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Spectral classes of brown dwarfs

C. Reylé et al.: The 10 parsec sample in the Gaia era

Table 5. Names of triple and higher order systems.

Multiplicity Name

Triple ↵ Cen; EZ Aqr; ✏ Ind; GJ 1245; o
02 Eri; 36 Oph;

G 41–14; BD-17 588; HD 16160; HD 156384;
HD 50281; 41 Ara; ↵ PsA; LP 881-64; HD 115953;
AT Mic; BD+66 34; G 184-19; BD+16 2708

Quadruple GJ 570; µ Her; GJ 867
Quintuple ⇠ UMa; HD 152751
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Fig. 2. Spectral type distribution of the 10 pc sample. D are white
dwarfs. The di↵erent symbols indicate single stars, primaries, and
companions.

– GJ 433 c with ↵ > 100 µas is, in principle, detectable; how-
ever, its period is >10 yr (Feng et al. 2020a), so it might be
described in terms of an acceleration solution.

– HD 219134 g is possibly a sub-Saturn-mass object with an
unclear but long (P > 5 yr) period (Motalebi et al. 2015;
Vogt et al. 2015; Gillon et al. 2017), likely inducing ↵ >
100 µas. It is in principle detectable, but the K-dwarf host
star is very bright (G = 5.23 mag), so the same calibration
issues as in the case of ✏ Eri and ✏ Ind A will need to be
successfully addressed.

– GJ 876 b, with ↵ ⇠ 250–350 µas (depending on the actual
inclination angle, see Correia et al. 2010), was detected by
the Hubble Space Telescope (Benedict et al. 2002) and it is
expected to be clearly identified by Gaia.

– GJ 876 c has an expected ↵ ⇠ 70 µas, but with a period of
only 30 d (Marcy et al. 2001) it will likely be very di�cult
for Gaia due to the possible degeneracy with periodic aliases
of the scanning law.

– GJ 832 b as ap ⇠ 3.5–4.0 au (Bailey et al. 2009), and with
↵ > 1000 µas should be clearly detectable by Gaia, either as
acceleration or a full orbital solution.

– GJ 9066 c has ap = 0.87 au (Feng et al. 2020b), and with
↵ > 200 µas it is expected to be detectable by Gaia.

– The candidate Proxima Cen c with ap = 1.5 au is expected to
induce ↵ > 170 µas (Damasso et al. 2020). A confirmation
of its existence by Gaia should be possible.

3.5. Statistics

In terms of statistical studies, the 10 pc sphere is two-fold. Only
in this nearby volume one can expect to detect and characterise
all objects, but it also probes a small volume and, thus, o↵ers
small statistics. As a result, the 10 pc sphere is complementary
to statistically more significant samples with larger volumes, but
that su↵er from incompleteness. Keeping that in mind, below,
we provide a few numbers on the multiplicity rate, spectral type
distribution, and luminosity class, which give an overall picture
of the immediate vicinity to our Sun.

There is no giant star within 10 pc and only four evolved
stars, which are all sub-giants. These are � Hyi, µ Her Aa,
� Pav, and � Eri. There are only about five pre-main-sequence
stars within 10 pc: the triple system AT Mic A, AT Mic B, AU
Mic being a bona-fide member, and YZ CMi being a candidate
member of the ⇠24 Myr � Pictoris association (Zuckerman et al.
2001; Alonso-Floriano et al. 2015a; Mamajek & Bell 2014), and
AP Col, which may belong to the ⇠50 Myr Argus / IC 2391 asso-
ciation (Riedel et al. 2011, but see Bell et al. 2015 about the exis-
tence of the Argus association).

Almost half of the stars and brown dwarfs are in multiple
systems. As summarised in the bottom part of Table 3, our 10 pc
sample contains 246 single, 69 double, 19 triple, three quadruple,
and two quintuple systems (NB_SYS in Table A.1). Following the
definitions of Reid & Gizis (1997), for example, and adding the
Sun as a single star, these numbers translate into a multiplic-
ity frequency (which quantifies the number of multiple systems
within the sample) and a companion frequency (which quantifies
the total number of companions) of 27.4±2.3% and 36.5±3.2%,
respectively. In Table 5, we give the names of the triple, quadru-
ple, and quintuple systems for convenience.

The spectral type distribution is shown in Fig. 2. We found
249 M stars among the 423 objects with a measured spectral
type, which translates into a ratio of 58.9 ± 5.8%. This rel-
atively small value is in contrast with other higher previous
determinations of the order of 70% (e.g., Henry et al. 2006;
Bochanski et al. 2010). This small value probably comes from a
more complete sample of brown dwarfs compared to older stud-
ies. In the substellar regime, L-type objects amount to only half
the number of T-type ones.

There are 41 objects without a spectral type measurement,
all being secondary components of close binaries. They could
slightly bias these proportions, so we used published individ-
ual masses, either computed from orbit fitting or estimated from
adaptive optics contrast measurements, to estimate their spectral
types. We found 36 possible M stars, four possible L dwarfs,
and one possible white dwarf (all of them marked in the column
COMMENT in Table A.1). The proportion of M stars now becomes
61.3 ± 5.9%, which is not significantly di↵erent from the ratio
derived from measured spectral types only.

More than half of the M dwarfs (57.0 ± 7.3%) have spectral
types M3.0 V to M5.0 V. This proportion remains stable when
including the estimated spectral types of the unresolved sec-
ondary components (57.4 ± 6.9%). Translating these numbers
into an observed mass function requires some care, but it seems
to indicate that the number of stars increases up to about 0.3 M�
(⇠M4.0 V; Cifuentes et al. 2020) and decreases for later M spec-
tral subtypes. This maximum of the mass function, similar to
other slope changes observed in very young open clusters (e.g.,
Peña Ramírez et al. 2012), corresponds to the fully-convective
transition in the main sequence.
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M: CaH, TiO. 
      (Bessell 1991; Kirkpatrick et al. 1991)
L: Alkali lines, Oxide, Hydride (FeH). 
      (Kirkpatrick et al. 1999; Martin et al. 1999)
T: Methane (CH4), Water, broad potassium (KI). 
      (Burgasser+2002,2003)
Y: Ammonia (NH3).
      (Cushing et al. 2011; Kirkpatrick et al. 2012)
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Star (4/5) BD (1/5)



M subdwarf classification 
Gizis 1997; 
Lepine et al. 2007, 2013
Dhital et al. 2012
Zhang, S. et al. 1019

Metalicity subclasses:
1. Dwarf (dM)
2. Subdwarf (sdM)
3. Extreme subdwarf (esdM)
4. Ultra subdwarf (usdM)

M1.0VI, m------, g++++
Jao et al. 2008



CaH and TiO in M dwarfs 
affected by [Fe/H] and Teff

Jao et al. 2018

Jao et al. 2008



Challenges from M subdwarfs: Misaligned Mass

Updated from 

Zhang et al. 2017b



Missunderstanding for radius and activeity
Kessili et al. 2019

Zhang, S. et al. 2019

0.2 M☉

0.2 M☉



Challenges from M subdwarfs: Inconsistent Metallicity

The zeta index (ζTio/CaH) is valid 
until esdM5.5/usdM6

Zhang et al. 2018a

Zhang 2019



L (sub)dwarf observation and classification

• L dwarf spectrum (GD 165 B; Kirkpatrick et al. 1993)

• L type brown dwarf (Kelu-1 AB, Ruiz et al. 1997)

• L dwarf classification scheme (Kirkpatrick et al. 1999; Martin et al. 
1999)

• L subdwarf (2MASS J05325346+8246465, Burgasser et al. 2003)

• L subdwarf classification (Burgasser et al. 2007; Kirkpatrick et al. 
2010; Zhang et al. 2017a)



Spectral classification

• Prefix + Core + Suffix for Metallicity + 
Temperature and clouds + Gravity. 
(Kirkpatrick 2005) 

• Burgasser et la. 2007
• Kirkpatrick et al. 2010
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Optical-NIR colours of L subdwarfs18 Z. H. Zhang et al.

Figure 15. The i � J vs. J � K colors of L subdwarfs. Green open circles, red hexagons, blue circles and black diamonds represent
dL, sdL, esdL and usdL populations, respectively. Error bars are smaller than the symbol size for some objects. Grey dots are 5000
point sources selected from a 10 deg2 area of ULAS-SDSS-PS1-WISE sky with 14 < J < 16, which represents the main sequence and
have majority spectral types of FGK and M0–M4. The broken dashed line indicates an empirical stellar–substellar boundary (Paper II).
The i-band magnitudes of UL2307 and two least-massive stars (five-pointed stars filled with magenta) in the local field (Dieterich et al.
2014) are converted from iP1 with equation 4. We converted 2MASS magnitudes to MKO magnitudes for L subdwarfs not observed in
UKIDSS. The blue open circle indicates 2M0616 with estimated i � J colour. The BT-Dusty model grid with log g = 5.5 are plotted
for comparison (with Te↵ and [Fe/H] indicated). M and L subtypes are marked at corresponding locations by their average colours.
UL2332+12 AB (magenta open square) and SD1331 (magenta open pentagon) are joined by a magenta dashed line (see Section 3.4).

Figure 16. The z � J vs. J � H (left) and J � W2 vs. J � K (right) colour–colour plots of L subdwarfs. Symbols are as described in
Fig. 15, except magenta open squares represent T dwarfs.

MNRAS 000, 1–?? (2018)

Zhang et al. 2018b



Spectral classification of L subdwarfs Zhang et al. 2017a
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Figure 9. Optical and NIR spectra of L4, L6, and L7 dwarfs/subdwarfs with different subclasses. Spectra have been normalized at 0.89 µm. The spectrum of
2M0532 at 1.008–1.153 µm wavelength is missing. The best-fitting BT-Settl model spectrum of 2M0532 (Teff = 1600 K, [Fe/H] = −1.6, and log g = 5.25)
is plotted to fill the gap (in magenta).

SDSS spectrum in Zhang et al. (2012). Our new OSIRIS spectrum
of SD1333 has a much better SNR (∼150) and is very similar to the
spectra of L0.5–L1 types. However, it has also somewhat stronger
CaH and TiO absorption bands, very weak 0.8 µm VO absorption,
and largely suppressed NIR photometric flux points (Fig. 11). We
thus re-classify SD1333 as sdL1. Kirkpatrick et al. (2016) also
obtained a new optical spectrum of SD1333 and classified it as
sdL0. Within the sdL subclass, SD1347 is relatively metal-rich and
SD1333 is relative metal-poor, according to the strength of their
0.8 µm VO bands. Following the same strategy as for SD1347 and

SD1333, we classify 2M0041, WI0014, and UL1244 as sdL0.5,
esdL0, and esdL0.5, respectively (see Figs 4 and 11).

Table 3 presents a note summary of the spectral characteristics
of the L subdwarf metallicity subclasses that we have used to make
our classifications.

4.3 Spectral type of other known L subdwarfs

We have re-examined spectral types and subclasses of some known
L subdwarfs: 2M0532 (esdL7), 2M0616 (esdL6), 2M1626 (usdL4),

MNRAS 464, 3040–3059 (2017)

Zhang et al. 2017a

L7
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Are they BDs?



318 A. Burrows and J. Liebert: The science of brown dwarfs
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FIG. 13. Similar to Fig. 12, and for the same
masses in the same order, but L„/L vs time (in
years). L„/L is 1 for a star on the main se-
quence. Notice how large this ratio can be for
an object just below the main-sequence transi-
tion mass.

0.2

9
Log&o,Time(Years)

10

dence of R versus M(R -M '~ ) is clear on the brown
dwarf branch, as is the R ~M behavior on the VLM
branch. Notice that there is a minimum radius, depend-
ing most sensitively on Y and the opacity, that hovers
near 5 X 10 cm ( -7% ofRo ).
The evolution of the central density (p, ) with time for

various masses is depicted in Fig. 17. These curves show
how much p, can change in the transition region, even
after 10 yr. A peak p, of —1200 gm/cm can be
reached by brown dwarfs just below the MMSM and, at
late times, p, drops precipitously on either side of this
peak. The brown dwarf side of the late isochrone rough-
ly reproduces the p, ~M behavior of an n =1.5 po-
lytrope. Figure 18, which depicts the surface gravity g
versus mass versus time, looks somewhat similar to Fig.
17, but involves what is, in principle, an observable. Ei-

ther by a measure of both M and R, or by extraction via
detailed spectral analysis (Ruan, 1991), g is one of the
testable quantities of the theory. Notice that g generally
stays below 3.5X10 cm/s and does not Airt with 10
cm/s .
Figures 11—18, and Table I summarize the numerical

theory of brown dwarfs, VLM's, and the main-sequence
transition zone. To them should one liberally refer for
the generic characteristics of these objects.
III ~ SEARCHES FOR BROWN DWARFS

As demonstrated in Sec. II, the theory of brown dwarfs
and the edge of the hydrogen main sequence is well
developed and mature. However, the translation between
the theorist's vocabulary and that of the observer is made
awkward by the continuing lack of good theoretical spec-
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FIG. 14. Photospheric luminosity (L, in units
of Lo) and bolometric magnitude (M&) vs
mass from 0.03Mo to 0.2Mo at 10', 3X10',
10, 3 X 10, and 10' years. Model G parame-
ters are employed. Data from Liebert and
Probst (1987; LP87) and McCarthy et al.
(1988; Mc88) are superposed with error bars.
The brown dwarf branch is to the left and the
VLM branch is to the right.
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Challenges from M subdwarfs: Misaligned Mass

Updated from 

Zhang et al. 2017b



T (sub)dwarf observation and classification

• T dwarf spectrum (GL 229 Bab; Oppenheimer et al. 1995)

• T dwarf classification scheme (Burgasser et al. 2002, 2003)

• T subdwarf (2MASS J09373487+2931409, Burgasser et al. 2002)

• T subdwarf classification (Zhang et al. 2019b; Burgasser et al. 2025)



Colours of T subdwarfs

1272 Z. H. Zhang et al.

depending on its radius and Teff. Ultracool dwarfs with the same
mass and different metallicity also have different Teff. Meanwhile,
spectral type is based on empirical classification of observed
spectra. Therefore, the spectral-type–absolute magnitude corre-
lations for objects with different spectral type and metallicity
are also different. The difference of their spectral-type–absolute
magnitude correlation also unveils the difference of their physical
properties.

Table 5 shows the distances and proper motions of 22 T subdwarfs
with measured parallaxes in the literature (Vrba et al. 2004;
Burgasser et al. 2008c; Marocco et al. 2010; Faherty et al. 2012;
Tinney et al. 2014; Gaia Collaboration 2018; Kirkpatrick et al.
2019). We calculated their absolute magnitudes in MKO Y, J,
H, K, and WISE W1, W2 band. Fig. 10 shows the polynomial
fits of spectral-type–absolute magnitude correlations of these T
subdwarfs compared to that of M6–Y2 dwarfs and L0–7 subdwarfs.

Distances of L subdwarfs are from Gaia DR2 (Primeval IV).
Distances of M6–Y2 dwarfs are from Dupuy & Liu (2012) and
Dupuy & Kraus (2013). Four T subdwarfs were excluded in
our polynomial fits. Because WISE J061213.85−303612.5AB and
WISE J121756.90+162640.8AB (Kirkpatrick et al. 2011) are listed
as binaries in Kirkpatrick et al. (2019). WISE J023318.05+303030.5
(Mace et al. 2013a) has the brightest MJ, MW1, and MW2, thus
likely is an unresolved binary (see panels e–f of Fig. 10).
2M0939 is an unresolved binary candidate (Burgasser et al.
2008c).

Fig. 10 shows that absolute magnitudes have a steep decline from
T5 as a function of the spectral type. MY, J, H, K, W1 of T5+ subdwarfs
are fainter than T5 dwarfs by 0.5–1.5 mag, and MK is the most
distinct. MW2 of T5+ subdwarfs and dwarfs are similar. Note the
metallicity of these T5+ subdwarfs is likely between −1 ! [Fe/H]
! −0.3 (by these in wide binary systems with known metallicity in

Figure 9. Infrared colour–colour diagrams of T5–9 subdwarfs (the red filled circles) compared to other dwarf populations. The grey dots are 5000 point
sources selected from a 10 deg2 area of ULAS-SDSS-WISE sky with 14 < J < 16, which are mostly F, G, K, and M0–4 dwarfs. HIP 73786B, HIP 70319B,
and Wolf 1130C are highlighted with the cyan open square, pentagon, and hexagon, respectively. Four close binaries are highlighted with the blue open circles
in panels (i–n). Other symbols are indicated in panel (b). The black dashed lines in panels (a, d, m) indicate empirical boundaries between stars and T-BDs
(Primeval IV).

MNRAS 486, 1260–1282 (2019)
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T subdwarf classification

Burgasser et al. 2025



The zeta index (ζT) 
for T subdwarfs

Burgasser et al. 2025

metallicity dwarf sequences:
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Figure 12. Galactic orbits for the high-velocity sources (from top to bottom): J0532+8246, J1130+3139, J1553+6933, and J0140+0150. Orbits were calculated
forward in time by 1 Gyr using galpy (J. Bovy 2015) with the MWPotential2014 potential. We assumed a solar motion from R. Schönrich et al. (2010), a local
circular velocity of 220 km s−1, and Re = 8 kpc. For J1553+6933, we extended the integration to 5 Gyr. The current location of each source is indicated by the
magenta circle. We show 100 realizations of each object’s orbit by sampling uncertainties in distance, proper motion, and RV.
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Here, the notation [SPy]e([SPx]) is the polynomial fit for the
dwarf sequence for the index pairings [SPx] and [SPy] listed in
Table 12. These relationships are defined such that subsolar-
metallicity objects are expected to have ζT,i  1.

Table 13 lists the individual ζT,i values for our spectral
sample, as well as the combined index ζT, while Figure 17
displays the distributions of these indices. Uncertainties for the
individual ζT,i values were estimated from the original spectral
index uncertainties and the scatter in the dwarf sequence fits
using Monte Carlo methods, and are typically 0.1–0.2. Note
that ζT,3 shows larger uncertainties due to the greater scatter of
its dwarf sequence fit. We rejected all values of ζT,i with
uncertainties >0.4, then computed ζT as the uncertainty-
weighted mean (Equation (10)). For some sources, the scatter
among ζT,i values exceeded their individual uncertainties (i.e.,
c > 1r

2 ), in which case we adopted a straight mean with
uncertainty equal to the standard deviation of the ζT,i values.
The combined ζT index has a typical uncertainty of 0.1–0.2.
Metallicity index values for sources with multiple spectra (GJ
576B and J0140+0150) agree within these uncertainties.
Several sources in our sample, including the benchmark
companions Wolf 940B and Wolf 1130C, fall outside the fit
ranges in Table 12 or had incomplete spectral coverage, and
thus, ζT values were unable to be measured.

We found excellent alignment between ζT and our metallicity
classifications. Sources with dwarf classifications, including our
local T dwarf sample, have ζT,i = 1 within 10%–15%, while
subdwarfs and extreme subdwarfs typically having ζT,i  0.8 and
ζT,i  0.6, respectively. All three of our new subdwarf
discoveries, J0623+0715, J1524−2620, and J2112−0529 have
ζT ≈ 0.8. On the other hand, there are outliers among our late-
type T dwarfs, notably the d/sdT9 J0833+0052 with ζT = 0.62,
the d/sdT8 J0939−2448 with ζT = 0.45, and the sdT7 standard
J1416+1348B with ζT = 0.23, all smaller than expected for their
metallicity classifications. In addition, the peculiar red T8.5 Ross

458C, which has an unusually bright K-band peak, has a large
ζT = 1.71. These sources have only the ζT,4 index measured,
which is based on the [K/H] versus [H-dip] index pairing. As
noted above, the LOWZ models show a coupling between
temperature and metallicity for these index pairs at low
temperatures (Figure 16) and, in the case of Ross 458C, may
not account for enhanced cloud opacity (A. J. Burgasser et al.
2010c; C. V. Morley et al. 2012). Thus, the discrepant ζT values
of these sources, and potentially other very late-type T dwarfs,
may reflect a temperature bias in this particular metallicity index.
To further assess the reliability of the ζT index, Figure 18

compares this index to total metallicity [M/H] based on the
best-fit spectral models (Table 7), and to the iron abundances
[Fe/H] of the primaries of our benchmark companions
(Tables 2 and 3). The majority of our sample shows a roughly
linear trend between ζT and [M/H], with a Pearson r correlation
of 0.46 ± 0.07. The dispersion becomes larger at the lowest
metallicities and ζT values, and may reflect the temperature–
metallicity coupling for the ζT,4 index for very late-type T
dwarfs. Excluding the L dwarfs in our sample and the
unusually red T8.5p dwarf Ross 458C, we find a roughly
linear trend between ζT and [M/H] for 57 sources:

[ ] ( )/ z= -M H 1.03611 1.12491 17T

spanning 0.24 � ζT � 1.2 and −1.34 � [M/H] � +0.43, with
a metallicity scatter of 0.29 dex. We emphasize that this is a
model-dependent correlation, and may be skewed by inaccura-
cies in the model fitting. However, this trend also accurately
reproduces the correlation between ζT and [Fe/H] measure-
ments for the primaries of our benchmark companions, with
two key exceptions: the aforementioned Ross 458C and the
sdT7.5 HD 1260538B, which has a low value of ζT = 0.38 for
its primary [Fe/H] = −0.38. Excluding these sources, we find
a tight correlation among the nine remaining benchmarks
(Pearson r = 0.52 ± 0.23) with a similar linear trend

[ ] ( )/ z= -Fe H 0.99844 1.07333 18T

for 0.71 � ζT � 1.11 and −0.37 � [M/H] � +0.14, with a
metallicity scatter of 0.12 dex. The small number of benchmark
companions with both [Fe/H] and ζT measurements, and the

Table 11
T Subdwarf Spectral Standards

Dwarfs (d)a Mild Subdwarfs (d/sd) Subdwarfs (sd) Extreme Subdwarfs (esd)

SpT Name SpT Name SpT Name SpT Name

dL8 J1632+1904 d/sdL8 J1158+0435 sdL8 L esdL8 J0532+8246
dL9 J0255−4700 d/sdL9 J2021+1524 sdL9 J1338−0229 esdL9 L
dT0 J1207+0244 d/sdT0 J0645−6646 sdT0 J1524−2620 esdT0 J0616−6407
dT1 J0837−0000 d/sdT1 J0301−2319 sdT1 J2112−0529 esdT1 L
dT2 J1254−0122 d/sdT2 J0004−1336 sdT2 L esdT2 L
dT3 J1209−1004 d/sdT2.5 J2112+3030 sdT3 J0623+0715 esdT3 J1810−1010
dT4 J2254+3123 d/sdT4 J0021+1552 sdT4 J1553+6933 esdT4 L
dT5 J1503+2525 d/sdT5.5 GJ 576B sdT5.5 J1130−1158 esdT5 L
dT6 J1624+0029 d/sdT6 J2013-0326 sdT6 J0937+2931 esdT6 J0414−5854
dT7 J0727+1710 d/sdT7.5 LHS 6176B sdT7 J1416+1348B esdT7 L
dT8 J0415−0935 d/sdT8 J0939−2448 sdT7.5 J0013+0634 esdT8 L
dT9 J0722−0540 d/sdT9 J0833+0052 sdT9 L esdT9 L

Notes.
a Dwarf standards from J. D. Kirkpatrick et al. (1999, 2010) for L dwarfs and A. J. Burgasser et al. (2006b) for T dwarfs; see these references for full source
designations.
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Summary
• M subdwarfs
• All are stars, but spectral subtype ≠ mass → misinterpreted activity & radii 
• Metallicity classification breaks down beyond esdM5.5/usdM6

• L subdwarfs 
• Three classes: usdL (∞,-1.7], esdL (-1.7, -1.0], sdL (-1.0, -0.3]
• Mix of lowest-mass stars (early L) and transitional brown dwarfs (mid-late L)

• T subdwarfs 
• T0-T4: transitional brown dwarfs 
• T5+: degenerate brown dwarfs (majority) 
• Hydride-dominated atmospheres 
• Classification scheme still evolving




