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e Hayashi & Nakano (1963)

EE%?E(DEEE i!

e Evolution of Stars of Small

Masses in the Pre-Main-Sequence
Stages

Progress of Theoretical
PhyS|cs 30, 460-4/4

“The stars less massive than 0.08Mo are
found to contract toward the
configurations of high electron-
degeneracy without hydrogen burning.”

o Kumar (1963)
e The Structure of Stars of Very

Low Mass

e Apd, 137, 1121-1125

“Completely convective models have been
constructed for stars of masses 0. 09,
0.08, 0.07,... It is shown that there is
atlimit to the mass of a main-sequence
star.

e Tarter (1975)
o Dgﬁid) hT"brown dwarf” & & {1+
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e Becklin & Zuckerman

(1988)

e A |low—temperature

companion

to a white

dwarf star
e Nature, 336, 65

o DL

o Kitt
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A low-temperature companion to a
white dwarf star

E. E. Becklin® & B. Zoekermant

* fmntitute for Asteonary, |
2630 Woodlawn Ditve, H
t Diepartment of Astremsany,
Califamia %0024, UsA

rity of Hawall
maii #6813, LISA
i, oy Angeles,

We hare discovered am finfrared object localed about |zn Al feom

af this 1R embssbon i a1 200K brows dwael in eobil ssced
G203, Becawse lis souree i mot t spatinlly resalved, it is sk
nossible that the excess 1R emission is not produced by b
dwarl hut mther by n birame cloud of dust particles in 1okt
aseunal, and heated bo 1,200 K by, (2958,

The present study was imitiated (o shed gkt an the questisd
of whether stars and hrown dwarfs with masses less the
My, are rather common, We will repont elsewhere (81
nnﬂ manuscmipl in preparation) that, in addition »
GEL and GIMBS, we have discovered seven very-low.me
[=0.1: M} stellar companions to while dwarfe, This repress:
a cant eate of detcction of such objests and suggests
ny ohjects of s <M} M. are Boating freely belween de|

the white dwarl GIVEE. Wiih (ke exeeplion of th
dwarf compankem fo Giclas 20-38 which we reponied last year',
the cempanion b GIHIES is the coslest {2,000 Ky dwarf star erer
reparted and, according fe some theoreticall modelx, i should be
a sub-stllas hrown duarf with o

< IF a subs quantity of dark unsesn matler docs eus)
i the sular vicinily"”, chen ower dafa sopgest that hacus duwark)
and very law lur-mmlly slars neesl 1o he considered seriou|
as ts carrier, Here we Sesciibe the ralher unusual properiies o

masses. Thewe results, topether with newly diceovered Inw-mass
stellar compasions in white dwarfs, change the Investigation of
wery low-mass stars from the sludy of a few chance objects b ikat
af a wathtlcal distribmiion. fn particutar, it appears shat very
low.mass wars and perhaps evem Brown dwarfs toald be quile
commen in sur Galax

We are cumenly conclugting an infrared photomeriz sugvey
of ahout 30 whice dwarf stars o scarch for orbiting |ow-mass
companion stars and browa dwasfs, A brawn dwarl is a sah-
atellar object of mass <008 M, whish i unable 1o sustain
naclear Fusion reactions in its knleriar. Eaclier studics in this
survey filed to dereet any coal, bow.mass companicns to the
young white Ewarfs in the Hyades and l'|=. d'ea clusters?, bu
later we observed excess infrared (TR) radi n from the white
dwaef G208 (ral. 1) We nrgued 183t the mosl natural source

Fig. 1 Inframd images of GG
and GIDIESE obiained by K.
Hedapp, | Rayeer, 13, Hall and one
f the authors (E.E.0.) on the UN
22 1beitops in Awgusd 19K
Tadrared wavclengths arg; o, 125 wm
UL b LESgm (H); o 22 pm i K).
The imapes wese obtaized uaing a
mew, very semitive, Mg=Cd: To asmay
drirctor developed by Honeywell
Electro-Opilcs D E

a seond gemermiion isfrarcd mi.

ment on (he flubble Space Telesoape, Each imape is the sum of farsr 243 esponures of the £58 areay coadded on a hallgixed grid. The seale

the [ o GINES

Table | contains data an GIGS and other cocl stars, absaine]
in late July 1955 with sl 3-m NASA Infrared Telescope Faciis
(IRTE} at the Maunn Kex Observatory in Hawall, Al shesy
nee data for same of the coalest kiawn stars obtalned by eihn
obseruers wiing olhcr telescopes. We empluged the siandisd
IRTT InSh pholametric system with apemures of v. 1 anpuly
dismelees in the telescope Focal plane, although most of 14
data in Table | were obtained wil peature diamesze o
.8 aresee (fall widlk at half maximem pewsr), The secondsy
ror wns chopped by 15 ar 20 arceee at 7 Hz betwesn an obje
af interest and o reference position, white the televtope =2
mudded every I0see i ghat the object appenred first in ox
heam and then in the aiher, The angelar sepamticn betwen
LGS and s companion GDESA (Table 1) wos meainse
the single detector system on the TRTFE. This separatise

wins 8% ancsoc per phvel aed the seeimg wan =1 arcies.

it I8 nortbem abject. Norlh & up aed cxt is 10 the leflz each frame i ~7 areset o 2 1ide,

ROWN

DWARF'S

e e to 3 ppea asymanetric, The while dwarf GEAES

0.100 M,

0.090 M,

0BO M,




Brown Dwarf Gllese 2298

e Nakajima et al.
(1995)

e Discovery of a Cool
Brown Dwarf

. Natu r e 378 463 Palomar Observatory Hubble Space Telescope
y y Discovery Image Wide Field Planetary Camera 2
October 27, 1994 November 17, 1995
® HXY == 4

e Oppenheimer et al.
(1996)

e Infrared Spectrum of
the Cool Brown Dwarf

GL:229B | e
. vB 10 . 'ﬂﬂﬁ_—\q'm y o y e Y .

e Sci ence, 270’ 1478 T J.Bim ! Ll w o w
0 T T

A ()




RESR : 81l 3
e Rebolo et al. (1995)

e Discovery of a Brown o
Dwarf in the Pleiades | ,
Star Cluster ar o

e Nature, 377, 129 SR
e Z M| H U)*EEE E Isolated and Companion Young

Brown Dwarfs in the Taurus and

O Tamura et a I . ('I 998) Chamaeleon Molecular Clouds

Motohide Tamura, Yoichi Itoh,* Yumike Oasa, Tadashi Nakajima

A = I Infran It is possible to estimate the mass of the lar objects

o )4 'p (YSO! Taymus and Chamaeleon ELL-YSOs by the 2r-infrared
colors i LA round four

magn Same method as descnbed above. Assuming | in earlier

= *}J m N 1Y ﬁﬁgggx1$ suve: ages of 10° and 107 years with the DM e extreme

o Hi ,; 7G8 ==} oot evolutionary tracks and the tracks for the ::f}?’y'o:gg
browr brown dwarfs and giant planets (25), we ob-
1|§*ﬁ tained the upper limit of the mass of the
fainter ELL-YSOs (ITG 9C, 33B, 45B; OTS
. 11, 48) of 0.012 M. This is below the star—
® SC I ence 282 1 095 brown dwarf mass boundary and is close to
! ! the giant planet mass regime (=0.013 M)
(2¥). Their J-band luminosities are compara-

o See a I SO Oasa et a I . ble to or less than those of the known brown

dwarfs in the Pleiades whose ages are about

'l 999 10* years (2). Therefore, even if we take into

Brown
dwarfs




Stellar Initial Mass Function (IMF)

1
> XKEafEDED IMFDRTE

> KR BEDOBTYYI-Y3av £ 74— EDEAMN 5 E L
> ERNEDAREBRBHIHAE

>ERINZENEE - AEERAXZAHAVTHEOEERA
(present day mass function) #&<

>EDHEILLEZEZZELT, INFZ2EL

> Salpeter 1955: power—-law IMF
E ~0.03(M/Mo)1-3% stars pc=3 [logM]-!
[=IMF slope= d[log& (logM)]/dlogM = —1.35
for 0.4-10 Mo stars

>Miller & Scalo (1979), Scalo (1986) : lognormal IMF
S YLEEOBEIZER (0.1-60 Mo)




Stellar Initial Mass Function
(IMF) 2

Th St llﬂ.r [mi t al Mess Functien: Figure 1
T I T T T T | T T T T

— — EKETGH3 4

o

> M > BMoTIXIZEAE
power |aw

> M < IMoT73yMZ% 5

> 0.1Mo < M < 0.5 Mol&,
25D, 77vFk
gsﬁéwﬂsiﬁiﬁ

> LWHh AWM < 0.08MoZE*°

(1995 LIBTIERREh |
THULEMNST) '

Kroupa Salpeter

. Sealp 88

log[@{log M, }] | ng ( | OgM)

> Field star IMFOR R
> R RFAM THIEY ~ - JogIi, (4, )] l E

> TRBkfE] &Lvo logh

T-ZEfEfY 75 1Y Meyer et al. 1999



Embedded Young Cluster®
RAlC &k BIMFRE
> EYCOD “ARA” GRAEMLINFZKOH S
> BX6E - BRIKEF D RIRNLERAIC K 5 IMFEHDFRIMR

> dN/dlogM = (dN/dm)*(dm/dlogM) ; M = mass,m = magnitude

> BRBEBOFRNMNEE = (FOVARRTO) ZEBK
> EYCOZDERDBH F = (XRE

> YSODELERICKY., HLLIE, BAICKY., EHLT-
$E - EERKRXX (mass—luminosity relation)



IMF@%*EL:[EJHT : EEJE»EE@J’&

> o Orionis cIuster
> Bejar et al. 2001 ) “H
> a=+0.8 (0.013-0. 2Mo) a=1-T :

» Trapezium cluster (aka. ONC)

> Muench et al. 2000, data compile
> a=-0.35 (0.02-0. 08Mo)
> a=+1.25 (0.08-0. 80Mo)
> a=+2.35 (0.80-63. 1Mo) —Salpeter TE 0 e o0 a5 a0 s J

> Hillenbrand et al. 2000 oo sy

Log N + Constant

10 ]
8

Mass {L-Ianl}
> a=+0.43 (0. 02-0. 15Mo) S rmmemmstssan r
» Luhman et al. 2000, NICMOS g - T
> a=+0.7 (0.035-0. 56Mo) | |
> 16348 !
> Najita et al. %g_ R
> a=+0.5 (0.015-0. 22Mo) iy
> $106 ]
> 0asa et al. (F1E5) 02 01 005 002 00

> a=+1.0 (0.025-0.6 Mo; variable within the region. IEBEEFETE.
ERENIA23?)



Faint end of the Luminosity Function
(<0.1IM

sun)

High sensitivity .
and high resolution, _°=

¢

Deep JHK imaging i
with SUBARU

W3 IRS 5 clus‘ter'regiohe



Young Brown Dwarfs
In the core of W3 Main

| I T T T ]
W3 Main

A large number of low-mass sources below hydrogen burning limit
(M ~0.1 M) : probably young BDs and young sub-BDs




Mass Function in substellar regime

W3 Main

W3 Main
—

- Class Il : Class Il + I :
60 I- I o N S W I
........ I I
| 100 |
I I
I I
A | - | |
= T I | I - | |
_Star'BD | I : 1 | | : I |
1 by |
boundaryi ;._.Jr._.,_ | 50 |- i ----i—-—-. | -
i | | i : |
I




o MBIE

o T.,=3800-2500K

BEREEDEREDA

e TiO, VO, H,0, CO absorption plus

metal/alkali lines.

o | BUVE

o T.,=2500-1400K

e hydrides (FeH, CrH, MgH, CaH) and

alkalis

o THIE
® Teff=1400—500K
e strong CH, and H,0

o YRIE
o T.<500K
e H,O cloudfzr%

o TN
e T<160K
e NH, cloud®#z Rk

5

MREE | (SHED

600
T, [K]

Marmalized F,

10 T T T
rmetal lines
s i alkalis H0
— I —
1 VO 2 ’ h’” ey ‘ Hy0 _
! b L s A co
b g -

1072

ZMASS 0036 L3S
ZMASS 0559 TS
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UKIRT Infrared Deep Sky Survey (UKIDSS)
&l ?
S I

WFCAMTT7500F R EEY— 193
UKIDSSIES DD —=N1H5%D

Large Area Survey (LAS)
- 4000 sq. degs, K=18.4

Galactic Plane Survey (GPS)
- 1800 sq. degs, K=19

Galactic Clusters Survey (GCS)
- 1400 sq. degs K=18.7

Deep Extragalactic Survey (DXS)
- 35 sq. degs, K=21.0

Ultra Deep Survey (UDS)
- 0.77 sq. degs, K=23.0

HEHAHDVED




AR 3KE
R
- UKIRT & UFTI Yy J H K

ULAS1017 19.72 18.57 19.38 19.01

- WHT & LIRIS ULAS1238 19.55 18.78 19.25 ---

ULAS1335 18.70 17.90 18.15 18.47
-NTT & EMMI

- Spitzer wiastass)
-Subaru & IRCS
— Gemini & NIRI
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Wavelength / um Wavelength / um

W, = F(1.18-1.23 um) / 2F(1.26 — 1.285 4 m) B =ULAS1238 (T8.5), #x=ULAS0034 (T9),
NH; — H = F(1.53-1.56 4 m) / F(1.57 — 1.60 ¢ m) 7~ =2MASS0415 (T8)
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Vega magnitude (mag)
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Very Cool Object Surveys

Filter selection Is
crucial.

According to Akari
data on T dwarfs;

3.3 micron
deepest methane

4.1 micron

opacity free zone
4.7 micron for WISE?

Resolution IS not
crucial.

Grism spectroscopy?
SPICA FPC-S?

log Fylerg/ o/ =ec /Hz)
—HB




Flux (nly)

Model Spectra (OPT-NIR)

Iﬂﬂg T

10° =

156 M, (upper), 7 M, (middle) and 2 M,,, (lower)

Wavelength {microns)

10 pc, 5 Gyr (Gardner et al. 2006)



WISE vs. WISH

WISE WISH
telescope/fov/ A A |0.4m/47'/3-23um | 1.5m/TBD/1-5um
survey area ~41253 sg.deg. |~100 sqg.deg.
sensitivity ~100 microJdy ~10 nanoJy
distance factor |1 100 (=sqrt(100000/10))
volume factor 1x41253 100x100
gain 1 0.2(=10000/41253)
expected ~1000(T<750K) WISEX0.2

number of BDs

~200 (T<500K)

~10 (T<300K)

But "deepness” is critical for nearby very cold objects.









