellar age.
We conclude that besides the lower detection rate in the PI-
Fig. 10 shows the spectral behavior of black body emissig@DNIER sample the results are consistent.
of different temperatures. Even the emission of the hottest dust
that can be present around a star is longward of the H-band. .
As a consequence, the flux ratio will increase toward longer?- Merging the samples

wavelengths, from F.)IONIER to FLUOR, assuming pure black]lerging the samples in a rigorous way is only possible taking
body thermal emission. Therefore, at a similar sensittotihe ¢4 account color information of the detected excessetleaat

flux ratio, the PIONIER sensitivity to circumstellar dustasver ., 5 reasonably large sample of detections that can be used as
than that of FLUOR. A plot of the sensitivity distribution 8fe . These information are not available at the momenasTh
FLUOR sample is shown in Fig.L The median & sensitivity e only merge the two samples and perform an analysis of the
to the flux ratio is 27x10° compared to 5x10° for PIONIER. merged sample in a preliminary way.

Indeed, the detection rate of PIONIER is Significantly lower We see two possib”ities merging the two Samples_ One
than that of FLUOR (1863 3% vs. 283%). On the other hand, would be to simply consider all detections in the near-irda
the spectrally resolved data of our PIONIER detectionsatentrrespective of the observing band and thus readily co-add t
tively suggest that for most of our targets the flux ratio i$ ngj. and K-band samples. This would not require any correstion
increasing significantly toward longer wavelengths. A lss However, due to the two times larger number of stars in the PI-
conclusion that needs to be confirmed by multi-wavelength 0BNIER sample, the resulting combined sample would be biased
servations of the same targets would be that the emissiamis d to\ward H-band observations. The other possibility wouldde
inated by scattered light in the H-band and that between H agtrect for the lower detection rate in the PIONIER sample by
K-bands the increasing thermal emission takes over. multiplying all detection rates in one of the samples by aeor

Another indicator as to whether the two samples are comptidn factor to match the rates of the other sample. The proble
ible or not would be whether observations with the two instrinere is that this assumes thdfeience in the over-all detection
ments come to consistent results for the same stars. Thererate is the only dference in the two samples which might not be
three stars included in both samples, HD 56537, HD 69830, ainge. As a consequence, the resulting sample cannot bedeonsi
HD 71155. Only for HD 56537 (lam Gem) an excess has beered to be representative of a pure H or K-band sample either.
detected with FLUOR. All three targets do not show signiftcan We decide to go for the first option, just adding up the two
excess in H-band. The non detection for HD 56537 has alreag,ammes without any correction. A more sophisticated amgro
been discussed in Sedt1l may be attempted later once the FLUOR sample has been ex-

Finally, we can compare the statistics derived from the PI@nded to the same stellar flux limit as the PIONIER sample and
NIER sample in Sect.2 with the results ofAbsil et al.(2013. color information for a reasonably large sample of detexstio
For this purpose we show the statistics derived from the two shave been obtained. Currently, the FLUOR sample is limited t
veys along each other in Fig2. We already noted that the de-stellar magnitudes down t§ = 4. Observations to extend the
tection rate is by a factor of2 lower for the PIONIER sample. sample toK = 5 are ongoing. Attempts are in progress to con-
When correcting for that (i.e., multiplying the PIONIER det strain the near-infrared emission mechanism and temperafu
tion rates by this factor), the detection rate with respedhe exozodiacal dust through multi-wavelength data takingaaev
spectral type is consistent between the two samples. fiardi tage of PIONIER'’s K-band capabilities.
ence is clearly visible between the two samples in cor@tati  For the merged sample we perform the same statistics as pre-
between the presence of hot and cold dust. Here, the two saented before for the PIONIER sample (Figs, 5, and6). The
ples suggest completely opposite correlations. Howegaina results are shown in Figd2 and13. As expected, the statis-
correcting for the dierent over-all detection rates, all detectiotical uncertainties are reduced. With the reduced unceitasi
rates in the two samples are consistent with each other gienwe widely confirm the tentative conclusions from the statsst
statistical error bars. Thus, we consider thesiedgnces not to on the PIONIER sample alone. The decreasing detection rate
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Fig. 12. Comparison of the two samples and statistics performed@mtrged sample.

from early type stars toward late type stars becomes moné-siglevels with stellar age for A type stars suggestedAbgil et al.
icant allowing for the conclusion that this is real. The &ive (2013 cannot be confirmed. This impression was mostly caused
conclusion that the presence of detectable cold and hotilusby one, large excess at large age (HD 187642, alf Agl), whie t
the system are uncorrelated becomes much more obvious indtieer detected excesses show no clear correlation. Thigimem
merged sample, albeit still large statistical error batse enta- a single case after increasing the number of targets oliségve
tive conclusion from the PIONIER data that older stars areemaa factor of~3 and the number of detections by a factor@f

likely to harbor hot dust at a detectable level is confirmed. A

least for the F type stars, this correlation is clearly Vesiénd a ;

x? test yields a probability of 96 that there is a real correlation,6' Summary and conclusions
while for the A type and GK type spectral bins this correlatiowe observed 92 nearby stars usiigTI/PIONIER in H-band

is insignificant, with a probability of 86 and 087, respectively. with the goal to search for near-infrared bright circunatel
Considering stars of all spectral types together, but kegfliie emission. This goal could be achieved for 86 main sequence
age bins from the individual spectral type bins, the prolitgbi stars. We reached a median sensitivity & 2 10°3 (1) on

that there is a real correlation is98. The distribution of ex- the disk-to-star contrast for these stars. Significantreletd cir-
cess levels over stellar ages remains mostly unchangedh Witimstellar emission has been found around nine targetsf-res
the larger number of data points the absence of a significant dng in an over-all broad band detection rate of61_*9§%. In
relation becomes more clear. The tentative increase ofsexcaddition, three tentative detection were found. The di&tect
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4 ‘ flux ratio with wavelength). This might suggest that at Idast
B FGK-type, significant excess these targets scattered light has a significant contributdhe
3| O FGK-type, no excess E 1 total emission. In addition to the broad band detected mesgs
® A-type, significant excess we found three more tentative detections based on their spec
2L 0 A-type, no excess 1 tral slopes being significantly filerent from zero. We did not
include those detections in the statistics because theyrare
n E certain. However, if real, the excess of these targets mxlgle
[ Eni=r BE . ' . > X .
E E = dominated by thermal emission. This diversity suggestsde wi

diversity of architectures of exozodiacal dust system®imtm@ast
to the dust being significantly piled up at its sublimatiodives
for all systems.
The impact of exozodiacal dust on future planet finding mis-
sions has been discussed in detailRgberge et al(2019 for
-2 o1 = 75 direct imaging and byDefréere et al.(2010 for interferomet-
' Age [Gyr] ric observations, both at optical and near-infrared wawgies.
Roberge et al(2012 found that already exozodiacal dust emis-
Fig. 13. Excess due to exozodiacal dust as a function of stellar age &on at levels of our own zodiacal dust can significanfiget the
the merged sample. detectability of an exo-Earth for direct imagin@efrére et al.
(2010 find similar, albeit slightly less strong, constraints for
. ) ) an interferometric mission. The exozodiacal dust systeeis d
rate is decreasing with stellar spectral type fromaL3% for e ted in the present survey must have a much higher fradtion
A type stars to 77*52% for G and K type stars, similar to thejuminosity, typically by a factor 0f~1000. The high detec-
known behavior of debris disksS@ et al. 2006Bryden etal. tion rate found already at this level suggests a significani-n
2006 Gautier et al. 20G7Eiroaetal. 201 This suggests a per of fainter systems undetectable by our survey but stitthn
common origin of both phenomena that may depend on thRghter than our Solar system zodiacal dust. This migheim-g
amount of solid bodies formed in planetary systems which c@ral pose a significant obstacle for the search for exo-Eavle
relates with the stellar masaridrews et al. 2013 Another cor- can only put very limited constraints on the dust locatiothie
relation with the mass of the host star supporting this Hypsis detected systems. Earlier studies of single systems cded!u
is that of the giant planet frequencjohnson et al. 20QWhich  that the dust is likely very hot, close to the sublimationiuad
is consistently attributed to the mass of the erstwhilegpiaine- and thus not cospatial with potential exo-EartBeftére et al.
tary disk by planet formation models (e.yaughlin et al. 2004 2011 Lebreton et al. 2013 In contrast, we find the H-band flux
Ida & Lin 2005 Kornet et al. 2006Alibert et al. 201} ratios of our detected systems to exhibit a rather flat splectr
Our PIONIER sample alone allows only tentative conclslope, suggestive of scattered light emission. Albeit rwt-c
sions on correlations between the incidence of hot circeinstclusive due to large uncertainties, if real, this might segfghat
lar emission and other properties such as the stellar ageeorthe dust in most systems is colder than previously expeded.
presence of a debris disk due to the limited sample size. We thie same time, without the spectral information in our dstat-
tempted to merge the PIONIER sample and@hARA/FLUOR  tered light emission could have been misinterpreted as vetry
sample first presented #bsil et al. (2013 in order to improve thermal emission in previous studies, placing the dust togsec
statistics. From the merged sample we find that there is ro dig the star. Multi-wavelength information on the detectad e
nificant correlation between the presence of detectableogho cesses, e.g., through observations in H and K-band andetétai
acal dust and of a detectable debris disk. Furthermore, wle finodeling of these data are necessary in order to betterragmst
tentative evidence that the detection rate of hot exozatlghest the dominating emission process and thus the dust locaftus.
is increasing with the age of the system. This is very surgis is particularly critical, since assuming an analogy to oun@o-
as any steady state dust production mechanism from planetdiacal dust in order to constrain the dust distribution ithbwot
mals (local or not) will remove those planetesimals fromdy® necessarily valid and not particularly helpful. The lattebe-
tem reducing the dust mass over time. Tlieet is visible the cause our knowledge about the very hot dust content of our own
strongest for the F type stars in our sample with a median figezodiacal disk is very limited. Only more detailed charaizaer
1.9 Gyr. This might indicate that the potential pile-up most tion of the detected systems can result in clear conclusions
cur on a Gyr time scale. The fact that we do not see a significainé impact of the presence of these systems on the detéytabil
increase of the excess levels for stars of increasing aggests) of exo-earths.
that there is a maximum amount of dust that can be trapped. |n particular, we find no correlation of the detections of our
We do not find any correlation of the detection rate of hot dugéar-infrared detected systems and that of cold debris disk
with the presence of known close-in planets, which seems¢o rcontrast, a recent analysis of KIN data on debris disk hass st
out the planetary trapping scenario, albeit large statitincer- suggests that the dust detected in the mid-infrared iselat,
tainties. Further theoretical analysis of the proposedates but not necessarily co-located with, the cold dust in detigks
is necessary in order to investigate if any of these scesasio (Mennesson et al., subm.). The dust detected by these @bserv
physically plausible. tions is expected to be closer to the habitable zone. This sug
We also analyzed the spectral behavior of the flux ratio of ogests that the presence of dust in the habitable zone might be
targets in the H-band. For our nine broadband detectionsawe more correlated with the presence of cold dust than with émg v
neither exclude hot thermal emission of the dust to be thei-domotnear-infrared detected dust found by our observations.
nan-t source of excess nor Scattering- of stellar light by bdm;lt Acknowledgements. S. Ertel, J.-C. Augereau, and A. Bonsor thank the French
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by scattered “ght (a constant S|Ope of the flux ratio with &aVz0oDI) and PNP-CNES for financial support. PIONIER is fundgcite Uni-
length) than by thermal emission (resulting in an incredgbe versit¢ Joseph Fourier (UJF), the Institut de Planétolegi@?Astrophysique de

Near-infrared flux ratio [%]
=
HOHH
HOH
a &
o o e
1

Article number, page 15 &0



Grenoble (IPAG), the Agence Nationale pour la Recherche RAM-BLAN-
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Appendix A: Chromaticism of PIONIER Aerik depends mostly on spectral type, and alignment (night),

but it is not expected to significantly depend on baselinénoe t

The chromaticism in our observations is twofold: (1) Thega during a night (FigA.2).
fer function (TF), i.e., the measured but not calibrax¢dof Finally, we correct for the chromaticism on a per observa-
a point source given instrumental and atmosphefiiects, is tion, per spectral channel, and per baseline basis:
wavelength dependent. (2) The atmospheric transmisdien, t
filter function, and the response of the detector are wagsenVZ ., = V3, [1 — & (etik — Ac,i)] . (A.3)
dependent and the distribution of the flux from the three spec
tral channels over the three pixels of the detector depemdiseo The corrections found are shown in Fi§.2. These corrections
alignment of the instrument. The strength of botfeets may are applied to both calibrators and science targets andathe c
change over time and with the internal alignment of the instrrectedVv? of the science targets are calibrated with the TF mea-
ment which is usually re-done before starting an observigigtn  sured on the correctéd? of the calibrators. The correction in-
If a science target and the corresponding calibrator haierdi troduced stfers from idealization. Nonetheless, it gives a good
ent spectral types, thefect of this will be a shift of theffective first order estimate of the magnitude of the chromaticism. We
wavelength in each spectral channel. The resultiffpdince create two sets of calibrated data, only one of which inclgdi
between th&/? measurement on a science target and the cortge correction for chromaticism. From both data sets we mea-
sponding calibrator may result in systematic calibratiomrs sure the excess as described in S&égtand compare the results.
that have to be characterized. The median dterence between the flux ratio measured for sin-

In order to investigate the chromaticism, we take advantagle targets on the data with and without the correction aplpli
of the three spectral channel resolution data obtainesgwanir is found to be 2« 10%. There is the expected trend from K
survey for both science targets and calibrators. This plessius to A type stars, which suggests that the correction works. wel
with V2 data and photometry at a low spectral resolution. Vhe Besides a few cases where the correction failed due to a pad re
data are corrected for the diameter of the target in ordebtaio resentation of the spectral shape of the apparent flux or fhe T
an estimate of the TF at the time of the observation. The seiepy the parabola fitted (usually due to noisy data), tifeedence
targets are included in this analysis in order to investighe in the results is below & 1074, clearly negligible compared to
spectral type dependence of tHeeets studied. This is possibleour expected accuracy of a fewx110-® (10).
since we only expect a small fraction of our targets to exhibi
extended emission beyond the stellar photosphere reg oty
in a V2 drop of the order of 1%. Thus, the whole sample can
still be treated the same way as the calibrators. We fit a ptaab
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Fig. A.1. Spectral slopes of the transfer function of PIONIER for éhilkistrative nights. Line colors show thefidirent baselines. Data points
are averaged over all targets of a night, while error banstitite the scatter. Between the nights from Jul§f 28d July 24' PIONIER has been
re-aligned. Between July 24and July 2% no significant re-alignment was necessary.

Night of 2012-04-29 Night of 2012-07-23

1.55 1.60 1.65 1.70 1.75 1.80 1.60 1.65 1.70 1.75 1.80
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Fig. A.2.  Difference betweenflective and central wavelength for
two illustrative nights. Line colors show targets offdrent spectral
type bins plue: A type, green: F type,orange: G type,red: K type
stars). Data are averaged over the targets of one spegishtyd over
the baselines, while the error bars illustrate the scatieclear trend
with spectral type is visible for the first spectral chanr&r the other
spectral channels the trend is there as well, but barelppleigjiven the
scale of the figure.
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Fig. A.3. Absolute corrections(V?) on the singlev? points derived
for the chromaticism for the night of July ®3We first show the correc-
tion c(VZ) for K type stars to illustrate the magnitude of the correasi
Then we show the dierencec(V3 ;) — c(VZ) between the corrections
for K type stars and stars of other spectral types which ienilustra-
tive of the actual error made by ignoring the correction talibcating
with K type stars. Diferent lines show dlierent baselines. The error
bars illustrate the scatter of the correction for th@edent stars.
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Table 1. Stellar parameters and photometry of the targets observed.

HD Sp. T. d vsini log(Age) 6y \Y H K FIR FIR references
number [pc] [kmsY [Gyr] [mas] [mag] [mag] [mag] excess?

142 F7V 256 11 Q44 0519 5.7012 4.6466 44744 NO B09, E14
1581 FO5vV & 2.3 Q60 11497 4223 2881°°0 28150 NO T08, E14
2262 A5V 235 225 -0.15 06989 39372 3546° 352%° YES S06

3302 F5V 362 17 Q21 0493 5508 46256 45026 NO Br06, TO8
3823 GOV 2% 2.3 083 0532 5.890° 46726 4486 NO  TO8

4150 AOIV 737 133 -0.27 0457 43617 4354% 4308’ YES S06

7570 Fov 151 4.3 Q55 07620 4960° 3.713° 3666° YES K09

7788 FeV 204 61 Q41 07391 4912 3750°° 3.700° NO E14

10647 FOV 174 55 026 05472 5517 439%3%* 4340%® YES T08,E13
11171 F3lll 236 58 Q02 062620 4652 347080 3890°%° YES K10

14412  G8V 1% 0.0 Q57 0552 6.335" 4.694"“ 45516 NO  TO08, K09, E13
15008 A3V 415 190 -0.38 0541 4074 3974° 39620 NO  S06, Kpc
15798 F5V 23 4.6 044 0770 4734 3.627° 35880 NO T08

16555 A6V 445 6.6 -0.26 0468 5293 46002 45251 NO P09, Kpc
17051 F8v 17 6.5 Q12 063 5396 4.130°° 4.080%° NO Br06, T08, Kpc
17925 K1V 104 4.9 -045 07250 6.044" 4050°° 4.040%° YES < HO08, T08,E13
19107 A8V 431 150 -0.74 0405 5.252% 48342 4741 NO Kpc

20766 G4V 121 2.7 025 0676° 55118 4.088° 4.005° NO Br06, T08, E13
20794 G8V 602 2.0 091 129573 4256 270934 26368 YES K09

20807 GOV 121 2.7 060 07471 5228 3820 3770°° YES E13

22001 F5vV 214 13 Q36 07040 4705 3.740° 3.720° NO  Be06, Kpc
23249  K1IV Q0 2.3 Q87 1810 3522 153%° 19070 NO Be06, K09
25457 FeV 12 18 -0.02 0591 5379 4342 4181 YES HO8

28355 A7V 492 105 -0.17 043% 5011 45704 4550 YES  S06, CO8
29388 A6V 459 89 -0.14 0560 4.262% 4.07828 3960 NO  S06

30495 G115V 13 3.6 Q02 06758 54813 411686 3999  YES  T08, K09, E13
31295 A0V 370 11 -112 04481 4646' 45177 44167 YES S06

31925 F5V 42 7.2 035 0515 5673 4.646'% 44796 NO  TO7

33111 A3l 272 180 -041 11800 2782 243%% 2380°° NO  Kpc

33262 FoVv 117 15 -0.12 08798 4708 340792 337124 YES  Br06, T08
34721 GOV 240 4.4 Q70 0494’ 5.954" 474856 46200 NO T08, K09
38858 G4V 1% 0.3 043 0576 6193 449F° 444%° YES Be06, K09
39060 A6V 193 13 -168 0Q707° 38512 3500°° 34812 YES S84, S06
40307 K25V 18 1.6 061 0546’ 7157 496809 4793¢ YES EI13

43162 G5V 167 55 -0.45 0496 6.3628 48638 4726 NO E13

45184 G155V 2D 2.5 052 0453 6.366° 4.962° 4871° YES  LO09, K10
53705 GOV 1&3 1.6 Q93 06231 5534 4.164° 414090 NO Be06, Kpc, E13
56537 A3V 289 154 -0.22 065181 3572 34958 353%%2 NO Kpc

69830 G8V 1% 1.6 Q70 0656° 5.945' 436424 41700 NO E13

71155 A0V 383 14 -0.96 0534 38812 3930%° 39320 YES S06

72673 G99V 12 0.0 054 05972 6.377° 4763F% 44386 NO Be06

76151 G3V 17 4.0 034 0537 5998 4530%° 4500° YES  Br06, T08, E13
76932 G2V 213 2.6 105 05612 5809 4.389° 4.380% NO Be06, Kpc
82434  F3IV 1% 156 015 10651 3582 270034 27600 NO  CO05

88955 A2V 315 10 -046 059780 3832 3758° 37420 YES 711

90132 A8V 405 270 -1.15 04266 53312 4789 4686 NO Kpc

91324 FOV 219 8.3 058 0793% 4888 358804 358214 NO Be06

99211 A7V 257 7.3 -025 070588 4072 35230 3546 NO  Kpc

102365 G2V @@ 0.7 083 09434 48818 3377° 33080 NO Be06, Kpc
104731 F5V 22 15 Q19 0604# 5153 4.1172° 4.085° NO B0O6, TO8
108767 AOIV 270 236 -048 07921 2953 3.04%° 3.055° NO  S06, Kpc
109787 A2V 44 296 -0.38 0577 348% 371%° 37020 NO Kpc

115617 G7V & 3.9 066 114729 47278 297476 295636 YES  B06, TO8
120136 F6lV 1% 15 Q14 08562 4480 3.400° 3.350° NO  T08,B09, E13
128898 A7V 1&4 13 1.005° 317# 27300 27400 NO E13
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Table 1. continued.

HD Sp. T. d vsini Age Ov_k \Y H K FIR? references
129502 F2V  1& 47 Q12 10274 3865 2938 289%° YES El4

130109 A0V 3% 285 -041 0613 37268 3.628%2 3670° NO Kpc

134083 F5vV 19 44 Q17 0661 49268 3.905%° 3.880° NO  TO08, Br06, E13
135379 A3V 2% 68 -0.61 0569 4.060° 3.890°° 3880°° YES  MO9"
136202 F8IV 247 4.8 063 06235 5048 394784 40088 YES K10
139664 F5vV 15 1.8 Q02 07230 4638 3680°° 3.660°° YES Be06
141891 F1 13 92 Q76 14330 2826 21320 208%° YES K10""
149661 K2V 98 2.2 013 0776 5762 3.910° 38550 NO Br06, TO8
152391 G8.5V 1@ 3.0 011 0487 6.649 4942 48359 NO Br06, TO8
160032 F4V 2D 16 Q35 06624 4754 37028 3830 YES El4

160915 F5vV 15 12 Q42 06558 4.861° 3787270 38778 NO K10*
164259 F2IV 22 69 Q25 0716° 46200 3.700%° 36709 NO Be06
165777 A4V 254 65 -0.33 Q7172 3711 34266 3420° NO  Kpc

172555 A7V 2R 116 -1.68 0498 4769 425172 4298 YES RO08

178253 A2V 3% 20 -041 05147 4094 39152 40492 YES  MO9""
182572 G8IV 1% 2.2 Q76 08588 5152 35450 3530% NO K10*
188228 A0V 325 89 -142 05872 3946 37623 3800%% YES S06,B13
192425 A2V 471 180 -0.37 0378 4940 48013 4767 YES  MO09
195627 FOV 2B 122 -0.70  0578° 474F 4.016%8 4.044% YES RO8
197157 A9lV 242 150 -0.28 06392 4506 3.69280 38208 NO P09, Kpc
197692 F5vV 14 41 Q14 0949'1° 4139 31048 3.094%2 NO  BO06, T08, Kpc
202730 A5V 298 135 -0.31 0518 4482 42248 41455 NO P09

203608  F9V @ 3.7 069 1078 4223 2990°° 29170 NO B06, T08, Kpc
206860 GOV  1& 10 -0.15 05149 5953 45986 45598 YES BO06, T08, E13
207129 G2V 1% 35 025 0627 5567 42007° 4140°° YES TO08,E13
210049 ALl5lV 400 307 -0.51 0455 4488 43510 4.34F° NO  S06, Kpc
210277 GO 2B 1.8 092 0488 6.535" 4957 4799° YES E13

210302 F6V  1& 14 Q35 07050 4929* 3820°° 3.780° NO  TO08,E13
210418 A1V 2% 144 -0.28 07340 352¢% 3380° 3.330%° NO  S06, Kpc
213845 F7V 2% 35 Q07 05232 5206 42668 4.327% YES E14

214953 F9.5V 2B 4.5 059 0526’ 5.991* 45950 45320 NO Kpc

215648 F7V 18 6.7 069 1089 4203 3.078* 28950 NO Be06, K09, Kpc
215789 A2V 398 235 -0.24 08992 3480 3.162%% 30001° YES E14

216435 GOV 33 5.7 065 0472 6.0200 47412 47113° YES BO09, K09
219482 F6V 2@ 75 Q05 0527 5649 46062 4437 YES BO06,E13
219571 F4V 2D 79 Q42 1003 3992 3.02%° 29680 NO K10*
224392 A1V 487 20 -0.38 0368 4.998 49491 48241 NO D12, 711

Notes.Uncertainties on the stellar diameters and magnitudesiza i uas and 10° mag, respectively. The note “mir’ added to some reference

for the far-infrared detection means that only mid-infchdata or only upper limits in the far-infrared are availablg the detected mid-infrared
excess strongly suggests the presence of excess at longelengths.

ReferencesDistances were taken from the Hipparcos catafegr(yman et al. 1997

References for the far-infrared excesses are Bogden et al(2009, B13:Booth et al (2013, Be06:Beichman et al(2006), Br06: Bryden et al.
(2006, CO05: Chen et al.(2005, CO08: Cieza et al.(2008, D12: Donaldson et al.(2012, E13: Eiroa et al. (2013, E14: this work, see
Sect. 2, HO8: Hillenbrand et al.(2008, K09: Kospal et al.(2009, K10: Koerner et al.(2010, K10*: Koerner et al.(2010, observed but
no detection published, Kpdderschel/DEBRIS data, G. Kennedy, personal communication, LO&wler et al. (2009, M09 Morales et al.
(2009, PO09: Plavchan et al(2009, R08: Rebull et al.(2008, S06: Su et al.(2006), S84: Smith & Terrile (1984, TO7: Trilling et al. (2007),
TO8: Trilling et al. (2008, Z11: Zuckerman et al(2011).

Stellar parameters were collected frdvialagnini & Morossi(1990; Allende Prieto & Lamber{1999; Gerbaldi et al.(1999; Feltzing et al.
(2001); Erspamer & North(2003); Mallik et al. (2003; Gtebocki & Gnaciski (2005); Valenti & Fischer(2005; Gray et al.(2006); Sdfe et al.
(2008; Sousa et al(2008; Onehag et al(2009; Lafrasse et al(2010; Soubiran et al(2010; Casagrande et a(2011); Diaz et al.(2011);
Wu et al.(2011); Ammler-von Eff & Reiners(2012); van Belle(2012); Zorec & Royer(2012.

Stellar ages were collected froBdvardsson et a(1993; Marsakov & Sheveley1995; Rocha-Pinto & Macie(1998); Gerbaldi et al(1999);
Lachaume et al(1999; Zuckerman & Webl2000); Feltzing et al(2001); Chen et al(2001); Ibukiyama & Arimoto(2002; Lambert & Reddy
(2009); Rocha-Pinto et al.(2004); Thorén et al.(2004); Wright et al. (2004); Bensby et al.(2009; Rieke et al. (2005; Valenti & Fischer
(2005; Reddy et al.(2006); Barnes(2007); Ramirez et al(2007); Rhee et al.(2007); Takeda et al(2007); Mamajek & Hillenbrand(2008);
Holmberg et al.(2009; Chauvin et al.(2010; Ghezzi et al.(2010; Gonzalez et al(2010; Casagrande et al2011); TetzlaT et al. (2011);
Trevisan et al(2011); Maldonado et al(2012); Vican (2012); Zorec & Royer(2012; Eiroa et al.(2013; Maldonado et al(2013; Pace(2013);
Tsantaki et al(2013.
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