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Accretion and outflow activity in brown dwarfs
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Abstract. An investigation of the magnetospheric accretion and outflow signatures in sub-
stellar objects is a natural extension of similar studies conducted on classical T Tauri stars,
and helps understand if brown dwarfs (BDs) follow the same formation mechanism as stars.
Over the past decade, evidence for accretion in very low-mass stars (VLMs) and BDs has
been accumulated using various techniques, which indicates that the overall accretion char-
acteristics are continuous across the sub-stellar boundary. Outflow activity in VLMs and
BDs has been confirmed based on spectro-astrometry of forbidden emission lines observed
in the optical, and in millimetre continuum images of CO J=2-1 emission. This review sum-
marizes the past and current state of observational work on accretion and outflow activity
in VLMs and BDs, particularly with the advent of new instruments such as VLT/X-Shooter
which has allowed the study of several accretion and outflow indicators over a wider wave-
length range.
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1. Introduction

The collapse of a cold molecular cloud core
over a timescale of ~ 107 yrs leads to the for-
mation of a protostar surrounded by an in-
falling envelope and an accretion disk (e.g.,
Hartmann| 2005). A now familiar picture of
magnetospheric accretion in classical T Tauri
stars (CTTSs) is based on the model origi-
nally proposed for neutron stars by |Ghosh &
Lamb| (1979), and first applied to CTTSs by
Uchida & Shibatal (1985) and [Bertout et al.
(1988). In this model, the inner disk region is
the main site of different phenomena, each of
which make a contribution at different wave-
lengths. Magnetic field strengths of a few kG
have been measured on low mass stars, which
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are twice as strong as the fields measured on
G and K stars (e.g., Johns-Krull & Valenti
1996). Such strong magnetic fields are capa-
ble of disrupting the accretion disk at small
inner radii (~ 0.1 AU), causing accreting ma-
terial to fall at free-fall velocities onto the star
along the accretion columns. The hot (~ 10* K)
gas in these accretion columns emits strongly
in the Balmer and other accretion-associated
lines (e.g., Muzerolle et al.|[1998| 2003). The
hot continuum emission seen in the optical and
the ultraviolet wavelengths is produced by the
accretion energy dissipated when the hot gas
shocks at the stellar surface. The accretion disk
itself emits in the mid- and far-infrared from
dust at a range of temperatures. This model
can also explain the generation of accretion-
powered outflows and winds launched from
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near the poles of the star (e.g., [Hirose et al.
1997), and observed as forbidden emission
lines. The signposts of these processes have
been observed in several studies conducted on
CTTSs (e.g., Hartmann et al.|]1994; |Gullbring
et al./l1998; Hartigan et al.|[1995; Meyer et al.
1997 [Valenti et alll1993f |Calvet & Gullbring
1998k, IMuzerolle et al.]2001), which led to the
investigation of accretion activity below the
sub-stellar mass limit.

2. Magnetospheric accretion in brown
dwarfs

The first confirmed detection of accretion
in a brown dwarf (BD) was presented by
Muzerolle et al.| (2000) for the Taurus mem-
ber V410 Anon 13 (~ 0.04-0.06M; IBriceno
et al/[1998). The Ha emission line profile of
V410 Anon 13 is broad and asymmetric, with
most emission observed blueward of the line
center (Fig. [I). The profile width at 10% of
the peak is ~250kms~!, much larger than the
~100kms™! widths observed for the weak-
line T Tauri stars (WTTSs) with narrow, sym-
metric Ha profiles. The line width and asym-
metries were consistent with that observed for
CTTSs (e.g., Muzerolle et al.|[1998)), and in-
dicated free-falling accretion flows. However,
the mass accretion rate obtained from Ha pro-
file modeling is a small value of ~5 x 1072
Mg yr~!, which is over 3 orders of magni-
tude smaller than the typical rates of ~1078
Mg yr~!' derived for solar mass CTTSs (e.g.,
Gullbring et al[[1998)). Also notable was the
lack of any measurable veiling of the photo-
spheric absorption lines in the V410 Anon 13
spectrum, which was reasoned to be due to the
extremely small accretion rate.

This first discovery was followed by larger
surveys of accretion properties in very low-
mass stars (VLMs) and BDs in several star-
forming regions and young associations (e.g.,
Muzerolle et al.l[2003, 2005; White & Basri
2003; Barrado y Navascués & Martin|[2003;
Jayawardhana et al.|[2003; [Natta et al.|2004;
Mohanty et al.|2005). A variety in the Ha
line profiles was observed, from broad, asym-
metric profiles with some exhibiting red- or
blue-shifted absorption components, to nar-
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row, symmetric line shapes. The mass accre-
tion rates derived from the Ha emission line
were in the range of 107°3-10"12 Mgyr!.
Most of the objects with spectral type later
than M4 showed insignificant continuum veil-
ing, with the excess to photospheric flux ratios
of <0.2 at optical wavelengths of ~ 6000-6500
A (e.g., Muzerolle et al.[2003} White & Basri
2003). Based on accretion shock region mod-
els, IMuzerolle et al.| (2003) estimated that the
surface coverage area for accretion shocks is
<1073 smaller in sub-stellar objects compared
to the typical CTTSs values, and measurable
veiling is produced only when M, > 10717
Mg yr .

2.1. Accretor/non-accretor boundary

Due to the very low veiling levels, the Ha
emission line equivalent width (EW) and/or
the width of the He line profile at 10% of
the peak intensity has been used to distinguish
between accreting and non-accreting objects
in VLMSs and BDs. Barrado y Navascués &
Martin| (2003) devised a threshold based on the
EW of the Ha line. They determined the av-
erage saturation limit for the Ha luminosity in

normalized flux

velocity (km/s)

Fig.1. The Ha profile for V410 Anon 13 (solid
line). The profile for a non-accreting VLMS MHO
8 is shown with dotted line. Model fits to the ob-
served profile are shown for a disk inclination an-
gle of 50° (long-dashed line) and 65° (short-dashed
line). Credits: Figure 1, Muzerolle et al. ApJ, 545,
L141, 2000. Reproduced by permission of the AAS.



Riaz: Accretion and outflow activity in BDs

young open clusters to be log Lg,,/Lvol = —3.3,
which is then converted into a quantitative EW
cutoff for different spectral types (Fig. 2)). The
limiting EW increases towards later spectral
types due to the contrast effect, i.e., the same
Ha flux becomes more prominent against a
cooler photosphere. Objects that lie above the
cutoff EW at a given spectral type are classi-
fied as accretors, while the ones below it are
non-accretors or chromospherically active ob-
jects. Barrado y Navascués & Martin (2003))
pointed out that the veiling of the photospheric
absorption lines due to the excess continuum
emission results in a full width of the Ha line
at 10% of the line peak at values > 270km s~!
in CTTSs. Their accretor/non-accretor thresh-
old was therefore set at an Ho 10% width of
> 270kms™!, regardless of the spectral type.
This criteria was revised for VLMSs and BDs
by Muzerolle et al.l (2003) and Jayawardhana
et al.l (2003), who noted that asymmetries in
the Ha line profile, as well as strong emission
in the accretion-associated permitted lines of
He1, O1, and Cam, are observed for Ha 10%
widths as low as 200kms~!. They therefore
proposed a lower threshold of Ha 10% width
of > 200kms™!, which is now widely used as
an accretion diagnostic for VLMSs and BDs.

2.2. Other accretion indicators

In addition to the He emission line, other spec-
tral lines have also been identified as good
accretion indicators in BD spectra. [Muzerolle
et al.| (2003} 2005) noted emission in the Hp,
Hy, He1 45876, and the Ca II infrared triplet
lines in nearly half of the BD accretors in
their sample. |Natta et al.| (2004, 2006) reported
emission in the hydrogen recombination line
of PaB in 70% of the accreting BDs in the
p-Ophiuchus region, while 20% of these ac-
cretors also showed emission in the Bry line.
They found a correlation between the Pag line
luminosity and the accretion luminosity de-
rived from the He profile and/or veiling mea-
surements, similar to that observed earlier for
CTTSs (e.g., ICalvet et al.[2004). Mohanty et
al.] (2005) noted that the Can 18662 line flux
in VLMS and BD accretors declines sharply
with the mass accretion rate derived from veil-
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Fig.2. The He EW plotted against spectral type
for several star-forming regions, from the work of
Barrado y Navascués & Martin |(2003). Filled and
open circles represent CTTSs and WTTSs, respec-
tively. Large open circles represent objects with
mid-IR excesses. The dotted thick curve is the Ha
saturation criterion, whereas the solid line is the
accretor/non-accretor threshold defined by White &

Figure 5, Barrado y Navascués & Martin, AJ, 126,
2997, 2003. Reproduced by permission of the AAS.

ing and Ha modeling, and the correlation is
observed over ~4 orders of magnitude in the
line flux and accretion rate, down to an accre-
tion rate of 107" My yr~!. In a recent study
of accretion activity in VLMSs and BDs in
the o Orionis region using X-Shooter spec-
troscopy, Rigliaco—et—al-(2612) have identi-
fied 10 accretiomn line indicators, and have com-
puted their correlations with the accretion lu-
minosity derived from the continuum excess
emission in the UV and visual (Fig. @ The
best correlations are observed for the hydro-
gen recombination lines, and these are recom-
mended to provide good and consistent mea-
surements of accretion luminosity for VLMSs
and BDs. The correlations for the Na1 45893
and the Can infrared triplet lines show larger
dispersions in comparison, and it is reasoned
to be due to possible contribution from the out-
flow emission in these lines. The accretion lu-
minosity derived from the various line lumi-
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Fig.3. A comparison of the accretion luminosity
measured for VLMSs and BDs using 10 accretion
line indicators; the average of the ten measurements
is indicated by the dashed line. The point for ‘U-
band’ represents the accretion luminosity measured
from the UV excess emission. Credits: Figure 6,
Rigliaco et al., A&A, 548, A56, 2012, reproduced
with permission © ESO.

nosities can have a spread of more than an or-
der of magnitude, depending on the diagnostic
used.

2.3. Accretion activity versus mass

One of the main results that has been ob-
tained from these accretion studies is the de-
pendence of the mass accretion on the stel-
lar mass. By more than tripling the number of
known VLMS/BD accretors, [Muzerolle et al.
(20031, 2005) extended the trend between mass
accretion rate and stellar mass earlier noted for
CTTSs down to sub-stellar masses of ~0.02
M. The mass accretion rates are about 2-3 or-
ders smaller for BD accretors compared to the
typical rates for CTTSs. For most BDs, the ac-
cretion rates are <1070 M yr~!, with the low-
est values measured of ~4-5x10712 Mg yr~!
(e.g., Muzerolle et al.|[2003). By combining
the VLMS/BD measurements with those for
CTTSs, Muzerolle et al.| (2003 [2005) and
Mohanty et al| (2005) derived a relation of
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My o M?, which appears fairly continuous
across ~6 orders of magnitude in accretion
rate and more than ~ 2 orders of magnitude in
mass. More recently, Fang et al.| (2009) have
compiled from the literature the mass accretion
rates and stellar masses for young stellar ob-
jects in several star-forming regions and stel-
lar associations, and have recomputed the rela-
tions for different accretion indicators (Fig. 4).
For the M. vs. M? relation, they find a range
in values for the a exponent between 2.75
and 3.42. Within the uncertainties, the relations
are similar from the three accretion line diag-
nostics investigated, though the relations are
steeper for the HB and the Her1 45876 lines.
Combing all data together, there is a clear trend
of decreasing accretion rate with decreasing
mass, as noted in earlier works. There appears,
however, a break in the fits around 1 M, with
a steeper slope for lower mass objects. There is
also a considerable spread of + 1 dex about the
mean relation in the accretion rates, which is
mainly due to the different methodology used
to derive the accretion rate, as these would
trace different formation regions. The accre-
tion rates determined from He line modeling
or other accretion line measurements would
trace the infalling gas, whereas those derived
from UV excess measurements would trace the
accretion shock emission, and could result in
comparatively higher accretion rates at a given
stellar mass (e.g., filled points in Fig. @). Other
factors such as intrinsic variability or age dif-
ferences could also play a role in the observed
scatter (e.g., Muzerolle et al.[2003).

2.4. Accretion activity versus age

The mass accretion rate also shows a clear
trend with the stellar age, as can be seen from
the compiled data from various surveys pre-
sented in Mohanty et al.| (2005) and [Fang et
al] (2009). Figure B] shows a general trend of
decreasing accretor frequency with increasing
age, but the trend is more prominent for stars
below ~ 0.5M, than for more massive stars.
Among stars with masses below ~0.3M,
the accretion rate evolves from ~ 1078 — 107°
Mo yr~! for ages below ~ 1 Myr, to ~1070 —
107" Mg yr~! for ages above ~3Myr (e.g.,
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Fig.4. The relation between mass accretion rate
and stellar mass using different accretion indicators.
Panel d at bottom, right, shows the relation for all
indicators combined; filled circles represent accre-
tion rates measured from the U-band excess emis-
sion. Credits: Figure 16, Fang et al., A&A, 504, 461,
2009, reproduced with permission © ESO.

Fang et al.|[2009). There is a notable drop in the
accretor frequency between ages of ~3 and 5
Myr (Fig.[B), suggesting that accretion activity
becomes insignificant by an age of ~5 Myr. It
is more likely that the accretion activity drops
below the measurable levels (~ 10712 Mg yr™!)
by this age, and weaker accretors cannot be
identified. Figure 3] also shows that while the
method of classifying accretors (Ha EW vs.
10% width criteria) could result in a different
accretor frequency at a given age, the overall
trend of declining frequency with age is still
clearly observed.

The trend with age seen in Fig. [J]is consis-
tent with the decline in the disk frequency with
age, in particular, the sharp drop observed be-
tween ~ 3 and 5 Myr (e.g., Haisch et al.|2001)).
This is expected since magnetospheric accre-
tion requires a close-in disk located within the
corotation radius (e.g., [Hartmann/2005)). There
can be passive disks which do not show any
accretion activity, but not accretors which do
not possess disks. The data plotted in Fig. B
extends only up to 5 Myr. The oldest accret-
ing BD known to date is the ~8-10 Myr old
object 2MASS J1207334-393254 (2M1207),
located in the TW Hydrae association (Gizis
2002). This object shows a broad, asymmetric
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Fig.5. The disk mass accretion rate as a function
of age. Filled triangles represent low-mass objects
with spectral type >M5, classified as accretors us-
ing the Ha 10% width criteria. Filled circles rep-
resent the same set of objects classified using the
Ha EW accretor criteria. Filled squares are higher
mass stars with spectral types between KO and M4.
Credits: Figure 6, Barrado y Navascués & Martin,
AlJ, 126, 2997, 2003. Reproduced by permission of
the AAS.

He profile with a red-shifted absorption com-
ponent which is likely due to the presence of
a highly inclined disk around it (e.g., Mohanty
et al_2005). New accretion activity resultsfor
2M1267 based on X-Shooter spectroscopy are
presented in the Stelzer et al. contribution in
these proceedings.

3. Outflow activity in brown dwarfs

During the active accretion phase, CTTSs are
accompanied by energetic winds and outflows,
the most prominent diagnostics of which are
broad, blue-shifted forbidden emission lines
(FELSs), and blue-shifted absorption features in
both the Ha and Na D profiles (e.g., Calvet
et al. 1992; Hartigan et al. 1995). The dorre-
[ation [obsefved between forbidden line emis-
sion and disk accretion in CTTSs suggests
that the winds and outflows are driven by ac-
cretion (e.g., Edwards et al. 1994). The pres-
ence of outflow activity im BI)s wap first sug-
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Fig. 6. Line profiles and spectro-astrometric plots
for the [01]116300,6363 doublet (top and middle
panels) and Ha and [S n]16731 lines (bottom panel)
for p-Oph 102. Credits: Figure 1, Whelan et al.
Nature, 435, 652, 2005. Reproduced by permission
of Nature Publishing Group.

gested by strong FELs observed in the spec-
trum of the actively accreting late-type (M6.5—
M7; 35-72 Mjy,p) object LS-RCrA 1, located
in the R Coronae Australis star-forming region
(Fernandez & Comeron 2001). However, no
apparent outflow extensions could be resolved
in the spectrum. It is challenging to directly re-
solve a BD outflow, since the FEL critical den-
sity region is estimated to be on very small spa-
tial scales of ~ 100 mas, and is located 3—10
times closer to the central source compared to
CTTSs (e.g., Whelan et al.|2005). Recent ap-
plication of the spectro-astrometry technique
to high-resolution spectra for BDs has made
it possible to recover the spatial offsets in the
FEL region. In this technique, high-resolution
spectra are obtained at various slit orienta-
tions. A positive spectro-astrometric offset in
a position-velocity diagram corresponds to ex-
tended emission in a northerly/easterly direc-
tion, while a negative spatial offset corresponds
to a southerly/westerly direction (e.g.,/Whelan
et al.ll2009h).
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Fig.7. The CO J=2-1 position-velocity diagram
for p-Oph 102. Both blue- and red-shifted compo-
nents show a range in velocity in their structure.
Credits: Figure 2, Phan-Bao et al., ApJ, 689, L141,
2008. Reproduced by permission of the AAS.

3.1. p-Oph 102

The first BD outflow confirmed using the
spectro-astrometry technique was for the ~
60 My, object p-Oph 102, located in the p-
Ophiuchi cloud (Whelan et al.[|2005)). The cen-
troids of all measurable FELs for this BD show
negative offsets with respect to the continuum,
and reach a maximum at a blue-shifted radial
velocity of ~-40kms~!' (Fig. [6). The absence
of a red-shifted outflow component suggested
the presence of an obscuring disk, as noted
earlier in CTTS outflow sources (e.g., Hirth
et al][T997). No clear spatial offsets were ob-
served in the Ha profile, indicating that most
of the Ha emission arises from accretion ac-
tivity. Later, [Phan-Bao et al] (2008) reported
the observation of a CO J=2-1 bipolar molecu-
lar outflow driven by p-Oph 102. Two spatially
resolved blue- and red-shifted CO components
were observed symmetrically displaced on op-
posite sides of the BD (Fig. [7). The outflow
has a small spatial scale, of about 20”. Based
on radiative transfer modeling of the optical to
millimeter spectral energy distribution, [Phan-
Bao et al] (2008)) estimated a disk inclination
angle of 63°-66° and a projected disk radius
of 32-36 AU, and it was reasoned that since
the projected disk radius is larger than the jet
length, the red-shifted component of the jet is
obstructed by the disk in our line of sight. A
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Whelan et al., ApJ, 691, L106, 2009. Reproduced
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molecular outflow is indicative of the presence
of an underlying jet (e.g., Downes & Cabrit
2007). This was thus a notable discovery for
a BD outflow.

3.2. Outflow signatures in Ha

A unique case in the field of BD outflows is
the object LS-RCrA 1, for which outflow sig-
natures have been observed in the Ha pro-

Blue- and red-shifted “humps” are observed in
the Ha profile, which are revealed as spatial
offsets at radial velocities of ~-50kms~! and
+100kms~" (Fig. ). Interestingly, spectro-

red-shifted outflow component by the accre-
tion disk, while the red-shifted lobe in Ha
is likely visible through a ~7 AU sized in-
ner hole in the disk (Whelan et al |2009a).
Furthermore, there was evidence for the pres-
ence of both a low-velocity component (LVC)
and high-velocity component (HVC) in the
outflow, such that the [O1]16300 line at a ra-
dial velocity of -5kms~' mainly traces the
LVC, the [N ] line traces the HVC only (cen-
troid at -22km s~ with the wing extended to
-75kms™"), while the [Su]16731 line with a
line peak at -13km s~ and wings extended to
-40kms~! traces both the LVC and HVC. The
main highlight of the spectro-astrometric anal-
ysis for LS-RCrA 1 was that the Ha profile can
also trace outflows driven by BDs.

3.3. Asymmetrical outflow

Another interesting BD outflow case is ISO-
Chal 217, which shows asymmetries in the
outflow lobes (Whelan et al.|2009b; Joergens
et al.|2012). At an estimated mass of ~ 80
My, (Muzerolle et al. [2005), this object lies at
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the VLMS/BD boundary. Spectro-astrometric
analysis shows the presence of a bipolar out-
flow, with both blue- and red-shifted compo-
nents detected in the [Su]116716,6731 and
the [01]216300,6363 FELs at an average ra-
dial velocity of -16 and +32kms~! (Whelan
et al.[2009b). There are prominent asymme-
tries in the blue- and red-shifted lobes traced
by the [Su]A46716,6731 lines, such that the
red-shifted lobe is brighter, has higher electron
density, and is faster (a factor of ~ 2 difference
in radial velocity) compared to the blue-shifted
lobe (Fig.[0). Asymmetrical outflow lobes have
been observed in CTTS such as RW Aur, for
which the redder lobe is brighter and slower
than the blue lobe (Hirth et al.|1994)). Such sim-
ilarities suggest similar outflow mechanisms
in the sub-stellar mass regime as observed for
higher mass stars.

3.4. Lowest mass outflow source

The spectro-astrometry technique has been
particularly valuable in resolving spatially ex-
tended FEL regions in relatively older BDs
such as 2M1207. This ~8-10 Myr old ~24
My, mass object is an active accretor (e.g.,
Mohanty et al.| 2005), and the lowest mass
outflow source known to date. A spectro-
astrometric analysis of the FEL region for this
BD revealed a faint bipolar outflow, with a
blue-shifted component to the [O1]16300 FEL
seen at a radial velocity of -8 km sl and a
red-shifted component at +4kms~! (Fig. [[Q
Whelan et al.|2007). The outflow was also de-
tected in the [Sm] images, and appears colli-
mated along the direction of the outflow P.A.
of ~65° (Whelan_et al.|2012). The discov-
ery of a spatially resolved bipolar outflow
for 2M1207 highlights the robustness of the
spectro-astrometry method, as well as of the
presence of outflow activity down to masses as
low as ~0.02 M.

3.5. Accretion versus outflow activity

To date, there are very few cases of spatially
resolved outflows observed for BDs (~8-10
in total). The mass outflow rate measured for
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AAS.

these BDs range between ~ 1x107°-6x1071°
My yr~' (Whelan_et all2009b). However, the
degeneracies due to the method used for mea-
suring the mass loss rate, the estimates for the
critical and electron densities, the jet veloc-
ity, etc., could result in an order of magnitude
difference in the outflow rate. A prime exam-
ple is LS-RCrA 1, for which the outflow rate
measured from the total density in the outflow
(method A described in [Whelan et al./[2009h))
is 2.4x107° My yr~!, compared to 2-6x1071°
M yr‘1 measured from the [01]46300 and
[Su]A6731 line luminosities. Similar spread of
an order of magnitude is found for the mass ac-
cretion rate measurements (e.g.,[Rigliaco et al.
2012). Overall, the mass outflow rates for BDs
are comparable to the mass accretion rates,
however, the ratio My/M,. could be larger
than the 1-10% estimated for CTTSs (e.g.,
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Hartigan et al.|[1995)). As noted in [Whelan et
al.| (2009b), there may be a potential observa-
tional bias in terms of selecting only those BDs
for a spectro-astrometric analysis which show
strong emission in the [0O1]16300 FEL, thus
selecting BD outflows with a high mass loss
rate of 107°-107'" My yr~'. Among CTTSs, a
large scatter is observed about the linear fit in
the Moy versus M, correlation (e.g.,[Hartigan
et al.|[1995). Future work with more sensitive
instruments such as X-Shooter will be impor-
tant in observing an unbiased sample and dis-
covering outflows for weaker BD accretors,
with accretion rates of <107!! Mg yr~!, thereby
confirming that jets and outflows can also be
driven at very low mass accretion rates.
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