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Light	
  curves	
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  evolve	
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L7.5	
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  binary	
  
Distance:	
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B	
  is	
  variable:	
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  4.87±0.01	
  h	
  
Max.	
  Amplitude	
  =	
  11%	
  

TRAPPIST	
  60	
  cm	
  telescope,	
  I+z	
  filter	
  (750-­‐1100	
  nm),	
  Gillon	
  et	
  al.	
  2013	
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Spectroscopic	
  variability	
  with	
  HST	
  

WFC3/IR	
  G141	
  slitless	
  spectroscopy	
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  with	
  9	
  nm	
  spectral	
  resoluKon,	
  R~130	
  
	
  
Precision	
  on	
  the	
  ~0.1-­‐0.5%	
  level	
  at	
  few	
  min	
  cadence	
  
	
  
Need	
  several	
  orbits	
  per	
  target	
  to	
  cover	
  full	
  rotaKon,	
  gaps…	
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Fig. 3.—Maximum (red) and Minimum (blue) HST/WFC3 G141
spectra of SIMP0136 (top), 2M2228 (middle) and 2M2139 (bot-
tom), along with the ratios of the maximum to the minimum spec-
tra.

decreasing slope is flatter than in the HST data, and the
minimum is reached at ⇡ 55% of a rotation period af-
ter the maximum. The upward slope is slightly steeper
than the downward slope. There are no plateau or sec-
ond peak present. No significant light curve evolution is
seen over the 2.35 covered periods.

4.1.3. HST spectral changes

In Fig. 3 (top panel) we show the maximum
and minimum spectra of SIMP0136 obtained with the
HST/WFC3 G141 grism, along with the ratio of the two
spectra, in comparison with the other sources.
Several absorption features are visible in the spectra:

broad water features at 1.15, 1.4 and 1.7 microns, several
methane features, as well as atomic K and Na resonance
lines. The ratio of the maximum to minimum spectra
shows that the variations are very gray over the J and H
band, with an amplitude of 5% in the whole wavelength
range with the exception of lower variability in the water
band between 1.35 and 1.55 microns. In particular, we
do not see any di↵erences in variation across the K I and
Na I absorption features above the noise level of 0.2 %.
We perform a principle component analysis (PCA) to

determine the number of uncorrelated spectral compo-

nents that are required to match the full spectral vari-
ations. PCA decomposes the variable spectrum into an
invariant mean spectrum and a set of orthogonal Eigen-
vectors that describe the spectral variation such that

F (�, t) =< F (�) > +
X

i

ci(t)Ei(�) (1)

The coe�cients ci are the relative weights of the spectral
components at a given time.
We find that for SIMP0136, 96.6% of the weight of the

variation is in a single component, whereas the weights
of all further components are below 0.4%. We therefore
conclude that the atmosphere of SIMP0136 is well de-
scribed by two surface types, of which we see di↵erent
relative covering fractions at di↵erent times.

4.1.4. Temporal evolution of the variability

The spectral time series shows significant changes in
the variability over the time span of the HST observa-
tions of only a few hours. In the right panels of Fig. 4,
the percentage di↵erence of the normalized flux measured
at equal rotation phase, separated by one or two rotation
periods, are plotted. Both the maximum and minimum
of the light curve becomes less pronounced over 5 hours
time. There are di↵erences of up to 1% of the mean flux,
or about one quarter of the peak-to-valley amplitude,
at all wavelengths of the HST spectra. The variations
themselves are quite regular and near-sinusoidal in time.
These di↵erences are robust: we do not find similar ir-
regularities in any other variable or non-variable target
and are di↵erent from systematic errors that could occur
in the spectral extraction.
The Spitzer data, on the other hand, does not feature

such di↵erences between the full adjacent rotation peri-
ods, nor in the one third of the rotation phase that has
overlap over three rotation periods. However, the curve
itself is distinctly di↵erent from the HST data taken two
weeks before. Whether this di↵erence is due to tempo-
ral evolution, or rather because di↵erent altitudes are
probed at this wavelength, is discussed in Sect. ??.

4.2. 2MASS2228

The T6.5 dwarf 2M2228 was discovered by Burgasser
et al. (2003), and found variable by Clarke et al. (2008),
who measured a rotation period of 1.43 h and a peak-to-
peak amplitude of 1.4% of the mean flux in J.

4.2.1. HST and Spitzer integrated light curves

Figure 2 shows the integrated HST light curve com-
pared to SIMP0136. 2M2228 is a fast rotator, with
a rotation period of only 1.41 h determined by cross-
correlation. Each HST orbit of 96 min samples the next
rotation period with a shift by 1/6th period. With 6 or-
bits we cover the full rotation phase, and 90% of phase
angles are sampled at least twice. The Spitzer observa-
tions continuously cover four adjacent rotation periods,
two of which partially overlap in time with the HST data.
For these data, we derive a period of 1.39 h, but the un-
certainty is higher because of the lower S/N. We adopt
a period of 1.405 h, which is consistent with both data
sets, for further period folding.
The integrated and period-folded light curves for J, H

and in water band are plotted in Fig. 5, in comparison

6 Bu en zl i et a l .

Fig. 3.—Maximum (red) and Minimum (blue) HST/WFC3 G141
spectra of SIMP0136 (top), 2M2228 (middle) and 2M2139 (bot-
tom), along with the ratios of the maximum to the minimum spec-
tra.

d ec rea si n g sl ope i s fla tter th a n i n th e HST d a ta , a n d th e
mi n i mu m i s rea c h ed a t ⇡ 55% of a rota ti on peri od a f -
ter th e ma xi mu m. Th e u pw a rd sl ope i s sl i g h tl y steeper
th a n th e d ow n w a rd sl ope. Th ere a re n o pl a tea u or sec -
on d pea k presen t. No si g n i fi c a n t l i g h t c u rv e ev ol u ti on i s
seen ov er th e 2.35 c ov ered peri od s.

4.1.3. HST spectral changes

In Fi g . 3 (top pa n el ) w e sh ow th e ma xi mu m
a n d mi n i mu m spec tra of SIMP0136 ob ta i n ed w i th th e
HST/WFC3 G141 g ri sm, a l on g w i th th e ra ti o of th e tw o
spec tra , i n c ompa ri son w i th th e oth er sou rc es.

Sev era l a b sorpti on f ea tu res a re v i si b l e i n th e spec tra :
b roa d w a ter f ea tu res a t 1.15, 1.4 a n d 1.7 mi c ron s, sev era l
meth a n e f ea tu res, a s w el l a s a tomi c K a n d Na reson a n c e
l i n es. Th e ra ti o of th e ma xi mu m to mi n i mu m spec tra
sh ow s th a t th e v a ri a ti on s a re v ery g ra y ov er th e J a n d H
b a n d , w i th a n a mpl i tu d e of 5% i n th e w h ol e w a v el en g th
ra n g e w i th th e exc epti on of l ow er v a ri a b i l i ty i n th e w a ter
b a n d b etw een 1.35 a n d 1.55 mi c ron s. In pa rti c u l a r, w e
d o n ot see a n y d i ↵eren c es i n v a ri a ti on a c ross th e K I a n d
Na I a b sorpti on f ea tu res a b ov e th e n oi se l ev el of 0.2 %.

We perf orm a pri n c i pl e c ompon en t a n a l y si s (PCA) to
d etermi n e th e n u mb er of u n c orrel a ted spec tra l c ompo-

n en ts th a t a re req u i red to ma tc h th e f u l l spec tra l v a ri -
a ti on s. PCA d ec omposes th e v a ri a b l e spec tru m i n to a n
i n v a ri a n t mea n spec tru m a n d a set of orth og on a l Ei g en -
v ec tors th a t d esc ri b e th e spec tra l v a ri a ti on su c h th a t

F (�, t) =< F (�) > +
X

i

ci(t)Ei(�) (1)

Th e c oe� c i en ts ci a re th e rel a ti v e w ei g h ts of th e spec tra l
c ompon en ts a t a g i v en ti me.

We fi n d th a t f or SIMP0136, 96.6% of th e w ei g h t of th e
v a ri a ti on i s i n a si n g l e c ompon en t, w h erea s th e w ei g h ts
of a l l f u rth er c ompon en ts a re b el ow 0.4%. We th eref ore
c on c l u d e th a t th e a tmosph ere of SIMP0136 i s w el l d e-
sc ri b ed b y tw o su rf a c e ty pes, of w h i c h w e see d i ↵eren t
rel a ti v e c ov eri n g f ra c ti on s a t d i ↵eren t ti mes.

4.1.4. Temporal evolution of the variability

Th e spec tra l ti me seri es sh ow s si g n i fi c a n t c h a n g es i n
th e v a ri a b i l i ty ov er th e ti me spa n of th e HST ob serv a -
ti on s of on l y a f ew h ou rs. In th e ri g h t pa n el s of Fi g . 4,
th e perc en ta g e d i ↵eren c e of th e n orma l i zed flu x mea su red
a t eq u a l rota ti on ph a se, sepa ra ted b y on e or tw o rota ti on
peri od s, a re pl otted . Both th e ma xi mu m a n d mi n i mu m
of th e l i g h t c u rv e b ec omes l ess pron ou n c ed ov er 5 h ou rs
ti me. Th ere a re d i ↵eren c es of u p to 1% of th e mea n flu x,
or a b ou t on e q u a rter of th e pea k -to-v a l l ey a mpl i tu d e,
a t a l l w a v el en g th s of th e HST spec tra . Th e v a ri a ti on s
th emsel v es a re q u i te reg u l a r a n d n ea r-si n u soi d a l i n ti me.
Th ese d i ↵eren c es a re rob u st: w e d o n ot fi n d si mi l a r i r-
reg u l a ri ti es i n a n y oth er v a ri a b l e or n on -v a ri a b l e ta rg et
a n d a re d i ↵eren t f rom sy stema ti c errors th a t c ou l d oc c u r
i n th e spec tra l extra c ti on .

Th e Spi tzer d a ta , on th e oth er h a n d , d oes n ot f ea tu re
su c h d i ↵eren c es b etw een th e f u l l a d ja c en t rota ti on peri -
od s, n or i n th e on e th i rd of th e rota ti on ph a se th a t h a s
ov erl a p ov er th ree rota ti on peri od s. How ev er, th e c u rv e
i tsel f i s d i sti n c tl y d i ↵eren t f rom th e HST d a ta ta k en tw o
w eek s b ef ore. Wh eth er th i s d i ↵eren c e i s d u e to tempo-
ra l ev ol u ti on , or ra th er b ec a u se d i ↵eren t a l ti tu d es a re
prob ed a t th i s w a v el en g th , i s d i sc u ssed i n Sec t. ??.

4.2. 2MASS2228

Th e T6.5 d w a rf 2M2228 w a s d i sc ov ered b y Bu rg a sser
et a l . (2003), a n d f ou n d v a ri a b l e b y Cl a rk e et a l . (2008),
w h o mea su red a rota ti on peri od of 1.43 h a n d a pea k -to-
pea k a mpl i tu d e of 1.4% of th e mea n flu x i n J.

4.2.1. HST and Spitzer integrated light curves

Fi g u re 2 sh ow s th e i n teg ra ted HST l i g h t c u rv e c om-
pa red to SIMP0136. 2M2228 i s a f a st rota tor, w i th
a rota ti on peri od of on l y 1.41 h d etermi n ed b y c ross-
c orrel a ti on . Ea c h HST orb i t of 96 mi n sa mpl es th e n ext
rota ti on peri od w i th a sh i f t b y 1/6th peri od . Wi th 6 or-
b i ts w e c ov er th e f u l l rota ti on ph a se, a n d 90% of ph a se
a n g l es a re sa mpl ed a t l ea st tw i c e. Th e Spi tzer ob serv a -
ti on s c on ti n u ou sl y c ov er f ou r a d ja c en t rota ti on peri od s,
tw o of w h i c h pa rti a l l y ov erl a p i n ti me w i th th e HST d a ta .
For th ese d a ta , w e d eri v e a peri od of 1.39 h , b u t th e u n -
c erta i n ty i s h i g h er b ec a u se of th e l ow er S/N. We a d opt
a peri od of 1.405 h , w h i c h i s c on si sten t w i th b oth d a ta
sets, f or f u rth er peri od f ol d i n g .

Th e i n teg ra ted a n d peri od -f ol d ed l i g h t c u rv es f or J, H
a n d i n w a ter b a n d a re pl otted i n Fi g . 5, i n c ompa ri son
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Variability	
  frequency?	
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Overall:	
  min.	
  variability	
  fracKon:	
  
27	
  %	
  	
  

HST	
  “Snapshot”	
  survey	
  
	
  
Variability	
  trends	
  within	
  40	
  min	
  
for	
  22	
  objects,	
  L5	
  –	
  T6	
  

à Primarily	
  low-­‐level	
  variability:	
  
	
  ~	
  1%	
  in	
  ~40	
  min	
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Low-­‐level	
  variability	
  is	
  common,	
  but	
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  only	
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  in	
  the	
  L/T	
  transiKon?	
  	
  



Summary	
  

•  Cloudy/clear	
  models	
  fail	
  at	
  L/T	
  transiKon,	
  	
  
fast	
  evolving	
  weather	
  

•  Temperature	
  perturbaKons	
  (+clouds?)	
  for	
  mid	
  T	
  dwarfs	
  

•  Low-­‐level	
  variability	
  is	
  frequent	
  (>30	
  %)	
  from	
  mid	
  L	
  to	
  mid	
  T,	
  
but	
  strong	
  broad-­‐band	
  variability	
  only	
  at	
  L/T	
  transiKon?	
  

•  Luhman	
  16	
  is	
  a	
  unique	
  test	
  case	
  for	
  the	
  L/T	
  transiKon,	
  
observable	
  with	
  Gaia	
  

à	
  Models	
  need	
  to	
  account	
  for	
  2D	
  and	
  3D	
  heterogeneiKes	
  


