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Discoverv of a Low-Mass Brown 
Dwarf Companion of the Young 

Nearby Star G 196-3 
Rafael Rebolo,* Maria R. Zapatero Osorio, Santiago Madruga, 

Victor J. S. Bejar, Santiago Arribas, Javier Licandro 

A substellar-mass object in orbit at about 300 astronomical units from the 
young low-mass star G 196-3 was detected by direct imaging. Optical and 
infrared photometry and low- and intermediate-resolution spectroscopy of the 
faint companion, hereafter referred to as G 196-3B, confirm its cool atmosphere 
and allow its mass to be estimated at 251:; Jupiter masses. The separation 
between the objects and their mass ratio suggest the fragmentation of a 
collapsing cloud as the most likely origin for G 196-3B, but alternatively it could 
have originated from a protoplanetary disc that has been dissipated. Whatever 
the formation process was, the young age of the primary star (about 100 million 
years) demonstrates that substellar companions can form on short time scales. 

Direct imaging searches for brown dwarfs 
and giant planets around stars explore a range 
of physical separations complementary to 
that of radial velocity measurements and pro- 
vide key infolmation on how substellar-mass 
companions are formed. Ally companion un- 
covered by an imaging technique can be fur- 
ther investigated by spectroscopy, which al- 
lows information about its atmospheric con- 
ditions and evolutionary status to be ob- 
tained. So far, only one unambiguous brown 
dwarf companion to a star has been imaged 
( I )  and subsequently investigated in detail 
(2-4). Young, nearby, cool dwarf stars are 
ideal targets of searches for substellar-mass 
companions (brown dwarfs and giant planets) 
using direct imaging techniques, because (i) 
young substellar objects are considerably 
inore luminous when undergoing the initial 
phases of gravitational contraction (5-7) than 
at later stages; (ii) stars in the solar neighbor- 
hood (that is, within 50 pc of the sun) allow 
the detection of faint companions at physical 
separations of several tens of astroilolnical 
units; and (iii) cool stars are among the least 
lumiilous stars, which favors fill1 optimiza- 
tion of the dynamic range of current detectors 
to achieve detection of extremely faint com- 
panions by meails of narrow-band imaging 
techniques at red wavelengths. 

Using x-ray emission as an indicator of 
youth (&lo)$ we have selected a number of 
late-type stars (K and M spectral classes) in 
the solar neighborhood, of which we have 
obtained deep images (down to a limit of 
about 19 magnitudes in the I-band filter at 
880 n ~ n )  with narrow-band filters (11) cen- 
tered at 740 and 914 nm (with a bandwidth of 
10 nm). The survey is being conducted at the 

l ns t i t u to  de  Astrofisica de  Canarias, E-38200 La La- 
guna, Tenerife, Canary Islands, Spain. 

"To w h o m  correspondence should be addressed. E- 
mail: rrlQll.iac.es 

0.8-m telescope of the Instituto de Astrofisica 
de Canarias (IAC80) at the Teide Observato- 
1y (OT) on Tenerife with a 1024 pixel by 
1024 pixel charge-coupled device (CCD). 
One pixel of this detector projects 0.432 arc 
sec on the sky. The hilo narrow filters allow 
effective discrimination of faint red objects at 
separations larger than three to four times the 
full width at half maximum of the point 
source response, which was on average close 
to 1.5 arc sec for the first 52 targets of the 
program. Here we report on the discovery of 
a very red companion to the high-proper- 
motion M-class dwarf star G 196-3. The ob- 
servations were performed on 25 January 
1998. A comparison of the images taken at 
different wavelengths showed that a faint red 
companion was present at 16.2 arc sec south- 
west of the star (position angle = 210'; see 
Fig. 1). We have named this companion G 
196-3B. Further optical R (660 nm) and I 
broad-band photometry (Table 1) was ob- 
tained at the 1-m Optical Ground Station 
(OGS) telescope on 19 March 1998, whereas 
infrared J-band (1200 nm) and K-band (2200 
nm) data (Table 1) were collected at the 
1.5-m Carlos Sanchez Telescope (TCS) on 24 
March 1998. Both telescopes are located at 
the OT. 

Inspection of the second Palomar Obser- 
vatory Sky Survey red plates (obtained from 
the Space Telescope Science Institute Digi- 
tized Sky Survey) provides a 2u detection of 
G 196-3B at the position expected for a prop- 
er motion (12) common with that of G 196-3. 
Images in the I band taken with the imager 
spectrograph (ALFOSC) at the 2.5-m Nordic 
Optical Telescope P O T )  at the Roque de 10s 
Muchachos Observatory (ORM) on 16 Feb- 
ruary 1998 (with a pixel size of 0.187 arc sec) 
and with HIRAC on 3 June 1998 (pixel size, 
0.109 arc sec) confirm that the faint object 
has a proper motion (p. mcoS,  = -0.5 ir 0.1 
arc sec yearp1, p., = -0.3 ir 0.1 arc sec 
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year-') consistent with that of the M-class 
star within 2a  error bars (13). 

A low-resolution optical spectrum of G 196- 
3B (Fig. 2, top panel) was obtained at the NOT 
on 16 February 1998, using the low-resolution 
ALFOSC spectrograph, grating number 4 (dis- 
persion, 3.2 A per pixel; effective resolution, 16 
A)), and a 2048 pixel by 2048 pixel detector. It 
shows distinctive features that are characteristic 
of temperatures lower than 2000 K. G 196-3B's 
spectrum is dominated by two pronounced ab- 
sorptions centered on 769 and 868 nm. Both 
features have recently been identified as being 
due to a considerable broadening of the 766.4, 
769.8 nm K I resonance doublet (14-16) and to 
molecular absorptions of CrH (1 7) at 86 1.1 and 
869.6 nm and of FeH (1 7) at 869.2 nm, respec- 
tively. Ti0 and VO molecular absorptions, 
which are intense in spectra derived from M- 
type dwarfs, appear weak or nonexistent in our 
spectrum, possibly indicating the photospheric 
depletion of Ti and V atoms to form dust grains. 
All this, together with the comparison of our 
data with the spectra of similar resolution ob- 
tained for Kelu 1 (18) and DENIS objects (19), 
suggests that G 1%-3B deserves to be consid- 
ered as an appropriate candidate for the so- 
called L-type class (14). There is no evidence 
for emission of the hydrogen line Ha (656.3 
nm), and the atomic lines of Na I, Rb I, and Cs 
I, which are observed in other L-type objects, 
show up weakly in G 196-3B. Their weakness 
can be interpreted as an indication of low sur- 
face gravity, consistent with what would be 
expected of a very young object undergoing 
gravitational contraction. From the similarity of 
our spectnun to that of Kelu 1, we infer an 
effective temperature of 1800 ? 200 K for G 
1%-3B. The probability of finding a free-float- 
ing L-type field object in our survey (0.74 deg2) 
is rather small (14%) given the statistics of 
detections of similar objects achieved by the 

- 
Fig. 1. I-band image taken at the NOT (36 X 36 
arc sec2) showing the substellar companion G 
196-38, discovered at 16.2 arc sec SW (position 
angle = 210") of the young nearby red star C 
196-3. 

large-scale infrared surveys Deep Near Mared 
Survey (DENIS) (19) and Two-micron Massa- 
chuetts Sky Survey (2MASS) (20). This pro- 
vides additional support for G 196-3B being a 
genuine companion to the M-class primary star. 

A low-resolution optical spectrum of G 
196-3 covering a wavelength range of 449 to 
900 nm was obtained at the NOT with the 
same instrumental setup and on the same date 
as that of the companion. Using spectral in- 
dicators (21, 22) based on the strength of 
several Ti0 bands present in this wavelength 
interval, we classify our star as an M2.5 
dwarf with an uncertainty of half a subclass. 
Broad-band VR I J H K photometry (Table 1) 
obtained with the IAC80 telescope on 27 
February 1998 and with the TCS telescope on 
17 to 20 June 1998 is in agreement with this 
spectral classification. The optical spectrum 
is similar to that of M2-M3 dwarfs in young 
stellar clusters of solar metallicity. The ob- 
served optical and infrared colors present no 
strange anomaly that might be attributed to an 
unresolved less massive companion to G 196- 
3, and no indication of changes in the radial 
velocity is found beyond the uncertainties of 
our measurements (?6 km spl), determined 
with high-resolution spectra taken at the Isaac 
Newton Telescope over a time interval of 
several hours to days. This makes it very 
unlikely that the star is actually a close- 
contact binary. The spectral type combined 
with the observed fluxes indicate that the star 
is at a minimum distance of 15.4 pc from 
Earth; this distance would correspond to the 
star's being at the hydrogen-burning stage on 

Wavelength (nm) 

Fig. 2. (Top) Optical low-resolution spectrum 
of the substellar companion G 196-38 obtained 
at the NOT. The spectrum (normalized to unity 
at 813 nm) shows distinctive features of very 
low temperatures (T,, 5 ZOO0 K). (Bottom) 
Intermediate-resolution spectrum obtained at 
the WHT telescope showing the Li detection at 
670.8 nm in G 196-38. 

the main sequence. As we discuss below, 
there are reasons to believe that the star is 
young and in a pre-main sequence phase; it is 
therefore at a more luminous evolutionary 
stage and consequently at a greater distance. 

H, and Hp are seen in emission with 
equivalent widths (EWs) of 0.40 + 0.03 nm 
and 0.33 ? 0.03 nm, respectively, indicating 
substantial chromospheric activity in G 196- 
3; this is also supported by the strong emis- 
sionofCaIIHandK(EWsof 1.7and 1.0 + 
0.1 nm, respectively) and other Balmer lines 
(23) (see Fig. 3), as well as by the star's being 
an extreme ultraviolet source (24). This when 
taken together with the high x-ray flux (48 X 
10-l3 erg cmP2 s-I) measured by the 
ROSAT All Sky Survey (RASS), which at 
the minimum distance of the star results in an 
x-ray luminosity of L, = 1.36 X erg 
s-', supports the hypothesis that we are deal- 
ing with a young star. G 196-3 shows the 
same chromospheric and coronal properties 
of stars of similar temperatures in the young 
open cluster a Persei [60 million years (My) 
old] (25) and slightly more activity than the 
average of its counterparts in the Pleiades 
(120 My) (26). The coronal and chromo- 
spheric properties, when examined in the 
light of the available data on the activity of 
stars of similar spectral type in these clusters 
(9, lo), suggest an age for G 196-3 of - 100 
My; that is, intermediate between that of the 
a Persei and Pleiades clusters. 

An upper limit to the age of G 196-3 can 
be imposed from comparison to the Hyades 
cluster (600 My), where the average chromo- 
spheric and coronal emission of MZM3 stars 
is considerably lower than in G 196-3. This star 
appears to be substantially younger than the 
Hyades, and hence we adopt 300 My, an age 

Wavelength (nm) 

Fig. 3. Low-resolution spectra of the M2.5 type 
star G 196-3 (23) showing Ca II H and K and 
some Balmer lines in emission in comparison to 
other young stars of similar spectral type 
(AP246 is M3 and AP237 is M4) in the a Persei 
cluster. Spectra have been normalized to unity 
at 450 nm, and a constant offset of 1 in the flux 
axis has been added for clarity. 

13 NOVEMBER 1998 VOL 282 SCIENCE www.sciencemag.org 



R E P O R T S  

intennediate between that of the Pleiades and 
Hyades, as a reasonable upper age limit. The 
lower age limit can be derived from observa- 
tions of Li I at 670.8 nm. Lithium is a fragile 
element that bums efficiently in the interiors of 
fully convective stars over short time scales (a 
few tens of millions of years). Convection 
drains material from the stellar atmosphere into 
the innennost layers, where the temperature is 
high enough for Li burning to take place. There 
are several models (5, 6 )  in the literature that 
predict the Li depletion rate as function of mass 
for low-mass stars and give consistent results. A 
search was made for the Li I line in G 196-3, 
and an optical spectrum was obtained on 13 
Februay 1998 with the Intermediate Disper- 
sion Spectrograph with the 235-rnm camera 
and a 1024 pixel by 1024 pixel CCD on the 
INT at the ORM. The H1800V grating gave a 
nominal dispersion of 0.053 nm per pixel and 
an effective resolution of 0.1 m. The spectral 
range covered was 640 to 696.5 m. We im- 
posed an upper limit on the EW of 0.005 nm, 
which gives a Li depletion factor larger than 
1000 with respect to its original abundance. 
Ths  constrains the age of the star to be older 
than 20 My (27). All these considerations pro- 
vide a most likely age for G 196-3 that locates 
our star in the pre-main sequence evolutionary 
phase and thus at a more luminous stage than 
expected for its main-sequence lifetime. Ac- 
cording to the age range derived, the most 
probable distance from Earth to the system is 
21 i 6 pc, the minimum value corresponding 
to the case of the primary star already on the 
main sequence and the maximum distance tak- 
ing into account the youngest possible age. 

Assuming this distance interval, we can 
estimate the luminosity (L) of the companion 
G 196-3B from the measured I and K mag- 
nitudes and the K bolometric correction (28) 
as a function of the color (I through K). The 
values obtained are log L/L, = -4.1 when 
the oldest age (main sequence) is assumed 
and log L/L, = -3.6 for the youngest age 
(L, luminosity of the sun). The comparison 

Table 1. Data for the G 196-3 system. Subscript c 
indicates the Cousins photometric system; UKIRT, 
photometric system of the United Kingdom Infra- 
red Telescope; SpT, spectral type; M,, mass of the 
sun. 

Magnitudes 
and G 196-3 G 196-38 

parameters 

v, 
Rc 

I ,  
IUKIRT 
H,,,,, 
KWRT 
SPT 
Teff (K) 
log L/L, 
Mass 

11.75 ? 0.01 
10.67 + 0.01 20.78 t 0.10 
9.41 t 0.01 18.28 2 0.05 
8.12 ? 0.02 14.73 + 0.05 
7.47 2 0.02 
7.29 + 0.02 12.49 t 0.10 

M2.5 t 0.5 L class 
3400 2 100 1800 2 200 
-1.5 + 0.2 -3.8?:$ 
0.40 ? 0.05M, 25::; M,,, 

of our optical and infrared magnitudes with 
the recent evolutionary tracks (29, 30), which 
include dust condensation, allows us to con- 
clude that the mass of G 196-3B is 25';; 
Jupiter masses (MJUp), where the upper and 
lower values result from the age limits dis- 
cussed above. 

An independent confirmation of the substel- 
lar nature of thls faint companion was achieved 
with the detection of the Li I resonance doublet 
at 670.8 m. We obtained an inteimediate- 
resolution optical spechum at the 4.2-m Wil- 
liam Herschel Telescope (WHT) at the ORM 
on 6 April 1998 (Fig. 2, bottom panel) using 
the ISIS double-arm spectrograph with a grat- 
ing of 3 16 grooves mmp'  and a 1024 pixel 
by 1024 pixel CCD, an instrumental setup 
that provided a nominal dispersion of 0.15 
nm per pixel (an effective resolution of 0.3 
nm). The EW of the doublet is 0.5 i 0.1 nm 
that, using model atmospheres (16), gives an 
atmospheric abundance consistent with no 
depletion at all of Li. The presence of Li, 
combined with the low atmospheric temper- 
ature, rules out the possibility that our object 
is a star. Any brown dwarf with a mass below 
65 1 l 4 ~ ~ , ~  should preserve its initial Li content 
for its entire lifetime, and an object with such 
a small mass as that of G 196-3B should 
necessarily show a high Li content. Although 
in more massive substellar objects the pres- 
ence of Li would help to determine its evo- 
lutionary stage more precisely through the 
time dependence of Li burning, for our object 
this detection provides a necessary check of 
consistency. 

A more precise evolutionary status of G 
196-3B can be determined with an accurate 
parallax measurement or the detection of deu- 
terium in the atmosphere (or both). Deuteri- 
um, a more fragile nuclear species than Li, is 
burned (5, 31) in substellar-mass objects with 
masses above 12 to 15 MJUp. The consump- 
tion of deuterium provides a substantial part 
of the total luminosity of brown dwarfs dur- 
ing the early phase that takes from 1 to 100 
My, depending on its mass and age. G 196- 
3B has probably burned its deuterium, but it 
could have preserved a detectable amount if 
its mass were indeed close to 15 MJL,,. De- 
tection of deuterium features (deuterated 
molecules, hyperfine-transition isotopic split- 
ting, and so on) could contribute to better 
deteimination of the mass and evolutionary 
status of G 196-3B. 

The distance of the system implies a phys- 
ical separation between the two components 
of more than 250 astronomical units (AU), 
being 350 AU at 21 pc. It could be even 
larger if the system were younger and there- 
fore more distant from the sun. This large 
distance and the high mass ratio of 16: 1 
between the two components favor the frag- 
mentation of a collapsing cloud as the most 
plausible explanation for the foimation of the 

system (32, 33). The possibility cannot be 
excluded, however, that the accretion of mat- 
ter in a protoplanetary disc may produce an 
object more massive than 15 at such 
large distances. Accretion discs extending up 
to several hundred astronomical units are 
known to exist around several stars (34). 
Suweys similar to that conducted here will 
provide a statistically significant number of 
substellar-mass companions that can be used 
to test the proposed foimation mechanisms 
and may well promote the development of 
new ideas, as occurred because of the recent 
findings of giant planets with highly eccentric 
orbits around solar-type stars (35, 36). Of the 
52 stars we have examined so far, only G 
196-3 has shown a substellar companion at 
distances larger than 60 AU, which is the 
minimum physical distance that we can ex- 
plore given the characteristics of our sun7ey. 
We may infer from this that the percentage of 
stars with substellar companions of about this 
mass at this or larger distances may be on the 
order of 2%. This is similar to the number of 
stars that show such companions at distances 
less than 5 AU, according to searches based 
on radial velocity measurements (35, 36). 
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portant respects (2). Moreover, in sea urchin 
embryos (3), mammalian cell lines (4), and 
cycling Xenopus egg extracts (Figs. 1C; 2C; 
and 3, A and C) (5, 6), MAPKs are activated 
during mitosis. Finally, MAPKs have been 
implicated in the spindle assembly check­
point in extracts and in a Xenopus cell line 
(XTC-2) (5-7), and there is precedent for 
proteins involved in this checkpoint to be 
involved in establishing the timing of an un­
perturbed mitosis (8). However, depletion of 
p42 MAPK or inhibition of p42 MAPK acti­
vation has no effect on the activation or 
inactivation of Cdc2 in cycling Xenopus egg 
extracts, which suggests that p42 MAPK 
might be dispensable for mitotic entiy and 
exit (5). 

We examined the role of p42 MAPK in 
mitosis in cycling extracts, monitoring not 
only Cdc2 activation and inactivation but also 
the main morphological hallmarks of mito­
sis—nuclear envelope breakdown, chromatin 
condensation, and microtubule dynamics. We 
prevented mitotic activation of p42 MAPK in 
cycling extracts by one of two treatments that 
inhibit MEK, the protein kinase that phos-
phorylates and activates MAPK: addition of 
the MEK inhibitor PD98059 (9) or immu-
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nodepletion of MEK (10). Both approaches 
blocked p42 MAPK activation (Fig. 1, A and 
C). We then tested whether Cdc2 activity 
cycled normally in the absence of MAPK 
activation. Activation and inactivation of 
Cdc2 was similar in control and in PD98059-
treated extracts and in mock-depleted and 
MEK-depleted extracts (Fig. 1, B and D), in 
agreement with previous reports (5). 

We also tested whether nuclear envelope 
breakdown and re-formation and chromatin 
condensation and decondensation were al­
tered in the absence of MAPK activation 
(11). We added low concentrations of de-
membranated sperm (500 per microliter) (12) 
to MAPK-inhibited and control cycling ex­
tracts, allowed nuclei to form, and took por­
tions at various times to assess chromatin 
condensation by 4',6-diamidino-2-phenylin-
dole (DAPI) staining and NEBD by phase-
contrast microscopy. Both the control and 
PD98059-treated extracts underwent chroma­
tin condensation and nuclear envelope break­
down 50 min after cycling was initiated (Fig. 
2, A and B). However, the extracts in which 
MEK was inhibited exited mitosis premature­
ly (Fig. 2, A and B). The chromatin had 
decondensed and nuclear envelopes re­
formed by 60 min in the PD98059-treated 
extract but not until 75 min in the control 
extract. Thus the duration of mitosis (taken 
here to be the interval between NEBD and 
re-formation) in the MEK-mhibited extract 
was less than half that in the control extract. 
Premature mitotic exit was also observed 
with MEK-depleted extracts but not with 
mock-depleted extracts (Fig. 2C), and adding 
purified recombinant MEK to the MEK-de­
pleted extracts restored mitosis to a normal 
length (Fig. 2D). These results indicate that 
MEK activation is necessaiy to maintain the 
mitotic state for a normal period of time. 
Because p42 and p44 MAPK are the only 
known substrates of MEK, and only p42 is 
present in egg extracts, these findings impli­
cate p42 MAPK in maintenance of the mitot­
ic state. 

When MAPK is artificially activated be­
fore Cdc2 is activated, it can inhibit cyclin 
degradation and hence prolong Cdc2 activa-
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The p42 mitogen-activated protein kinase (MAPK) is required for progression 
through meiotic M phase in Xenopus oocytes. This report examines whether it 
also plays a role in normal mitotic progression. MAPK was transiently activated 
during mitosis in cycling Xenopus egg extracts after activation of the cyclin-
dependent kinase Cdc2-cyclin B. Interference with MAPK activation by immu-
nodepletion of its activator MEK, or by addition of the MEK inhibitor PD98059, 
caused precocious termination of mitosis and interfered with production of 
normal mitotic microtubules. Sustained activation of MAPK arrested extracts 
in mitosis in the absence of active Cdc2-cyclin B. These findings identify a role 
for MEK and MAPK in maintaining the mitotic state. 
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