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ABSTRACT

Context. Direct imaging of brown dwarfs as companions to solar-tytaesscan provide a wealth of well-constrained data to “bench
mark” the physics of such objects, since quantities likeatfieity and age can be determined from their well-studigthpries.

Aims. We present results from an adaptive optics imaging prograstars drawn from the Anglo-Australian and Keck Planet &ear
projects, with the aim of directly imaging known cool comjuans.

Methods. Simulations have modeled the expected contrast ratiosepatations of known companions using estimates of orbétal p
rameters available from current radial-velocity data drahta selection of the best case objects were followed-uphigth contrast
imaging to attempt to directly image these companions.

Results. These simulations suggest that only a very small numberdidilraelocity detected exoplanets with consistent vejofits
and age estimates could potentially be directly imagedgutie VLT’s Simultaneous Dierential Imaging system and only under
favorable conditions. We also present detectability cemfig limits from the radial-velocity data sets and show Hoesé can be
used to gain a better understanding of these systems whdrirggahwith the imaging data.

For HD32778 and HD91204 the detectabilities help littleanstraining the companion and hence almost all our knovaésidrawn
from the SDI images. Therefore, we can say that these starstdwost cool methane objects, out to on-sky separatior6fwith
contrasts less than 10-11 magnitudes. However, for HD238[2420780 and HD145825, the contrasts and detectabitiiagule
out a number of possible solutions, particularly at low dagseparations, and for the best case, down to strong metinasses
of 40M; at 1’ separation. The contrast curves constructed for thesetfive show & contrasts AF1) of ~9.2-11.5 magnitudes
at separations 0£0.6”, which correspond to contrasts ©€9.7—12.0 magnitudes for companions of mid-T spectral tgueh limits
allow us to reach down to 40Maround fairly old field dwarfs that typically constitute higrecision radial-velocity programs. Finally,
the analysis performed here can serve as a template foefptajects that will employ extreme-AQO systems to direathage planets
already indirectly discovered by the radial-velocity nagth
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1. Introduction to the limited temporal coverage at the required precisopls

) o ) necessary to fully sample such companions. In additionakad
The detection of over 400 planets orbiting Sun-like stassrB- ye|ocity surveys also have strong biases against the dmtect
olutionised our knowledge of our local neighbourhood and oW |ong-period companions, as the radial-velocity amplitus
position therein. Yet planets are not the sole close conmpani 4 strong function of orbital period and also since this téghe
to solar-type stars. For instance, Duguennoy & Mayor (19912arequires the observation of at least half an orbit {e.g. ireg al.
and Duguennoy et al. (1992) have examined stellar muliiplic2007) to constrain companion properties. Only now are we sen
in a series of papers. Radial-velocity surveys have rede@le sitive enough to detect solar system-like gas giant planatsiar
brown dwarfs orbiting solar-type stars (e.g. Wittenmyealet gy stem-like orbits (e.g. Jones etlal. 2009).
2009;! Jenkins et al. 2009) leading to the phrase ‘brown dwarf -
desert’ being coined to describe this paucity (Marcy & Butle  Conversely, direct and coronographic imaging techniques
2000). However, beyond4AU one would expect few radial- can probe much wider separations than current radial-itgloc
velocity planetary or brown dwarf companions to be known duygtograms can reach. For example, Kalas btlal. (2008) and
Maraois et al. [(2008) have directly imaged planetary mass-com

Send offprint requests to: J.S Jenkins panions to the stars Fomalhaut and HR 8799, located at angu-
* Based on observations made with the ESO telescopes at thldLa $ar separations of 14’9and 1.73, or 115AU and 68AU, re-
Paranal observatory under program ID 076.C-0877(B) spectively. McCarthy & Zuckerman (2004) found another defic
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of brown dwarf companions between 75-1200 AU. Liu et al.
(2002) used the Gemini-North and Keck Adaptive Optics (AO)

systems to obtain three epochs of images of the brown dwarf B i L

companion to HR 7672, which had initially been detected R
by its radial-velocity signature. The flux ratio at 2.6 was b &

—4 SDI Torgets

found to be 8.6 magnitudes at a separation of 0.7his level

of contrast pushed the instrumentation used in this detecti
to its very limits. However the introduction of Simultaneou <
Differential Imaging (SDI) on the VLT’s NACO facility per- <
mits the achievement of higher contrasts, at smaller separa® —
tions, for the coolest stellar companions. For exampletrests
on the order ofAH~13 have been demonstrated~0.5" by
Mugrauer & Neuhauser (2005) and Biller et al. (2007).

Burrows et ol. Models —
- - - - NextGen Models
~.=.=- Strong Methane Cutoff

O Predicted volues for torget objects

1 1 1
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2. Target Selection T

eff
In order to guide the selection of target host stars for EiviaptF'g‘ 1. The solid lines are Burrows etlal. (1997) models for dif-

optics imaging of brown dwarfs and exoplanets, we have é?_rent masses and ages. The dashed lines represent a range o
foprmed simgulzgtions which take the best cuprrently avail aiole- P masses and ages for the NextGen models of Allard|et al. (1997)

panion parameters from radial-velocity data sets, contbivith  Which are populated by our high-mass targets. The dot-dashe
host-star age estimates and brown dwarf and exoplanetary "{lne r_narks the methane a!beOfp“O” boundary in COO.I dW"’.".dS an
fior models, to derive predicted magnitudéeiiences and angu- Provides a useful upper limit for SDI targets. The discouityn
lar separations on sky. These simulations were perfornreaiifo PEtWeen the models is the L to T spectral type boundary region
stars in the Anglo-Australian and Keck Planet Searchesfor- which is not very well modeled, thus the Burrows et al. models
ples seé Jones et Al. 2002, Marcy ét al. 2005, Butler st af 204ere truncated.

and references therein), which show a long term radialeislo
profile consistent with an orbiting low-mass companion.

Terr < 2000K (which for these older systems corresponds to a
M sin i < 85M;) and all other companions using the NextGen
2.1. Angular Separation models. A custom spline fitting procedure obtained the belem

) ) i ) ric luminosities for all the companions (see Hig. 1). The-sep
Hipparcos distance dala (van Leeuwen & Faritino 2005) is-avairation in efective temperature between the low temperature
able for all these ObjeCtS (Wthh all lie at distances of kbss models of Burrows et al. and Bdfa et al. and the h|gher tem-
100pc). It should be noted that in most cases, the radiakitgl perature models of Allard et al. is clearly apparent. Taking
orbital solutions are not well constrained. This is largblr whole[Butler et al.[(2006) catalogue there are 156 companion
cause the companion orbits are much longer than the mamitorpelow the strong methane absorption boundary (1200K) (show
baselines of the surveys, and in some cases because the g@nhe dot-dashed vertical line on the plot), apart from rthei
panion properties have been derived with no inflection in thgw Juminosity we expect them to be good SDI targets and a
radial-velocity curve (often referred to in the planet sé@s as small number of these may well be detectable. There are &lso 2
a “liner”). The fits to both these classes of data produce ordympanions withlger values above 1200K, 22 of which have

semi-major axis lower limits. In addition, the eccentiestof T, > 2000K. These should be observable with conventional
most of the companions are so poorly constrained that treey a0 methods.

fixed to zero, causing further separation ambiguity. The major problem faced when attempting to image close-
in companions to bright stars, is the contrastedence. To de-
22 Contrast Ratio termine the contrasts between the stars and their companion

we had to obtain the JHK magnitudes of the companions, both
Infrared photometry for the primary stars were taken froe tifrom internal and reflected flux. To accomplish this the me-
2MASS catalogue (httpirsa.-ipac.caltech.egand when com- dian colors and bolometric corrections (BC) from Leggetilet
bined with Hipparcos distances we were able to generate ac(2002) (BG=2.06; BG =3.25, the subscripts denote spectral
rate absolute JHKmagnitudes. The Kfrom 2MASS was con- type) were employed. This correction gave the absolute K-mag
verted to K using the magnitude correctionsin Carpented120 nitudes and, using the colors (HrK-0.04; H-K =0.70), we
Absolute magnitudes for the companions were estimatedjusimere able to generate their expected absolute H-band magni-
the non-grey evolutionary tracks of Burrows et al. (1997 t tudes. For all planetary-mass companions Jupiter chaistate
COND models|(Bardie et al. 2003) and the NextGen modelsvere assumed. We then simplistically simulated the expeete
of |Allard et al. (19917). The masses of these simulated canflected flux in theH-band and added this component to the inter-
date companions were taken from the radial-velocity dath anal flux. This was done by using simple geometry and assuming
range from 1-725M Ages for the systems were taken fronjupiter’s radius and albedo. The total absolute magnitafige
Valenti & Fischer|(2005) and Takeda et al. (2007), which #gmi companions were then subtracted from the absolute magsitud
the size of our sample but retains a high level of internabien derived for the primaries giving the estimated contrest
tency. Figure[2 shows the contrast and separation estimates from

We split the companions into two groups depending dahe simulation for all the radial-velocity companions umtéd in

which model we could use to generate robust magnitudes. Tthes test. The simulated companions represented by filled ci
split was made on the basis of companibg:r values, with cles would all have strong methane absorption. The bulk of
all the companions using the Burrows et al. models havingtlze objects lie within 0.3 of the primaries due to the bias
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1 1 1 . . .
0.5 10 15 > o Fig.3. The radial-velocity measurements for the star HD25874.
Angular Separation (") The minimum-period Keplerian fit to the data yields a period

Fig.2. A subset of our simulated candidate companionsf ~6.5 years, with a companion minimum mass of G6M
including those imaged in this paper, taken from Butlérowever, no curvature has been measured therefore therreal o
et al. truncated byAH. Triangles represent targets withbit will be significantly larger than the orbital fit measureere.

Ter > 1200K, filled circles are targets 1200K (poten-

tially amenable to SDI) and the squares are companions to

young stars already found by high contrast AO imaging.

For comparison, the dotted line shows the NACO-SDI sen- . _ . o

sitivity (Mugrauer & Neuhausef 2005) and the dashed line All companions with ez > 2000K (triangles in Figl]2
shows the NICI sensitivity taken from the Gemini websitand takenfron_w Nidever et al. 2002 &and \_]enk|_ns Eet_al. 29103 h_av
(http7/www.gemini.edysciopginstrumentici). The error bars H-band magnltud_es less than 15, aIIowmg direct imaginggusin
represent the range of possible ages flom Valenti & Fisch@®rmal AO techniques. Four of these objects have sepasation
(200%) and Takeda etlal. (2007), along with the error in the R@rger than 0.35andAH less than 8, making excellent corono-
measurements. The star represents a Giject at 5AU orbiting  9raphic targets. All planetary-mass companions &ithe Fig[2

a typical KO star with an age of 0.2 Gyr and a distance of 5pc Plot scale since they have much largeband contrasts. The star
in this figure shows the position of a glanet in a Jupiter-like
orbit as a companion to a 0.2 Gyr, KO star at 5pc. The age and
spectral type were chosen since they relate to the best case s

i , i i .. hariofor one of our objects HD120780. It shows that by adwapti

introduced by the short radial-velocity baseline. The mjo e jower limit to the large errors on the age of this systeat th

of these lower-mass companions (M sir: 15M;) also have e notential exists to detect planetary-mass objectswarsuch
high contrasts AH>>10), putting them below thecbNACO-  g5r5. Even still, these types of objects reside extremielsec
SDI thresh/old. However, two companions have larger sepafg-the plotted instrument thresholds, highlighting justvii-
tions >0.3", approaching the separations of the already dige it it is to obtain a direct image of any planetary-mass ob-
covered objects cf Marois et/al. (2008). McCaughrean (2003t with the current suite of instruments available. Hoerev
Chauvin et al. [(2004) and Neuhauser et al. (2005) and, co dial-velocity studies have revealed a high numke8% of
bined with aAH<13.5, they could be amenable to SDI imagp|anet hosting stars) of multiple planet systems (Wrighlet
ing. Note that another secure AO detection is Fomalbabiit |5009) therefore imaging planet-host stars can providéulise
this is located far fi the plot scale with an angular separation ofynstraints on any longer period, massive companions rtot ye
~14.9". revealed in the radial-velocity dataset (¢.9. Mugrauel/2006;

The NACO-SDI (Mugrauer & Neuhauser 2005) and NICMugrauer et al. 2007).
(httpy/www.gemini.edysciopginstrumentici)  sensitivities
are highlighted on Fid.12 by dotted and dashed lines resbyti
Note that we can not be sure if the Mugrauer & Neuhauser
detectability limits are actualdblimits or some lower threshold 3. Candidate Characteristics
limit. Once the masses and semimajor axes are more precisely
defined, the companion magnitudes and separations will maditradial-velocity data in this section were generatechgshe
likely increase giving lower contrasts and more viable ¢étsg AAPS and Keck pipelines. These pipelines are still undergoi
This has been highlighted on the plot by the error bars whickevelopment following the procedures and techniques itestr
represent the direction in which all companions are expkicte in Marcy & Butler (1992) and Butler et al. (1996, 2001, 2006).
move once inclination and eccentricityfects are considered The Keplerian fits shown in Figsl 3,[4,[8, 6 d4dd 7 are performed
and more RV data points acquired. Another major source w$ing the Systemic algorithm_(Meschiari etlal. 2009), havev
uncertainty is age. For example, a typicat &ge uncertainty we note that most are not very well constrained using the cur-
for these types of objects is+2 Gyr, which translates to arent radial-velocity data. Tablg 1 lists some relevant rimfa-
~+2 magnitude error il\H with the primary. Due to the high tion for each object relating to both the radial-velocitylgsho-
contrast ratios and extremely small separations the ntgjoriometric analysis in this work. The parameters and theif-ana
of these companions are out of reach of current instrumengsis methods can be found lin van Leeuwen & Fantino (2005),
However, future Extreme-AO systems which are proposing [ienry et al. |(1996), Valenti & Fischer (2005), Wright (2005)
reach>15 magnitudes of contrast may be able to bridge thienkins et al. | (2006), Takeda et al. (2007) and_Jenkins et al.
gap. (2008). TableE1Z18]4] 5 arid 6 list all radial-velocity data.
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Table 1. Parameters for all stars in this work.

Star V(mags) d(pc) Er(K) Mass(M;) Radius(R) Age (Gyrs) [F¢H] logR},
HD25874 6.74 25.91 5699 1.148.09 1.1@-0.03 9.36 -0.02 -4.95
HD32778 7.02 22.48 5652 0.26.08 0.86:0.01 10.30 -0.48 -4.87
HD91204 7.82 51.55 5914 1.86.18 1.22-0.06 5.16 +0.17 -5.09
HD120780 7.37 17.01 5008 0.60.05 0.76-:0.01 5.40 -0.26 -4.79
HD145825 6.55 21.55 5803 1.86.10 0.940.02 1.92 +0.03 -4.74
Table 2. HD25874 Radial-velocity data |
JD RV (mys) ow (M/s) _ e f
£ 133.68 |~
2451118.122  -904.1 3.4 Z  ow
2451473.261 -453.1 4.5 3368 | .
2451526.013 -394.2 34 26736 |
2451630.876 -252.7 3.4 -401.04 [
2451830.118 -5.9 4.3 53473 |
2451920.038 99.6 4.3 -68.41 -
2452189.177  436.6 5.1 50209 [, ‘ ‘ ‘ ‘
2452511239 8503 84 2452594.13 2452756.10 245291;‘:)1?2“‘ I)Z:;:(!XOA(B 2453242.00
2452594.081  968.5 4.6 Fig.4. The best-fit Keplerian orbit to the radial-velocity mea-
gjgggig'ggg ﬂfgg ‘31% surements fo_r the star HD32778, taken by t.he Kepk Planet
: : d Search. The fitted orbital period is 6.5 years, with a cincaa
centricity and a companion minimum mass-&bM;. Curvature
can be seen in this plot, however with only this limited numbe
Table 3. HD32778 Radial-velocity data of data points and time coverage the fit is still relativelyomn-
strained.
JD RV (ms) o (M/s)
3.2. HD32778
gjggggj:gg gg%g g? Five radial-velocities over a period of 2.25 years for thigeat
2453042.025 0.0 1.8 (Fig.[4) and the best-fit Keplerian orbit has a semi-ampétat
2453046.980 19.8 2.8 ~750ms?. This is consistent with a companion with a minimum
2453402.991 448.1 2.0 mass o~55M;, a period of 6.5 years and a circular eccentricity.
Even though this is not a liner the limited amount of data tin
and temporal coverage means this is not very well constlaine
The small amount of curvature does help better constrain the
orbit since if we look at the best-fit for twice the orbital jmet
we quote here, we find a minimum mass of 13t with a
3.1. HD25874 very highy? of 186, showing such large orbits arefitiult to fit

well. At a distance of 22.48pc the estimated angular seiparat
The AAPS has obtained 11 radial-velocity data points ove-a gfor this companion is 0.16 The absolute H-band magnitude of
riod of 4.4 years (Fig.J3 data taken from Jenkins ét al. 20mi@3. this star is 3.71 and with an estimated maximum absolute H of
minimum best-fit Keplerian orbit to this data has an ampktofi 15.59 using the current fit and the lower age limit, the cattra
>1000ms! relating to a companion period of 6.5 years, eccefould be~12 magnitudes.
tricity 0.43 and a minimum mass of 6gMHowever, the curva-
ture of the fit has been generated by the algorithm itself &#8wi 5 5 11597504
the uncertainties all the data points lie in a straight lliegwn
as a liner. Therefore, the orbital solutions to this datéeseare Figure[$ shows the orbital fit to the large trend in the radial-
lower limits. For comparison the best-fit Keplerian with ¢&i velocity dataset and again it appears to be a liner. The attim
the orbital period would relate to a companion minimum mass this data has an amplitude of 1000 period of~18 years
of ~190M; and similary? of 2.5. From experience we estimateand circular eccentricity. The minimum mass of the companio
the lower limit of the period of the orbit to be around four &m to this fit is ~50M; but yet again this is a liner fit to the data
larger than currently estimated. If we take the period rahge and therefore the expected orbital period will be undearested.
25.8 years and the Hipparcos distance of 25.91pc, the pedjecAgain, twice the orbital period would give rise to a compamnio
separation will be in the range 0.13-0/3& he absolute H-band with a minimum mass of 110pbut with a fairly highy? of
magnitude is 3.20 magnitudes and our estimation for the-abd®. From the estimated orbital period above~d8 years, and
lute H-band magnitude of the companion using the techniquethe distance to the star of 51.55pc, we expect the lower tmit
Section 3.1 is 15.31 magnitudes, giving a best estimatehfor the separation to be0.13’. The absolute H-band magnitude for
contrast ratio upper limit of 12.11 magnitudes. HD91204 is 2.83magnitudes with the estimated absolute magn
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Table 4. HD91204 Radial-velocity data

JD RV (nYs) ow (M/s) 7

-

2451552.102  172.2 15 =
2451581.998  152.6 1.4
2451706.816  112.0 1.5
2451898.177 38.8 1.5
2451901.157 29.2 1.5
2451972.066 0.0 1.4
2451973.023 5.4 1.4
2451981.986 -4.8 1.3
2451982.973 -1.0 1.3
2451983.978 -4.3 1.4
2452307.969  -137.3 1.6
2452601.140  -254.2 1.5
2453017.162  -411.7 1.5
2453397.979  -570.6 1.4

393.87 |

328.22

262.58 |~

196.94

131.29 |

65.65 |

0.00

RV [m/s]

-65.65 [~

-131.29 [

-196.94

-262.58 I~

-328.22

-393.87 -

2451552.10

2451921.42

2452290.75

2452660.07
Julian Days

2453029.39

697.17 |~

580.97 |~

464.78 |

348.59 |-

232.39 |-

116.20 |

0.00

-116.20 |

-232.39 |

-348.59 |

-464.78

-580.97 |-

-697.17 [,
2452389.14

2452829.48 2453049.65 2453269.81

Julian Days

Fig. 6. The radial-velocity dataset and fits for the companion to
the star HD120780. The minimum-period solution to the large
trend is a companion with a period efLl2 years and minimum
mass of~70M;, placing it towards the upper end of the brown
dwarf regime. However, this is a liner and the actual mashef t
companion is probably significantly higher than this.

2452609.31

Table 6. HD145825 Radial-velocity data

Fig.5. The orbital solutions for the radial-velocity dataset from
the Keck Planet Search for HD91204. All 10 data points are
spread across a period of 5 years and the best estimate of the
fit has an amplitude 0£1000ms?! and a period of-18 years.

This gives a minimum mass for the companion-60M.

Table 5. HD120780 Radial-velocity data

JD RV (ms) ow (M/s)
2450915.182 -222.3 2.2
2451002.046 -322.3 3.0
2451382.974 -408.3 1.9
2451630.280 -250.1 2.0
2451683.047 -204.4 21
2451718.096 -185.1 2.2
2451742.997 -162.1 21
2451766.897 -143.4 1.8
2451984.224 46.2 2.3
2452060.982 125.7 2.0
2452091.945 160.8 21
2452126.927 182.4 2.4
2452711.315 673.1 3.1
2452748.215 690.2 3.5

JD RV (nYs) ow (M/s)
2452389.145 85.9 1.4
2452390.076 79.7 1.3
2452422.026 42.3 1.4
2452452.991 3.8 1.1
2452454.920 -0.3 1.0
2452455.936 -0.1 1.1
2452509.881  -59.6 1.7
2452655.135  -230.7 2.8
2452748.038  -345.9 1.4
2453217.880  -923.7 1.9
2453489.100 -1268.8 15

best minimum estimate to the orbital solution gives an atbit
period for the companion of12 years and assuming a circu-
lar orbit, @ minimum mass of 70M;. In this case the compari-
son minimum mass for twice the orbital period is 145 Mith a

2 of 18, much lower than the best minimum estimate. In fact,
searching the parameter space freely for the best singlpaom
ion solution to this data returns a companion with a minimum
mass of 1.1M and orbital period of over 56 years. Clearly such
a companion would manifest itself in the stellar spectrathisd

is not the case, which could indicate the need for a double com
panion solution for this star. However, taking the 12 year pe
riod we get a semimajor axis 6f5.24AU and at a distance of
17.01pc, the angular separation would~+#31’. The absolute

tude for the companion 0f16.05mag, relating to an upper limit4_pand magnitude of the star is 4.3magnitudes and with &n est
for the contrast ratio of 13.22 magnitudes at the given adeedf mated lower limit to the absolute H for the companion-6t88

system.

3.4. HD120780

magnitudes, the estimated upper limit to the contrast B8
magnitudes. This represents the lowest contrast estiroatad

five objects and arises due to the extremely small lower age es
timate of 0.2Gyrs from Valenti & Fischer (2005). Note howeve

Eight data points have been acquired over a period3years that this age is unconstrained as the upper age estimateeeac
and a linear fit has been plotted through the data (Big. 6). Tas high as the age of the universe i.e. 13.4Gyrs.
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606.30 [

beams|(Lenzen et al. 2004). In this configuration the telgsco
has a projected field of view of 5 arcseconds square, redaced t
2.7x3.7 arcseconds after the tilt of £38m the SDI focal plane
mask during this run is considered, and has a camera plde& sca
of 0.017’pixel™.

The observations were performed using an 8-point jitter pat
tern. One of the jitter frames was a pure sky-frame to better

505.25

404.20

303.15 |

202,10 |

101.05 |

RV [ms]

0.00 |-

-101.05 |

20210 | aid in sky background removal. Each jitter integration @xor

sasas Integration Time aka DIT) ranged from 2-6 seconds depending

020 | on the brightness of the central PSF. Each DIT was determined

s05.25 | by increasing the time until the central few pixels of ther sta

s06.30 |, , ‘ . . were saturated, allowing very highNgin the halo of the PSF.
ML IR an Days TR However, we believe that we could further increase tlilé I8y

Fig.7. The radial-velocity dataset from the AAPS for the staf c'easing the DIT's and saturating more of the stellar Biige

HD145825. The best-fit Keplerian orbit to the 14 data poings ave will gain a higher dynamic range. Each observation took

shown, along with the estimated orbital solutions. Cumeatan around 60 minutes to complete, consisting of 44 jitter cypler

o ; o ) . star.
clearly be seen in this data, and since this is not a liner thitad .
solution is better constrained than all the other four stahe Thereduction of all the NACO-SDI raw data made use of the

measured semi-amplitude of 617thindicates the presence ofCUSOM pipeline of Biller et al. (2004, 2007). First, all traav
frames were cleaned for any background sky noise by subtract

a companion with a period of 7.8 years, and eccentricity Bf Oi'ng out the sky image from the jitter cycle. A standard flalefie
and a minimum mass of 44.5M : . . )
then applied by combining the flat images into a master flat and
dividing out the pixel-to-pixel variations from each indlual
image frame. To further clean the image a bad pixel map is cre-
8.5. HD145825 ated from the jittered images to flag any dead pixels on the CCD
Figurdl shows the 14 radial-velocity measurements madesby thip and these are removed from all image frames. Apertures
AAPS over a period of5 years. This allows a constrained fitare then extracted around each filtered image and the Airy pat
to the points as the fitting algorithm has one inflection agd sitern and flux is scaled. The frames are then unsharp masked by
nificant secondary inflection curvature to describe. The-fies dividing through by a heavily smoothed version of the origin
Keplerian orbit finds solutions that best reproduce the oleske image. A shift and subtract algorithm is used to align theréd
curve, with a semi-amplitude of 617ms described by a com- images, with the first frame in the series used as the referenc
panion with an orbital period of 7.8 years, an eccentricft9.@ image and all other images aligned to this first image.
and a minimum mass of 44.5MSince a significant percentage
of the orbit has been observed no comparison fit is necessary.a
this fit describes the data very well. The semimajor axis &f th™
orbitis 4.07AU and at a distance of 21.55pc the apparentaepance all data frames have been fully reduced the next step is t
tion of the companion would be0.19". However, even though setup the analysis procedure. This was done by adding and sub
the solutions are better constrained than the liner plbey; &re tracting the various narrow-band filters across the metfeme
still lower limits as only one inflection is securely founddait ture to provide the best conditions for detecting the faore
is likely that, at best, only/3™'s of the orbit has been mappedpanions. The two combinations that provide the best catstras
The star’s absolute H magnitude is 3.39 magnitudes and héth and 9N ratios to detect cool dwarfs target both M,L-type and
best estimates of the companion’s absolute H set at 14.2fveg, T, Y-type objects. The SDI instrument, by its pure desig it
upper limit on the contrast ratio is estimated to be 10.8 magfo search for companions of mid-T spectral type or lategesin
tudes. the subtraction across the methane band suppresses tfighstar
and speckle pattern to highlight objects with strong metren
. sorption in their atmospheres. However it can also be used to
4. NACO Imaging search for L-dwarfs by combining all the filters to create@eiof-
band image that would detect any L-dwarf signature. Thigj-ho
ever, is heavily limited by the bright star and the brightesup
The observations of each of the stars chosen as primary cspeckles in the image. We employed both these approaches to
didates were carried out on 02 March 2006 using the NACG@earch for faint companions around the five stars in thissgtoj
SDl instrument mounted on the 8m ESO VLT4-Yepuntelescope Before discussing each system individually, Fig. 8 shows th
in Paranal, Chile. The average seeing throughout the oingervSDI reduced contrasts for all the systems on the same plot and
night was~0.8". The NACO AO system is described in detaikcale. The key in the upper right of the plot indicates whialve
in|Rousset et all (2003). Since all targets in this projeetvary represents which system. Since the SDI reduced curve repre-
bright (V < 8) the star itself was chosen as the guide. sents the limiting & contrast for each system this plot high-
The SDI system employs a double calcite Wollaston pristights how deep the observations reach over the parameteesp
to split the incoming beam into four separate beams and thesmpled. The contrast curves were estimated by defining a 5x5
feeds them through a quad CHA4 filter that is set in the focaduare pixel box, placing the box at the center of the images
plane. The filters are set at central wavelengths of JuB¥5 and then calculating the standard deviation within the bbist/
(F1), 1.60@m (F2) and 1.62hm (F3a and F3b) and with band-moving it outwards from the center, pixel-by-pixel, in 8fdi-
passes of 0.02B8n, which helps to limit residuals due to speckent directions, separated by°4&ngles. Averaging these gives a
les and calcite chromatics. Thifferential non-common path measure of the sky background noise. To measure the contrast
errors are less than 10nm RMS per Zernicke mode between thgo, these counts were divided by the peak flux estimate for

Data Analysis

4.1. Observations and Reduction
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_ _ Separation (*') Fig.9. A broadband image of the star HD25874. The image was
Fig.8. A combined plot showing all the contrast curves=() constructed by combining all images through the three segar
for each star plotted on a similar scale. The stars and teso-a filter bandpasses. Here a number of super-speckles cafyclear
ciated curves are indicated. Itis clear that there is a lspgead pe seen scattered across the image, the brightest of thefe res
in contrasts, with both HD25874 and HD145825 exhibiting-sint|ose to the central star. All the possible cool dwarf conigpas

ilar contrast depths which are2 magnitudes deeper than thejsible in this image are ruled out as speckles when comgarin
shallowest curve, HD32778. Note however that both HD327 e rotated images.

and HD120780 had their contrasts estimated from the othkr st
lar data due to their saturated acquisition frames.

each star. Peak flux was estimated from the unsaturated-acqui

sition image, scaling to the appropriate exposure time ier ton ositions in the rotated images. Any super-speckleslgho
saturated data images. For two of these curves howevee—reyé(g]ain in the same place throughout the roll angle, theeedor
senting the stars HD32778 (short dashed line) and HD12078Q| jetection can be picked out in a field with a number otesi

(three dot-single dashed line), there are no unsatura@isic ;5| gpeckles. Figufig 9 is an example of one of these broadband
tion images and hence their flux counts were estimated useng ages for the star HD25874.

data from the other stars with unsaturated images. The 2MA ) ) o

H magnitude for each was plotted against peak flux in the ac- From the estimates of the companion minimum masses gen-
quisition images_ A po|ynomia| was then fit to this data and tg/rated from the orbital fits we mlght expect three of these-com
taking theH magnitude for the saturated stars we could calc@anions to reside in the L-dwarf regime and consideringithe |

late their expected peak counts. This returns an estimateas ited data they may also have M dwarf masses. However the es-
only employed since the observational methodology wadaimi timates of the contrast ratios are high and as the contrast th
There is a large spread in contrast limit in this data withfa dican be reached by using a broadband image is significantly
ference of<2.2 magnitudes between HD32778 and HD2587@wer than the subtracted images, it would prove extremigly d
(dotted line), with HD32778 being the least sensitive (man-c ficult to detect any of these L-dwarfs using this method. &ttle
trast of 9.3 mags) and HD25874 the most sensitive systems (nffae search employed for L-dwarfs around all five of thesesstar
contrast of 11.5 mags). For all systems the curves are flairtzey turned up a number of bright objects, these can be seen as the
0.7 and remain so out to the edges of the scale. No additiors®0ts spread across the image in Elg. 9. However, none o thes
companions with larger separations than those indicate¢dein detections fuffilled the rotation roll angle criteria, ioting they

radial-velocity datasets were found in any of these systems are residual speckles. Itis clear that without looking falt an-
gle modulation it is extremely fficult to differentiate between a

speckle and a real object.

5.1. M,L-Dwarfs . .
If the companions to these stars are L-type objects and

As mentioned above to extract the signal from companiorts tlihe estimated separations from the radial-velocity cures
don’t exhibit strong methane in their atmospheres the bbst S0.13” (HD25874), 0.18 (HD32778), 0.13 (HD91204), 0.3%
approach is to combine all the narrow-band filters employed BHD120780) and 0.19 (HD145825) then they must not have
the SDI device and create a broadband image that will inerea®ntrasts less than 6.7, 7.4, 7.0, 7.9 and 7.8 magnitudesaes
the SN of any cool companion. This method was applied to thi#vely (taken from the conventional AO (dot-dashed) curires
data frames from all five of the target stars. Note that a tachye Figs.[I0,[IB an@15). Note that the right-hand y-axes in these
search for such objects that don't exhibit strong methasemb figures show the estimated masses at the age of these systems
tion in their atmospheres would benefit significantly frontigst  relating to contrast limits for methane objects only and thill

ing a standard broadband AO approach, since with the narrdye-explained ir§5.2. At the estimated separations the mass lim-
band SDiI filters there is a loss offieiency and hence a loss ofits for L-dwarfs are 87, 77, 92, 72 and 72 Jupiter-masse&mesp
contrast for a given total integration time. To help with thee  tively. No L-type objects with the given ages and separatizam
tection of any signals and to decipher them from residu#lbste have masses above these limits. Also shown in these plots rep
speckles all images were taken at twd@lient rotation angles, resented by the solid curves are the radial-velocity seiis.
separated by 33n the sky. By blinking these rotated broadban@hese confidence limits from the radial-velocity data setsea-
images it is possible to spot any detection that appearsfat-di plained below and the conclusions drawn are presented there
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5.2. T or Y-Dwarfs and Exoplanets help us to determine what possible companion objects tre dat

did not detect. Sensitivities are shown as solid curvesgs
The search for T and Y-dwarfs, along with planetary mass ojaq17. gs.Ei0

jects, cooler than 1200K is accomplished by subtractingrite i , i .

ages inside and outside of the methane band apm6Zhe fil- The radial-velocity confidence limits for HD32778 (Figl 10
ters employed for this task are the F1 filter centered at Jusi75 ©0P) Show that due to the lack of data points for this star weha
and the F3a filter centered at 1.628 (Close et dl. 2005). This N© Strong constaint on any sub-stellar companions. Theecurv
subtraction, which we assighF1, helps to suppress the Airyhere represents the 10% confidence limit for this star (shown
rings from the stellar PSF, and attenuates the specklerpaat - MOre clearly in the top plot of Fig.11) and therefore below th
is a function of the stellar beam. As there is no strong atigorp Nydrogen burning limit we have no real constraints on any-com
at 1.62:m in the stellar atmosphere, the subtraction removes tgnions in this parameter space. The gray scale in this figure
stellar light leaving behind the faint methane signatuoerthe and the following detectability curves, show the changiog-c
cool companion. Similar to the search for M,L-type objetis t f_|dence limits running _from dark belng the least constraited
33 roll angle allows one to distinguish between a genuine coifjht the most constrained regions. Given the lack of date he
companion signal and any residual speckles. there is only a very small region where we can rule out any com-

For each of the five stars we performed this search on, t\ﬁgmons with an _conﬂdence and most of the parameter space is
candidates fulfilled the roll angle criteria, found around stars '9nly unconstrained. The 10% confidence bound barely each
HD25874 and HD120780, both of which are discussed in tgYond the & (99.9% confidence limit) of the SDI reduced con-
next section. For the three other stars no significant compzi‘ﬁist curve and only covers a very small part of the parameter
ions are seen in the subtracted images across the roll afigle. SPace beyond the AO curve. Hence, for this system the radial-
SDI reduced contrast limits in Fig. 110 (dashed line) for tlees velocity data does not help to constrain the companion agd an
HD32778, HD91204 and HD145825 tell us that if the radiallOrMmationwe can extractabout the unseen compar onitira
velocity companions that were targeted were T or Y-dwalnisyt 10 the contrast curves alone. This leads to the probpihiét
can not have absolute H magnitudesl 1.1, 11.5 and 13.2 mag- 1€ companionis of lower mass< 70M;) with a fairly uncon-
nitudes respectively, at the estimated separations faetiob- stramed orpltal separation i>60.078’ from the baseline of the
jects. AllH, My and mass estimates are assuming T5-type S{g_dlal-velocny data.
tus, including the right-hand y-axes, which show the exgeict  Similar to HD32778, the confidence limits in mass-
masses for the corresponding contrast ratios at the estinage separation space for HD91204 are poorly constrained [Hg. 1
of the star. We chose a T5 simply because it represents the nmdddle). However, since HD91204 has a larger database of ve-
dle of the T-dwarf regime and since these objects are exgpectecities than HD32778, we can say to a 70% confidence level
to be old we might expect them to reside somewhere closethat the companion to this star is not a close ¥9.05") sub-
this spectral type. A reference such as a T dwarf was negessstellar or stellar secondary. The middle panel in Eid. 1nsho
due to the unique nature of the SDI observations, since ttiey the mass-separation parameter space for this star, regadin
lize narrow-band filters across a strong absorption feanre onto the stars surface. Clearly very close-by companion®ea
objects with more or less methane absorption with have moreraled out to high levels of confidence due to the larger nuraber
less flux entering the F3a filter. Since T5 objects possesem@gst data points and the fact that this radial-velocity curve isier.
methane break they provide good references for companisorirhis is further highlighted by the large light region showirthie
our contrast curves. A correction must be made to compate wifray scale and a lack of any large contrast gradient. Objetis
model absolutél-band magnitudes and we simply apply dft o separations below 0.06and masses above around 30d4n be
set of+0.5 magnitudes for a typical T5 dwalf (Biller etlal. 2007)ruled out to~90-95% confidence and moving out to separations
of 0.08” we can still rule out objects down to around the plan-
o etary mass limit at the 90% level of confidence. Therefore, we
5.3. Doppler Sensitivities can say that the companion to this star likely has a fairlgdar

We have performed a sensitivity analysis of each indivigyat SEParation and is a faint substellar companion or, as foostim
tem to determine the confidence limits from the radial-vig¢yoc a]l of the |maged_obj_ects, the companion has a longer oréal
datasets and how these limits transfer into the contrastecufi®d: Put the inclination of the system was such that when we
parameter space. The sensitivities were determined ubimg Y/6"€ 0bserving the companion it was hidden behind the star at
method explained in_O’Toole etlal. (2009) with a small mod2"-SKy angular separations below0.1

fication. In brief, simulations of radial-velocity curveseaanal- In comparison to these other two stars, HD145825 has
ysed using a two-dimensional Lomb-Scargle periodogram. Tenough data points and exhibits enough curvature in the time
simulations covered the mass range 3-131Q0Mriod range 300- series that fairly high levels of confidence from the veliesit
4800 d and eccentricities from 0.0 to 0.8 in steps of 0.keral- overlap with the 99.9% confidence limits from the imaging
ues for each star, based on the methad of Wright (2005), werework. The bottom panel in Fig. 10 shows that below the SDI
corporated into the simulations. The resulting fits wereckhd curve we still have over 90% confidence in ruling out close by
against five detection criteria: the four described in OTéost (<0.17’) objects down to low brown dwarf masses. In addition,
al. and a fifth based on the RMS of the data, described hetlge 95% (27) confidence limit can rule out a lot of possible
If the measured period is 50% longer than the time baselinelwbwn dwarfstellar companions below the 0.&ngular separa-
the dataset, a linear fit to the dataset is performed. This fittion limit of the SDI technique (Fig._11 bottom). The gray leca
then subtracted from the data and the RMS of the residuals eeeeals more structure than HD32778 and HD91204 due to the
compared to the RMS before the linear trend was subtractedjnificant curvature in the velocities. Particularly wencsee

A detection is made if the RMS drops by a factor two or morinat the region around 0’2separation is less constrained than
throughout this process. When used in conjunction with Bk Sinside and outside this separation and due to the indication
contrast curves, these doppler sensitivies can help to atme secondary curvature in the velocities, we arrive at faitilyhh
rately constrain the parameter space that we have coverkd eonfidence levels beyond 0.3eparation.
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From these combined constraints we can rule out to reallyl7’ (4.40 AU). Again we conclude that the companion to this
high levels of confidence any brown dwatellar companions star is probably a widely separated, low massdM;) and there-
with small separations (short period orbits). Also, at thdelvel fore really faint sub-stellar object. If such is the casenttieere
we can say that there are no objects at all below a separdtionisoa fairly high possibility here that the object is a brownadfv
around 0.34 with masses above 40\Mind also no companionslocated in the brown dwarf desert (Grether & Lineweaver 2006
down into the giant exoplanet regime within 0720’ hese com- Note that there were no other objects detected around #nis st
bined data sets argue for the companion to HD145825 to beaut to orbital distances 6f52 AU.
extremely faint sub-stellar companion with a moderate isepa  Figure[14 shows the annotated {38l angle) for the star
tion. HD120780. The angle is projected along the solid lines radi-
ating from the central pixel. The brightest object in this-im
: age is found between the projected solid lines, howeveresinc
6. HD25874 & HD120780 Detections? no counterpart was found this is a residual super speckle and
Out of the five stars that we searched around, two possible gbows that such artifacts still remain after SDI reductidhe
tections were made around the stars HD25874 and HD1207g0tential candidate around this star is found to reside apa-s
Both of these candidates fulfilled the requirements to besicen ration of 0.3@:0.01" from the central pixel with &AF1 contrast
ered as bona fide candidates as they were bright sourcelsathatof ~8.8 magnitudes, and is again well below the strong methane
counterparts at 33n the rolled images. However, after carefuboundary. Significantly though, the separation is in agesgm
analysis we believe these to be artifacts of the reduction pwith the object found around the star HD25874. Also the posi-
cedure and not true companion objects. Both will be disaisséon angle of the object is 24@vhich again is in agreement with
here. the find around HD25874. The fact that both the separation and

Figure[IT2 shows the 33oll angle of the camera and howposition angle agree for the possible candidate objectsnaro
it projects along the image through the T3 filter (F1(1&m% both HD25874 and HD120780 strongly indicate that these de-
F3a(1.62am)) for HD25874. The detections are found at théections are actually artifacts inherent in the reductimtpdure
ends of the second arc along the projection with a separati@ther than an actual detections of the companion objetistto
from the central pixel of 0.200.01” and a position angle of these stars, possibly spider arm residuals.
240°. This enhanced image highlights more of the speckles The contrast curves created for this system (Eig. 15 upper)
across the images in both negative and positive formats eage extrapolated from the unsaturated images of the otlser sy
bright spot to the extreme left middle of the left panel arsd items. The detection here is marked by the filled circle with as
counterpart in the corresponding position of the right paneociated uncertainties to highlight the contrasts acli@teuch
Along the projected angle there is also another bright amkl ddow angular separations. The detectability probabilityhis re-
pair that could be separated by the roll angle and these anelfo gion is found to be 50-70%, again showing that more data would
at the ends of the inner arc. As these are so close and codnebt useful to better constrain the companion parameters, ave
to the central star we believe these to be an artifact of thfe PSuch low separations. The detectability region is bettense
subtraction, however worryingly since they are found petgd  Fig.[13 (lower) where again we have over 90% confidence reach-
along the same axis as the potential candidate detectipmtag ing out beyond 0.1 from the star and with fairly high brown
signify that the detection is an artifact as well e.g. unected dwarf masses, across the stellar mass regime. The gray scale
residual trefoil in the image. in this region shows no real dark unconstrained region@xc

As mentioned, Fid_13 (upper) shows the contrast limits thér widely separated and low mass companions. Below the SDI
were determined for HD25874, highlighting both the conveitimits we see that we can rule out lower mass companions with
tional AO and the SDI reduced limits. For companion can@igat90% confidence only out to separations~df.14’ (~2.38 AU)
such as the one here it is clear that the SDI reduction pedorat best. Yet above thericonfidence level (70%) we can rule out
significantly better than conventional AO e.g. gain-@.5 mag- a range of lower mass companions reaching as far out a&§ 0.25
nitudes at 0.2. The confidence limits in this figure show a lot(4.25 AU). Finally no other longer period methane rich compa
of structure at separations reaching well into the imagimase ions were detected out to a separation-8#AU.
space. This is due to the large baselinég yrs) of observations,
even though they describe a liner system. 95% confidenctslimi
are seen to rule out objects down into the planetary massieegiy symmary
with angular separations below 01.4depending on where we
place the boundary between exoplanets and brown dwarfs, &ke have performed a targeted direct imaging program to tetec
we can rule out such objects up to separations of almost' @tL.8 cool companions orbiting within’2of their parent stars. The
the 70% confidence limit. The lower panel better highlights t stars were drawn from the AAPS and Keck planet search psoject
structure in detectability for this star and shows cledngttwe and consist of objects that exhibit large radial-velocayiation
have high levels of confidence out to the timeseries of thia daver several years. These radial-velocities indicate tbegnce
set. The gray scale shows similar structure to that of HD28580f a massive companion on a long period orbit. Five stars were
with a large inner region that is highly constrained, a damk uexamined with the NACO-SDI system on the VLT in Paranal,
constrained region around 0.8eparation from the star and therChile. From the five, two possible detections were found agou
a growing lighter constrained region out to separations.8f.0 the stars HD25874 and HD120780. However, further analysis
This time the constrained region at larger separationssrist of these detections indicate they are probable residufhete
from any curvature in the velocities but due to the overalspf since they are found to be located at the same distance frem th
velocity across the data set, showing that it is unlikely kbxaer central pixel and the same position angle in each of the isiage
mass companions at these orbital separations could giveais for each star. In addition we also present detectabilibegfch
this data set. By combining the imaging data with the radiadystem by analysing the radial-velocity information weéae-
velocity data, we can say that with 70% confidence we can rujaeired. Each of these detections lie within sensitivity tdu
out almost all companions to this star with separationswbelaries for these stars of between 50-70%, meaning they catild n
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Table 7. Summary of results from the combined SDI and radial-vejyomiinstraints for all stars.

Star AO(03) AO(L.0) SDI(0.5) SDI(1.0) RV70% RV90% RV95%
HD25874 95—71M 11.2—68M 11.2—68M 11.3—67M  2M, 4M, M,
HD32778 87—72M 9.0—71M, 89—7I1M 9.3 —71M - - -
HD91204 9.5—70M 10.1—68M 10.0 —68M 10.0 —67M  3M, 13M, 30M;
HD120780 8.9 —66M 9.8—60M, 10.0—59M 10.3—57My  3M, 35M, 23M,
HD145825 9.3—57M 10.9—41M 10.6 —44My  11.0—40M  3M, 11M, 15M,

Columns 2 and 3 show the AO reduced contrast limits and tkew@ated T5 mass limits at the age of each star for anguparations of 0.5
and 1.0 respectively. Columns 4 and 5 show the same results butédBEH reduction. Columns 6-8 show the minimum mass that wed nut
at confidence levels of 70, 90 and 95% respectively. Theseanasgere for all separations and therefore show only thesiomass reached by the

simulations and are not constrained within a separatioit. IMote the lack of this data for HD32778 due to the limitediadvelocity data set.

be ruled out with any high degree of certainty from the radial Ragazzoni. Proceedings of the SPIE, Volume 5490, pp. 38%3%04)., ed.
velocity data. D. Bonaccini Calia, B. L. Ellerbroek, & R. Ragazzoni, 389739
We have summarised the results of this work in TdBle g"rergv\?s' ';;' ﬂifli’yL'MM"H“ﬂﬁigf‘ddr\'}vEé e;f‘glzi’g;?AApgié‘?
which shows both the broad-t?and AO and narrow-band S Eﬂer’ R. P., Marcy, G. W., Williams, E., et al. 1096, PASB81500
reduced contrasts and mass limits at separations ¢f &8 Butler, R. P., Tinney, C. G., Marcy, G. W., et al. 2001, ApJ55510
1.0”. Also the sensitivity limits from the radial-velocity dataButler, R. P., Wright, J. T., Marcy, G. W., et al. 2006, ApJ66805
have been summarised at confidence limits of 70, 90 and 9 a‘i,ev?ﬁe'(;‘]'ﬂgfg,?éé@f’ bﬂbﬁ?als C.. otal. 2004, ARASAZ20
for each system, h|gh||ght|ng the minimum mass possibly d fose. L. M., Lenzen. R.. Guirado, J. C.. 6t al. 2005, Natd8a, 286
tectable at each confidence level. The table shows the st®itr@uquennoy, A. & Mayor, M. 1991a, A&A, 248, 485
in magnitudes and mass limits in Jupiter-masses &8 1.0'  Duquennoy, A. & Mayor, M. 1991b, A&A, 248, 485
angular separations for AO and SDI images and shows the R@,‘i\i?ngi AL-i?')Vlayor, M., Andersen, J., Carquillat, J. M.Narth, P. 1992,
H ’ y , +
p_erforn;s almostas V}/e_lllas tlze ﬁDIAag se%ara'glo 15100 o Also Géether, D. & Lineweaver, C. H. 2006, ApJ, 640, 1051
since the stars are fairly old the reduction tends to reagfnyy 1. 3. soderblom, D. R., Donahue, R. A., & Baliunag, 9996, AJ, 111,
only a few Jupiter-masses above the SDI reduction for most of439
the sample, however when the star is fairly young (HD14582%kins, J., Blundell, J., Jones, H., et al. 2010, MNRASstibd
the SDI reaches far deeper than AO i.e. 1;3Mthis case. Also je”t!”sy j 2 :]]OHZS' : E- 2" Soﬁngws\l((l';" Ietzaé)lbgngAsg?:’;gs, 911
X . . . e enkins, J. S., Jones, H. R. A., Pavlenko, VY., et al. , A&GS,
from this table we see that the radial-velocity confldennet_ia _ Jenkins. J.S. Jones. H. R. A, Tinney, C. G., et al. 2006, MBF872, 163
are all genera”y the same, apart from HD32778 due its Immtgones, H. R. A, Butler, R. P, Tinney, C. G., et al. 2009, Ar&iprints
number of data points and temporal coverage. Jones, H. R. A., Paul Butler, R., Tinney, C. G., et al. 2002,RM$, 333, 871
As the stars chosen are fairly old, a consequence of tlf@éas, P.;SG}r(ahgml,_J. R., kChlljaf}g, E-,et )i(il- 200|8,2 gggnf?g%‘fsz
P H : H tLifiE eggett, S. K., Golimowski, D. A., Fan, X., et al. , ApB¢
rf_idlall VeIOCIW Selel_(:tlor]hmetrf:og, the Qomﬁamﬁnlsdqus S Lenzen, R., Close, L., Brandner, W., Biller, B., & Hartung, 2004, in Ground-
ciently massive to lie within the detection threshold o ""Hruj based Instrumentation for Astronomy. Edited by Alan F. M.driwood and
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Fig.10. The 5 contrast limits AF1) for the stars HD32778 Fig.11. The doppler sensitivity confidence limits in mass-
(top panel), HD91204 (middle panel) and HD145825 (bottoangular separation space for the stars HD32778 (top panel),
panel). The dot-dashed curves represent the ConventidDal AD91204 (middle panel) and HD145825 (bottom panel). These
detection thresholds and the dashed curves represent the-SDconfidence limits have been integrated over all eccengtit
duced thresholds. No detections were found around any séthand the percentage limit is shown inside each curve. The gray
stars. The solid curves represent the confidence limits we acale highlights the changing spacial confidence limitshwit
sensitive too from the radial-velocity data sets. Both HDB2 dark the least constrained through to the most constraieed r
and HD91204 cover only a limited parameter space given hyjons being lightest. Only HD145825 has fairly well coniteal

the radial-velocity data, which means the companion ibrsfil  doppler data out to reasonable NACO-SDI sensitive sepasti
atively unconstrained. Whereas, HD145825 observatioashre Whereas for HD32778 there is no real constrained parameters
deeper and are able to rule out a lot of solutions for the campdelow the hydrogen burning limit.

ion. The right-hand axes show companion masses for a T5 dwarf

at the best estimated age of the systems from Valenti & Fische

(2005) and Takeda etlal. (2007) and are for comparison ohly. T

horizontal dotted line represents the approximate strositpame

boundary.
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Fig. 13. The upper plot shows the contrast limitsH1) for the Separation (")

star HD25874. A contrast of 10.5 magnitudes is reached & 0.3.. P
L X ; ' -ig. 15. The upper plot shows the contrast limitsH1) for the
which is the separation of _the poftentlal qar)dldate. ThedsoEtgr HD12078%p. AnpSDI reduced contrast of 9.t'§Rm)agnitudes is
c?;\;?ssgkwgwstklﬁeraéi)l(alé\(/:(taé%cnr%/acsosn;gjregc_;_esllrg\;\t/;.r;l'gte :rgagde reached at 0’3 which is the separation of the potential detection
y P . . 9 led circle). Note the large error bars on the contrasttfos
sumed for these objects. The horizontal dotted line mar&s t andidate since the contrasts were estimated using thesythe
'[Sl‘t1?ggemsei;[’]hcaénﬁobzlé?g(?[{ghlhxe?gssng d?abt?\e/eotrmjs t';]rig'tb'zﬂkr)];t'em fluxes since there were no unsaturated acquisition isnage
y : X yo DOUNCELY-this star. The solid curves mark the confidence limits- est
The lower plot ShOWS. the radial-velocity co_nﬂ_dence I'”."'B 'mated from the radial-velocity timeseries. The right harakis
g}giﬁ:‘ggﬁ%:ﬁf:raetggﬁt%acez The valuesinside alksoligs shows the expected mass for a T5 dwarf at the age assumed for
P ges. these objects. The horizontal line represents the strorilgane
boundary. The lower plot shows the radial-velocity conficken
limits in mass-angular separation space. The values iralde
solid curves are the confidence percentages.
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