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| - 7800/7948A, Cs | - 8521/8943R), and weakening metal-oxide bands (VO, TiO). The T
dwarfs are characterized by the presence of methane bands, weakening metal hydrides, and
broad alkali metal absorption features. Based on the statistical properties of brown dwarfs
such as mass function, clustering properties, accretion rates, and binary statistics, one can
argue that brown dwarf formation mechanisms are not much di [erknt from low-mass stars.
Although not exclusive, various mechanisms have been proposed for the formation of brown

dwarfs like (Whitworth et al. (2006)) :

turbulent fragmentation of molecular clouds, forming very low-mass prestellar cores by

shock compression;

collapse and fragmentation of more massive pre-stellar cores;

disk fragmentation;

premature ejection of protostellar embryos from their cores;

photo-erosion of pre-exisiting cores overrun by HII regions;

The role of these mechanisms probably depends on the environment where the brown
dwarfs form, but their contribution can be judged by their ability to produce observational
parameters like initial mass function (IMF)?! , distribution and kinematics, binary statistics,

and disk retention.

1The initial mass function (IMF) is an empirical function that describes the mass distribution (number
of objects per unit of mass) of a population of stars in terms of their theoretical initial mass (the mass they
were formed with).



After ground breaking studies by Salpeter (1955), Miller and Scalo (1979), and Scalo
(1986) a lot of e [ant has been put in studying the stellar IMF in diLerkent regions to inves-
tigate the universality of the IMF. Young open clusters and star-forming regions were the
most important targets as they have coeval populations of stars at a known distance and
environment. Some of these studies of open clusters (Kroupa and Boily (2002) , Chabrier
(2003))suggest no clear variation in the IMF and the IMF is consistent with the field IMF.
However, some other studies (Luhman et al. (2003). Luhman (2004) find evidence of a clear
variation in the IMF ( for example Taurus IMF peaks at 0/8M —and 1C 348 peaks at 0.1-0.2
M

Multiplicity of brown dwarfs fall under two main categories: brown dwarf secondaries
around a solar-type primary and around another brown dwarf primary. Brown dwarfs around
solar-type stars are quite rare. At close separations (< 5AU), the frequency of companions
with masses in the range 0.01 to 0.1M s [C0b% (Marcy and Butler (2000)). This deficit
in brown dwarfs at small separations to solar-type stars relative to frequency of planetary
companions and hydrogen burning stars is commonly known as brown dwarf desert. Various
mechanisms are suggested for the existence of this desert, such as di Lerential fragmentation
in the proto-stellar disk or bias in the inward migration. At larger separations (= 100AU)
the binary frequency is < 2% (McCarthy and Zuckerman (2004) & Gizis et al. (2001)). BD-
BD binaries are relatively more numerous. For separations [2ZAU, BD-BD binaries have an

observed multiplicity of 10— 20% (Bouy et al. (2003); Burgasser et al. (2003); Gizis et al.



(2003)). Some authors speculate that this multiplicity could be as high as 50% (Pinfield

et al. (2003)).

The atmospheres of ultra cool dwarfs are rich in molecular gas species and metal ele-
ments. These are responsible for the bulk properties such as e [edtive temperature (Tees),
metallicity and the surface gravity. The e [edtive temperature of L dwarfs (1400K [Tdee [
2300K) covers a range of temperature where gas-liquid and gas-solid phase transitions for a
number of refractory species occur. These species include iron, silicates, titanates and metal
oxides (Lodders (2002)). The existence of these molecular species has been confirmed in the
spectrum of L dwarfs (depleted TiO and VO which are gaseous precursors to condensates
Burrows and Sharp (1999); Allard et al. (2001)) and their red near infrared colors (thermal
emission from hot dust). Cushing et al. (2006) has detected silicate grain absorption in the
mid infrared. T dwarfs with 600K [ Tdsr [1400K have relatively condensate free photo-
spheres. This can be inferred observationally from their blue near-infrared colors and strong
molecular gas bands and also by pressure-broadened strong neutral alkali metal absorption

features in the spectrum.

A number of models have been proposed to explain the atmospheric physics of these
objects (Burrows and Sharp (1999); Burrows et al. (2001); Ackerman and Marley (2001a);
Allard et al. (2001); Tsuji et al. (2004); Cooper et al. (2003) ; Helling et al. (2008) ). The
current state of our understanding and observational evidence can be summarized in the

following paragraphs (more details can be found in the review article Burgasser (2009)).



One dimensional condensate models have been proposed by Ackerman and Marley (2001a)
to explain BD atmospheres. These models suggest that the condensate species are contrained
between a phase transition layer and a cloud top by a balance between gravitational set-
tling and convective mixing. The cloud top is characterized by a “settling e [ciehcy” or
“cloud top temperature”. In L dwarf atmospheres the cloud layers reside at the photosphere
which makes the e [edt of condensate species prominent on the spectral energy distribution
of these dwarfs. In T dwarfs the cloud layer sinks below the photosphere which makes the
spectral energy distribution condensate-free. Even though the condensate species in these
dwarfs are constrained between the phase transition layer and the cloud top, the dilerent
species are well mixed by convection and turbulent gas motion. This raises the possibility
of fairly complex grain chemistry including nonequilibrium hybrid grain formation (Helling

et al. (2008)).

Observational evidence supporting the presence of dust clouds comes in a number of
ways. Large near infrared color variations at wavelengths where cloud opacity is prominent
was found in Knapp et al. (2004). Burgasser et al. (2008) shows evidence for a correlation
of the near infrared color of these objects with the 9 um silicate grain feature. Several ultra
cool dwarfs with atmospheres too neutral to couple with magnetic fields to form spots show
both spectroscopic and photometric temporal variability. This variability probably arises
from rotational modulation of surface asymmetries in global cloud coverage since light curve

periods are generally consistent with rotational line broadening (Reiners and Basri (2008)).



The condensate species grain size is also an important parameter which could e [edt how well

they mix and flow. Ackerman and Marley (2001b) has suggested sub micron size particles.



CHAPTER 2
A SEARCH FOR BROWN DWARF COMPANIONS OF

SOLAR-TYPE STARS IN UPPER SCO

2.1 BACKGROUND

The IMF for M = 0.2M— i.e. very low mass stars and BDs, has been studied in the
solar neighborhood, a few young clusters, and star forming regions. It has been suggested
that loose star forming regions, such as Taurus-Auriga, could have di[erent low-mass IMF
than crowded clusters like the Trapezium (Guieu et al. (2005)). With most of the focus
on open clusters and star-forming regions to derive the low-mass IMF, OB associations
have not been deeply studied for the low-mass IMF because of their large area. Upper Sco
is the youngest (5Myr Preibisch et al. (2001)) of the three subgroups of the nearest OB
association, Scorpius-Centaurus (145 pc de Zeeuw et al. (1999)). Because of its youth and
relative proximity and low reddening (Ay < 2), Upper Sco provides ideal search place for

BDs and pre-main sequence objects.

Lately Upper Sco has been studied, and more than 50 objects have estimated masses

that range from 0.2 to 0.02M —in about a 75 sq degree area(Ardila et al. (2000); Martin



et al. (2004)). Also follow-up studies have shown evidence of mass accretion and mid-infrared

emission due to dusty disks.

We carried out a deep survey to identify BD companions orbiting at large distances (wide
binaries) from solar-type stars in the Upper Sco OB association. Our search is sensitive to
companions as faint as 1=20 and 2 arcsec , which according to current evolutionary models
for brown dwarfs, correspond to masses down to 10M; and 300 AU from the primary stars.
The frequency of such wide companions to solar-type stars is still uncertain, and the most
optimistic estimate is for 15% (Gizis et al. (2001)). Recently it has been proposed that this
frequency could be no larger than 3% (McCarthy and Zuckerman (2004)). Our study aims

at shedding more light on the apparent controversy.

2.2 METHOD

We have observed 65 G and K type stars in the Upper Sco OB association. Our objects were
selected from Preibisch et al. (2001) supplemented by H.Bouy proper motion study (private
communication) made available to us. We have obtained H band imaging with the 1.5m
Carlos Sanchez Telescope and | band Imaging with the 1AC-80 Telescope for these objects
in early June 2006. Both of these telescopes are located in the Teide Observatory Complex
on the island of Tenerife. The individual images (dither pattern for each source) were bias
subtracted and flat fielded before stacking. The e[edtive exposure time for the | band and

H band images were 1200 seconds and 800 seconds, respectively. Aperture photometry was



performed using the APPHOT package in IRAF. The calibration was done using stars in the
field of view of each image and comparison with DENIS and 2MASS photometry. Figure 2.1
and 2.2 show the final reduced images of one of the target star in | and H band respectively.
The color magnitude criteria used to select the candidates (shown in circles) are discussed
later in this section. Figure 2.3 and 2.4 show the photometric calibration for sources around
one of the target stars. The linear fit parameters were used to calibrate all the sources
around that target i.e. every a dilerknt calibration plot and fit were obtained to calibrate
sources around each of the target star. Figure 2.5, 2.6 and 2.7 show the distribution of the
I band magnitude, the H band magnitude and the projected separation from the target star
respectively for all of selected sources in the area of interest. This shows that our study is
sensitive for companions for up to 18th magnitude in H band and 20th magnitude in the |

band and companions at a minimum angular separation of 5 arcseconds.

Once the photometry was done for the | and the H band for the sources within a 1.5
arcmin box around the primary star, we plotted the I vs I-H plot for all the sources shown in
figure 2.8. Theoretical model isochrones were over plotted for a range of ages and distances.
BD candidates were selected based on their position in the plot, within the region surrounded
by 1Myr - 10 Myr isochrones in 2a error bars of the photometric measurements. A list of
41/60 of the selected candidates is given in Table 2.1. The other 19 objects were selected
based on the 2MASS colors. These 19 candidates were detected only in our H band images

but had 2MASS J and K detections. In Table 2.1, column 1 gives the name of the target
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Figure 2.1: Reduced and stacked | band image of one of the sources V11210ph. The e [edtive
exposure time was [1200s. The field of view shown here [ID0x100 arcsec. The

photometric UD candidates are shown in the circles.
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20 40 &0 g0 100 120 140 160 180 200

Figure 2.2: Reduced and stacked H band image of one of the sources. The e [edtive exposure time
was [80Ds. The field of view shown here [I0D0x100 arcsec. The photometric UD

candidates are shown in the circles.
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Figure 2.3: DENIS catalog magnitude vs | band instrumental magnitude for sources in the field of
view of one of the targets. The linear fit was then used to calibrate the instrumental

magnitudes of all the sources and estimate the calibration error bars.
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H calibration, (a,b)=( —0.0710062, 0.943415)
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Figure 2.4: 2MASS catalog magnitude vs H band instrumental magnitude for sources in the field
of view of one of the targets. The linear fit was then used to calibrate the instrumental

magnitudes of all the sources and estimate the calibration error bars.
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Figure 2.5: | band magnitude distribution of all the sources in the area of interest (1.5 arcmin

box) around all of the targets.

star and column 2 gives the projected separation (assuming all the target stars are at 145
pc).
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Figure 2.6: H band magnitude distribution of all the sources in the area of interest (1.5

box) around all of the targets.
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Figure 2.7: The black curve shows the separation distribution of all the sources in the area of

interest (1.5 arcmin box) around all of the targets. The blue curve shows the same
distribution divided by the separation. The projected separation was calculated as-

suming the distance of all the targets at 145 pc.
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Table 2.1. Ultracool dwarf candidates

Target name  Separation (AU) | meas lerr Hmeas Herr I-H

@ @) ® @ 6 ® O
RX1625.2-2455ab 3356.43 17.34 0.02 14.33 0.04 3.01
RX1625.2-2455ab 4722.62 19.29 0.07 16.14 0.07 3.15
RX1625.2-2455ab 5046.56 20.61 0.21 16.97 0.11 3.64
RX1625.2-2455ab 5099.43 19.93 0.11 16.74 0.1 3.19
v112loph 6381.04 18.47 0.05 14.93 0.05 3.54
v112loph 5332.3 17.48 0.04 14.76 0.05 272
v112loph 7141.76 18.43 0.05 15.19 0.06 3.24
v112loph 6329.28 20.05 0.13 15.97 0.1 4.08
pds145 1158.32 16.09 0.02 13.88 0.04 22
pds145 8190.5 1451 0.01 12.42 0.03 2.09
woph5 4617.3 17.67 0.03 14.85 0.04 2.83
wophb 3833.62 17.25 0.03 13.95 0.03 33
woph5 873.57 16.7 0.03 13.97 0.06 2.73
woph5 5961.86 19.05 0.06 16.02 0.1 3.04
gsc997 4483.35 1532 0.03 13.15 0.03 217
gsc997 4337.93 16.71 0.04 13.7 0.03 3.01
gsc1406 1280.45 17.17 0.07 14.85 0.04 232
gsc1406 5089.11 18.7 0.12 15.84 0.06 2.86
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Table 2.1 (cont’d)

Target name Separation (AU) | meas lerr Hmeas Herr I-H
() ©) ® @ 06 ® O
rox20-1 4095.03 19.08 0.05 15.91 0.07 3.17
rox20-1 3158.27 20.17 0.15 16.56 0.11 3.61
haro8jan 4988.57 18.79 0.04 15.51 0.05 3.28
haro8jan 1472.52 18.64 0.06 15.17 0.05 3.47
haro8jan 1959.4 18.18 0.03 155 0.06 2.68
haro8jan 5837.1 17.15 0.02 13.98 0.03 3.17
1rs48 3701.21 1966 0.1 151 0.04 456
6228-13 5229.53 1442 0.03 12.27 0.03 2.15
v866-sco 3287.73 18.06 0.03 15.26 0.05 28
B62-HA4 5867.5 154 0.01 12.69 0.03 271
B62-HA4 5040.51 18.27 0.09 15.27 0.05 4.49
B62-HA4 2535.94 18 0.03 1529 0.05 27
B62-HA4 4917.42 15.6 0.01 13.56 0.04 2.05
B62-HA4 2837.57 15.9 0.01 13.42 0.03 2.48
HARO4JAN 6118.65 17.05 0.02 14.66 0.04 24
HARO4JAN 4379.82 16.41 0.01 14.09 0.04 231
V1725 4303.73 19.46 0.07 15.2 0.04 4.26
V1725 2569.38 18.83 0.04 14.74 0.04 4.09

19



Table 2.1 (cont’d)

Target name Separation (AU) | meas lerr Hmeas Herr I-H

M @ @ @& 6 6 O
gsc6794-537  5884.24 19.06 0.06 16 0.09 3.06
gsc6794-537  5155.27 163 004 138  0.03 25
gsc6794-537  5082.41 19.15 0.07 1547 0.06 3.68
WOph1 3554.58 19.16 015 1639 01 277
pds9l 1311.13 1857 0.05 1583 0.09 274

The separation was calculated assuming the distance of Upper Sco as 150pc

Follow-up spectroscopic observations were performed for a small fraction (< 15%) of the
candidates in the optical and/or near infrared wavelengths. These observations were made
using the DOLORES/3.6m Galileo telescope, the ISIS/4m William Herschel Telescope, and
the RCSpec/4m Blanco CTIO telescope in May 2007, June 2007, and July 2007, respectively.
The data was reduced from all the instruments was reduced using the APALL task in the

IRAF software.

2.3 RESULTS

We were able to get spectra for 8 out of 60 BD candidates. A quick analysis ruled out 7

of these candidates as background objects. One of the object had an M-dwarf-like spectra,

20



but it was also ruled out as it did not have any H-a emission which is typical for substellar

objects in Upper Sco. The normalized spectra are shown in figure 2.9
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It will be very premature to speculate about wide binary BDs in Upper Sco with the
current status of our study. We can still place an upper limit on the frequency of Sun-
like stars with with BD companions in our sample. Out of 65 stars that were observed,
even though most of them had sources close enough to be in our search box, we only found
candidates around 16 of these stars. 7 stars out of the 16 stars can be ruled out as not having
any BD companions based on follow-up spectroscopy. Hence, we place an upper limit of 14%
for Sun-like stars having BD companions. Figure 2.10 shows that the candidates with follow-
up spectra fall uniformly around the isochrone, and any contaminents are probably well
intertwined with the BDs in this plot. To di[erentiate contaminants from actual dwarfs, we
also plotted the 2MASS color-magnitude diagrams for our candidates with 2MASS detections
(see Figures 2.11 and 2.12). We do not see any trend that we can use to filter out the

contaminants.
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The current estimation of the upper limit keeps us optimistic on finding some BDs among
our candidates. Based on what we find in future, we will be able to answer the questions:
whether star formation e [ciehcy is mass dependent or not and whether BD formation by
fragmentation of a circumstellar disc is a major contributing mechanism. If we indeed see
a BD desert at wide separations, it becomes quite challenging to explain BD formation
within the context of star formation. McCarthy and Zuckerman (2004) had even suggested
that perhaps star formation e [ciehcy contains a mass dependent term like [1 — e=M/Merit],
where My QI — 0.2M ——Burgasser et al. (2005), Bate et al. (2002), Bate et al. (2003)
have proposed a mechanism where most of the BDs are ejected from stellar systems before
accreting enough mass to become stars. However, this mechanism can not explain the BD

desert at small separations, as they would be more tightly bound.

Burgasser et al. (2005) has also proposed the possibility of some BD-BD binaries may
survive the ejection after forming in the disc of a Sun-like star due to higher binding energy
of the BD-BD system with the sun. This makes the four red sources (Figure 2.3 sources to
the right of the isochrones) not selected as candidates in the current study viable candidates

for follow-up spectroscopy.
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Figure 2.11: Color-Magnitude diagrams showing all the candidates (with 2MASS detections -
open circles) and candidates observed for optical spectra (filled circles). A Dusty
model isochrone for 5Myr is overplotted (dashed line). The J, K photometry is derived

from 2MASS.
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Figure 2.12: Color-Magnitude diagrams showing all the candidates (with 2MASS detections -
open circles) and candidates observed for optical spectra (filled circles). A Dusty
model isochrone for 5Myr is overplotted (dashed line). The J, K photometry is derived

from 2MASS.
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CHAPTER 3
DISCOVERY OF NEW NEARBY L AND LATE-M DWARFS
AT LOW GALACTIC LATITUDE FROM THE DENIS

DATABASE

3.1 BACKGROUND

Nearby stars are the brightest representatives of their class and therefore provide observa-
tional benchmarks for stellar physics. This is particularly true for intrinsically faint objects,
such as stars at the bottom of the main sequence and brown dwarfs. In the last decade,
many nearby ultracool dwarfs have been discovered by using the DENIS (Epchtein et al.
(1997)), 2MASS (Skrutskie (1997)), SDSS (York et al. (2000)), UKIDSS (Lawrence et al.
(2007)) surveys (Delfosse et al. (1999); Martin et al. (1999);Phan-Bao et al. (2001);Phan-
Bao et al. (2003); Reylé et al. (2002); Kirkpatrick et al. (1999); Reid and Cruz (2002); Cruz
et al. (2003); Burgasser et al. (2004); Deacon et al. (2005); Lodieu et al. (2005) Lodieu et al.
(2007); Knapp et al. (2004); Chiu et al. (2006)) or the proper motion measurement (Lépine
et al. (2002)). However, most surveys for nearby UDs have tended to avoid the crowded

regions of the galactic plane. The first systematic search for UDs (|b| < 10°) was carried out

28



by Reid (2003), where he discovered one M8 and reidentified one L1.5 previously discovered
by Salim et al. (2003). Hambaryan et al. (2004) reported an M9.0 dwarf 1RXS J115928.5-
524717 (b = 9.3°) showing strong X-ray flaring emission. Recently, Folkes et al. (2007)
discovered an L-T transition object close in the galactic plane 2MASS J11263991-5003550
(L9, b = 10.6%). Four other UDs at low galactic latitudes (|b] < 15°) were also discovered:
one M8 (Cruz et al. (2003)); one L2 (Scholz and Meusinger (2002)); one LO and one L4.5
(Kendall et al. (2007)), the latter L4.5 dwarf is actually an L1+L3.5 (Kendall et al. (2007))
or L1.5+L4.5 (Burgasser et al. (2007)) binary. These discoveries of UDs in the galactic plane
provide additional targets with which basic physical properties of stars at the bottom of the
main sequence and brown dwarfs can be studied; however, many remain to be discovered.

The results of this study are already published in Phan-Bao et al. (2008).

3.2 METHOD

We identified 47 very cool and nearby (d < 32 pc) dwarfs in the literature with trigonometric
parallaxes and good photometry (e.g. errors smaller than 0.2 mag) . For our limited present
purpose the DENIS system is close enough to both the Cousins-CIT (< 0.05 mag, Delfosse
et al. (1997)) and 2MASS systems (< 0.02 mag, Carpenter (2001)). We therefore ignored the
small corrections needed to transform between these photometric systems. We did, on the
other hand, transform the 1814 magnitudes of (Reid et al. (2001); Burgasser et al. (2003))

to I¢, using the linear correction of Reid et al. (2001). Figure 3.1 shows the resulting (I - J,
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M3) plot, and the corresponding 4th order polynomial fit:

My =ap+ay(l —J) +ax(l —J)* +as(l —J)° +a,(l —J)* (3.1)

where ag = 130.164,a; = —124.899,a, = 46.948,a; = —7.4842,a, = 0.4341, valid for 3.0
<1 —J < 6.0. The rms dispersion around that fit is 0.3mag, corresponding to a 14% error

on distances.

We systematically searched the DENIS database (available at the Paris Data Analysis
Center, PDAC) for potential members of the solar neighbourhood, with simple and well
defined criteria. We first selected all DENIS objects which matched |b| < 15° (low galactic
latitude) and 1 —J > 3.0 (spectral type later than nominally M8.0, Leggett (1992)). We
then required that the position of the candidates in the (I - J, J - K) color-color diagram be
within J — K = +0.5 mag of our linear fit to the locus of ultracool dwarfs (Figure 3.2). We
then computed photometric distances using the (Mj, I - J) relation established in equation

3.1 and retained the candidates with dpne: <30 pc.

Before setting out to measure the labour-intensive proper motions needed to use reduced
proper motions as a discriminant between nearby dwarfs and distant giants, we eliminated
the bright candidates (I < 13.0,dynoe [-30pc) within the boundaries of known low galactic
latitude molecular clouds in SIMBAD. This left 29 ultracool dwarf candidates (Table 3.1)
for which we needed to measure proper motions. Their color inferred spectral types range
from M8.0 to [L8.0 (Figure 3.2) .We also searched for T dwarf candidates by using the (I

- J, J - K) color-color diagram along with a linear fit to the colors of T dwarfs, however no

30



Figure 3.1: (M3, | - J) color-magnitude diagram for late-M (= M8.0) and L dwarfs with known
trigonometric parallaxes. 2MASS 0559-1404 (T5.0, Burgasser et al. 2002) is overlu-
minous, by more than the 0.75 magnitude o [sek expected for an equal mass binary

system.
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Figure 3.2: (I - J, J - K) color-color diagram for our 29 late-M and L dwarf candidates (Table
3.1), plotted as solid circles, as well as known late-M and L dwarfs; plotted as open
triangles). Representative error bars for one object are plotted.The line represents

our linear fit to the colors of the literature dwarfs:J-K=-0.462+0.532(1-J), 0 = 0.15
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