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Outline

• Theories of brown dwarfs (BD) and early discoveries

• The identification and classification of L subdwarfs

• Physical properties of ultracool subdwarfs

• Transition zones related to nuclear burnings (H, Li, D).

• Properties of transitional BDs (T-BD) and degenerate BDs (D-BD)



The HR diagram
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Theoretical predictions
• Without convection, the time-scale for stars <0.1 Msun to reach radiative equilibrium is >100 Gyr.

• Hayashi (1962), low-mass pre MS stars are fully convective during contraction. 

• Kumar 1963ab, HBMM is between 0.07 M� for Pop I (0.09 M� Pop II ). 

• Hayashi & Nakano (1963), HBMM ~ 0.08 M� for Pop I.
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m the non-degenerate case, the expression of K in the degenerate case is found 
to be given by Eq. (9) whose right-hand side is multiplied by a correction factor 

_1_{ 2Fl;2(¢) Fa;2(¢) 
A(¢) v n 2+a 3 F112(¢) ¢-+)}' (14) 

which reduces to unity in the non-degenerate case. This expression of K to-
gether with Eq. (11) determines the value of K when the stellar mass, luminosity 
and radius are given. 

Generally, in the non-degenerate and degenerate cases, the value of K is 
connected with the characteristic parameter E 

(15) 

which describes the degree of central condensation of the internal structure. 
The Emden solution of polytropic index 3/2 and then the wholly convective 
structure correspond to E= 45.48, and a smaller value of E corresponds to a 
structure composed' ::>f a radiative core and a convective envelope. 
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Fig. 2. Curves of E=45.48 and evolutionary tracks of contracting stars in the HR diagram. 
The solid curves show the tracks of contracting pre-main-sequence stars. The dashed curves, 
together with the solid curves above the open and closed circles represent the surface 
condition for E=45.48. The closed circles represent the zero-age main-sequence stars which 
are wholly convective. The dotted curve ¢=0 represents the stage of incipient degeneracy 
in the stellar interior. 
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GD 165B: an L4 companion to a DA4 WD

© 1988 Nature  Publishing Group

Becklin & Zuckerman 1988; Kirkpatrick et al. 1993, 1999

5
-2 -1 0 1

2000

2500

3000

840 KIRKPATRICK ET AL. Vol. 519

initial mass of 1.2 Similarly, for a white dwarf of massM
_

.
0.65 the relation gives a progenitor mass of 3.0M

_
, M

_
.

With the initial and Ðnal mass estimates in hand, we can
now use stellar evolutionary theory to predict the age of the
GD 165 system. Using the stellar lifetime calculations of
Scalo (1986), we Ðnd that a 1.2 star and a 3.0 starM

_
M

_will spend D4.6 and D0.4 Gyr, respectively, on the main
sequence. Compared with the amount of time spent on the
main sequence, the amount of time spent in the giant phases
is much shorter and can be neglected. Finally, the time
taken for a D0.6 white dwarf to cool to 12,000 K isM

_between D0.65 and D0.85 Gyr (Segretain et al. 1994). Thus,
the age of GD 165A, and hence of GD 165B, is less than 5.5
Gyr but more than 1.2 Gyr.

This age computation, however, is further complicated by
the recent discovery of Sa†er, Livio, & Yungelson (1998)
that the white dwarf primary itself is a spectroscopic binary.
No lines from this third component (which we will dub
““ GD 165C ÏÏ) are seen in the spectrum of GD 165A,
meaning that ““ C ÏÏ is most likely an even cooler white dwarf.
The white dwarf referred to as ““ A,ÏÏ because it is warmer,
must have formed after the ““ C ÏÏ component, since it has
had less time to cool. Since the amplitude of the radial
velocity variations suggests that this white dwarf pair is also
a very short period binary, there is a chance that the system

underwent mass transfer when the progenitor of the ““ C ÏÏ
component left the main sequence, possibly Ðlling its Roche
lobe (see Iben, Tutukov, & Yungelson 1997). This would
have increased the mass of the main-sequence progenitor of
the ““ A ÏÏ component, causing the progenitor to leave the
main sequence sooner than it should have. In our preceding
calculation, the resulting white dwarf mass of ““ A ÏÏ would
thus be extrapolated back to a main-sequence progenitor
that had already seen mass transfer from its companion.
The deduced age would thus be too small, since it does not
adequately reÑect the amount of time that the less massive
““ A ÏÏ progenitor spent on the main sequence prior to the
mass transfer phase. In summary then, the true age of the
system may be older than our estimate.

GD 165B can be plotted on the theoretical versus ageTeffdiagram and compared with the latest evolutionary tracks
for brown dwarfs and low-mass stars. Figure 5 shows the
location of GD 165B relative to the latest models by Chab-
rier & Bara†e (1997) and Bara†e et al. (1998). These models
use AllardÏs NextGen model atmospheres. Although grain
formation is known to play a signiÐcant role in the emer-
gent spectrum of GD 165B, grain e†ects have yet to be
included in the Chabrier/Bara†e models. With this caveat in
mind, Figure 5 suggests that GD 165B is most likely a
transition object. In these models a ““ transition ÏÏ object is

FIG. 5.ÈPosition of GD 165B on the vs. age plane along with the most recent theoretical models of Chabrier & Bara†e (1997) and Bara†e et al. (1998)Tefffor solar metallicity ([M/H] \ 0). The transition region between stars and brown dwarfs falls between the two heavy lines. The dashed lines mark the locus of
lithium depletions of (to the left) and 0.01 (to the right). Based on its position in this diagram, GD 165B is either a transition object or a brownLi/Li0 \ 0.5
dwarf.
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PPL 15 AB: a M6.5 lithium BD binary
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Basri+1996, 1999
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Teide 1: a M8 dwarf in the pleiades

Rebolo, Zapatero Osorio & Martin 1995
Rebolo+96, Li line. 
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GL229 B: a T7 companion to a M1 dwarf

Nakajima+1995; Oppenheimer+1995
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Spectral classification

• O B A F G K
• M: CaH, TiO. (Bessell 1991; Kirkpatrick, Henry, & McCarthy 1991)
• L: alkali lines, oxide, hydride (FeH). (Kirkpatrick et al. 1999; Martin et al. 1999)
• T: Methane (CH4), Water, broad potassium (KI). (Burgasser et al. 2002,2003)
• Y: Ammonia (NH3). (Cushing et al. 2011; Kirkpatrick et al. 2012)

• Oh, Be A Fine Girl/Guy Kiss My Lips Tonight, Yahoo!
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The low-mass populations

TRAPPIST-1

Hatzes & Rauer 2015



2MASS 0249 c (Dupuy+18) & Beta Pictoris b (Chilcote+17)

11

L2, ~11.6 MJup

L2, ~13 MJup



Hour-day variable periods

• Stanimir et al. 2015, 
• Biller 2017 

Luhman 16B; Crossfield et al. 2014
12



Radio emissions

• Berger et al. 2001; 
• Hallinan et al. 2008

LSR J1835+3259; Hallinan et al. 2015 13



Impacts in other fields

• Sensitive to initial mass function. 
• Test stellar/substellar formation theories.
• Help to characterize exoplanets.
• As exoplanet hosts. 

14



Evolutionary tracks and energy supply (Burrows+93, 97)
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Metal-poor brown dwarfs

• Halo or thick disk populations, high velocities and proper motions

• Low opacity, higher maximum mass. 

• Stronger metal hydride (FeH), weaker metal oxide (CO, VO, TiO), and 
suppressed NIR flux. 
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Spectral classification

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

• Burgasser et la. 2007
• Kirkpatrick et al. 2010

Kirkpatrick 2005 17



Spectral classification of L 
subdwarfs (Primeval-I)

• dL, [Fe/H] > -0.3 Thin
• sdL, -1.0 < [Fe/H] < -0.3 Thick
• esdL, -1.7 < [Fe/H] < -1.0 Halo
• usdL, [Fe/H] < -1.7 Halo

18
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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)

Stars BDs
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Primeval VLMS and brown dwarfs I 3051

Table 4. Known L subdwarfs.

Name SpT1a Refb SpT2c

SSSPM J10130734−1356204 sdM9.5 19,6 usdL0
SDSS J125637.13−022452.4 sdL3.5 21,7 usdL3
ULAS J135058.86+081506.8 sdL5 16 usdL3
2MASS J16262034+3925190 sdL4 3 usdL4
WISEA J213409.15+713236.1 sdM9 13 usdL0.5

WISEA J001450.17−083823.4 sdL0 12,15 esdL0
WISEA J020201.25−313645.2 sdL0 12 esdL0.5
WISEA J030601.66−033059.0 sdL0 12,15 esdL1
ULAS J033350.84+001406.1 sdL0 17 esdL0
WISEA J043535.82+211508.9 sdL0 12,15 esdL1
2MASS J05325346+8246465 sdL7 2 esdL7
2MASS J06164006−6407194 sdL5 9 esdL6
ULAS J124425.90+102441.9 sdL0.5 17 esdL0.5
SSSPM J144420.67−201922.2 sdL0 18,13 esdL1
ULAS J151913.03−000030.0 esdL4 1 esdL4
2MASS J16403197+1231068 sdM9/sdL 4,10 esdL0
WISEA J204027.30+695924.1 sdL0 12,15 esdL0.5

2MASS J00412179+3547133 sdL? 4 sdL0.5
WISEA J005757.65+201304.0 sdL7 12,15 –
WISEA J011639.05−165420.5 d/sdM8.5 20 sdL0
WISEA J013012.66−104732.4 d/sdM8.5 20 sdL0
ULAS J021642.97+004005.6 sdL4 1 sdL4
2MASS J06453153−6646120 sdL8 11 –
WISEA J101329.72−724619.2 sdL2? 13 –
2MASS J11582077+0435014 sdL7 11 –
ULAS J124947.04+095019.8 sdL1 1 sdL1
SDSS J133348.24+273508.8 sdL1 1 sdL1
ULAS J133836.97−022910.7 sdL7 1 sdL7
SDSS J134749.74+333601.7 sdL0 1 sdL0
WISEA J135501.90−825838.9 sdL5? 13 –
SDSS J141624.08+134826.7 d/sdL7 8,11 sdL7
2MASS J17561080+2815238 sdL1 11 –
LSR J182611.3+301419.1 d/sdM8.5 14,4 sdL0

Notes. aSpectral types from the literature.
b1. This paper; 2. Burgasser et al. (2003); 3. Burgasser (2004); 4. Burgasser
et al. (2004); 5. Burgasser & Kirkpatrick (2006); 6. Burgasser et al. (2007); 7.
Burgasser et al. (2009); 8. Burningham et al. (2010); 9. Cushing et al. (2009);
10. Gizis & Harvin (2006); 11. Kirkpatrick et al. (2010); 12. Kirkpatrick
et al. (2014); 13. Kirkpatrick et al. (2016); 14. Lépine et al. (2002); 15.
Luhman & Sheppard (2014); 16. Lodieu et al. (2010); 17. Lodieu et al.
(2012); 18. Scholz et al. (2004a); 19. Scholz et al. (2004b); 20. Schneider
et al. (2016); 21. Sivarani et al. (2009).
cSpectral types adopted in this paper. Objects not examined in this paper
have no value here.

indicates an usdL subclass. Therefore, we classify SSS1013
as usdL0. WISEA J213409.15+713236.1 (WI2134) was classi-
fied as sdM9 (fig. 63 of Kirkpatrick et al. 2016). Its 0.738–
0.757 µm plateau appears somewhat flat, suggesting a later
type than sdM9. The 0.77–0.81 µm profile of WI2134 is sig-
nificantly above a straight line slope (similar to SSS1013) in-
dicating an usdL subclass, and we thus classify WI2134 as
usdL0.5.

LSR1826 was classified as d/sdM8.5 from its NIR spectrum by
Burgasser et al. (2004). Fig. 3 shows that LSR1826 has the same
optical spectrum as SD1347, and we thus classify it as sdL0. WISEA
J011639.05−165420.5 and WISEA J013012.66−104732.4 in fig.
12 of Schneider et al. (2016) compare well with LSR1826, and we
thus classify them as sdL0.

Table 4 shows a list of currently known L subdwarfs with updated
spectral types: 16 are sdL, 12 are esdL, and 5 are usdL.

Figure 14. Spectra of L7 dwarfs/subdwarfs normalized in the H band at 1.6
µm. WISEP J004701.06+680352.1 (WI0047) is from Gizis et al. (2012).

4.4 Enhancement and suppression for the different L dwarf
subclasses

To consider relative enhancement/suppression for the different L
dwarf subclasses, we plot Figs 14 and 15. Fig. 14 shows spectra for
a confined range of ∼L7 spectral type spanning a range of spectral
peculiarity and subclass. Objects in this spectral type range should
all be BDs. To give an indication of relative flux levels the spectra
are normalized at 1.6 µm in Fig. 14. Since L dwarfs/subdwarfs
have similar MH magnitudes (see fig. 3 of Zhang et al. 2013), this
plot indicates relative brightness levels in an absolute sense. The
full sequence runs through L7 pec, L7, sdL7, and esdL7. At the
two extremes, WI0047 is a young (∼0.1 Gyr) and low-mass BD
(∼19 MJup; Gizis et al. 2015), while 2M0532 is an old (>≈10 Gyr) and
massive BD (∼80 MJup; Burgasser et al. 2008b). The redistribution
of flux from longer to shorter wavelength leads to higher absolute
flux level for subdwarfs at 0.8–1.4 µm. It is also clear that in addition
to differences in metallicity, a large spread in mass (and log g) and
age is also evident for any particular spectral type. Similar to Fig. 14,
Fig. 15 shows spectra of L4, sdL4, esdL4, and usdL4 normalized at
1.6 µm. It is obvious that an usdL4 subdwarf would have a much
warmer Teff than an L4 dwarf according to their SED.

4.5 Kinematics of L subdwarfs

Dwarf stars orbit the Galactic Centre in a similar direction as part
of the Galactic thin disc, while cool subdwarfs may be part of the
(more dispersed) thick disc or could be on more extended orbits
within the Galactic halo. Thus cool subdwarfs will generally have
more dispersed U, V, and W space velocities compared to dwarfs (U
is positive in the direction of the Galactic anticentre, V is positive in
the direction of galactic rotation, and W is positive in the direction
of the North Galactic Pole; Johnson & Soderblom 1987). The U, V,
W space velocity components are thus indicators for membership
of the different Galactic populations.

We calculated U, V, W space velocities for L subdwarfs based on
their distances, radial velocities (RV) and proper motions following
Clarke et al. (2010). Proper motions were calculated based on SDSS
and UKIDSS astrometry. To measure the spectroscopic distances of
our objects, we updated the spectral type versus absolute magnitude
relationships in Zhang et al. (2013). Fig. 16 shows the spectral

MNRAS 464, 3040–3059 (2017)
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Figure 15. Spectra of L4 dwarfs/subdwarfs normalized in the H band at
1.6 µm.

Figure 16. Relationships of spectral types and J- and H-band absolute
magnitudes of M and L subdwarfs updated from Zhang et al. (2013), which
are plotted as black lines in both panels. The relationships for M0.5–M7
dwarfs (yellow lines) from Zhang et al. (2013) and M6–L dwarfs (red lines)
from Dupuy & Liu (2012) are plotted for comparison. Shaded areas show
their fitting rms.

type and absolute magnitude relationships for MJ and MH in MKO
photometry. Table 5 shows the coefficients of polynomial fits to
these relationships in both MKO and 2MASS photometric systems.
These relationships are fitted with M and L subdwarfs of esd and
usd subclasses. From Fig. 16 we can see that the spectral type and
MH relationships of dwarfs and subdwarfs are very similar between
M7 and L7. This means M7–L7 subdwarfs of different metallicity
subclasses have similar MH if they have same subtypes. Therefore,
we estimated distances of our objects with the spectral type and
MH relationship which minimized the uncertainty due to subclass
classification. The radial velocities of UL0216, UL1519, UL1249,
and UL1338 were measured using their K I lines in the J band,
while radial velocities of SD1333 and SD1347 were calculated
from redshifts in the SDSS data base (based on cross-correlated
SDSS spectroscopy). Table 6 presents the distance constraints and
astrometric measurements for our six new L subdwarfs.

Fig. 17 shows the U, V, W velocities of 11 subdwarfs including
5 known L subdwarfs with parallax distances, and our 6 new L
subdwarfs. The 1σ and 2σ velocity dispersions of the thin disc,
thick disc, and halo (Reddy, Lambert & Allende Prieto 2006), and
esdM and usdM subdwarfs (Zhang et al. 2013) are also plotted
for comparison. While expected scatter in velocity precludes direct
kinematic association of individual objects, we can usefully con-
sider the overall kinematic distribution in Fig. 17. It can be seen
that none of the L subdwarfs (previously known and new) lie within
the 2σ thin disc velocity dispersions in both plots. Four out of five
of the previously known L subdwarfs lie beyond the 2σ thick disc
velocity dispersion, whereas approximately 50 per cent of the new
L subdwarfs lie in this region. This is consistent with the L sub-
dwarfs being members of the thick disc or halo populations. It is
also indicative (though these are low number statistics) of the new
sample having a somewhat higher fraction of thick disc members
(compared to halo members).

5 ATMOSPHERIC PRO PERTIES

5.1 Model comparison

Optical–NIR spectra of L subdwarfs are affected by Teff, metallic-
ity, and log g in a complicated way. The NIR spectra are mainly
affected by Teff and metallicity, and less so by log g. But the optical
spectra are most sensitive to Teff, with a lower level of metallicity
and log g sensitivity. Thus, taken together the optical–NIR model
comparisons combine to provide an improved ability to yield Teff

and metallicity constraints of L subdwarfs. Although the broadness
of the K I wings is gravity sensitive, this is not detrimental to L sub-
dwarf classification since they are all old and have small variation
in surface gravity.

Atmospheric models can reproduce the overall observed SED of
UCSDs, and can closely reproduce a variety of optical and NIR
spectral features. For model fitting, we made use of the BT-Settl
model grids.3 The BT-Settl model grids for 2700 K <= Teff

<= 3000 K
are from Allard et al. (2011), cover −2.5 <= [Fe/H] <= −0.5 and
5.0 <= log g <= 5.5, with intervals of 100 K for Teff and 0.5 dex for both
[Fe/H] and log g. The BT-Settl model grids for 1400 K <= Teff

<=
2600 K are from Allard et al. (2014), cover −2.5 <= [Fe/H] <= −0.5
and 5.0 <= log g <= 5.75, with intervals of 100 K for Teff, 0.5 dex
for [Fe/H], and 0.25 dex for log g (surface gravity). We also used

3 https://phoenix.ens-lyon.fr/Grids/BT-Settl/

MNRAS 464, 3040–3059 (2017)

New L subdwarfs and population properties 5471

Figure 22. Correlations between spectral types and absolute magnitudes. The blue, red, and green lines indicate our polynomial fits for esdL/usdL, sdL, and
dL subclasses. Their rms are indicated by shaded areas. The polynomial fits for field dwarfs in J, H, and K bands are from Dupuy & Liu (2012). Other symbols
are as described in Fig. 17.

The K-band flux of ultra-cool objects are the most sensitive
wavelength to metallicity disparity. The J − K colour is very use-
ful in the identification and characterization of ultra-cool subd-
warfs, particularly for T subdwarfs that have similar J- and H-
band spectral profile to T dwarfs but stronger suppressed flux in
K band (e.g. Burningham et al. 2014). However, the K-band fil-
ter is not included in current survey strategies of both Euclid and
WFIRST. The Euclid and WFIRST surveys will gain a lot more
impacts on the science of ultra-cool objects, if it could include a
K-band filter and extend the red cut-off wavelength of their NIR
spectroscopy from ∼1.9 to 2.2 µm. The WFIRST has a larger
aperture size than the Euclid, and would have a better capabil-
ity in the K-band detection of T subdwarfs, which become very
faint.

We further discussed the BD transition-zone and properties of
transitional BDs following G113 and G114. Degenerate BDs have
an essentially different evolution from VLMS but their observa-
tional distinction are blurred by transitional BDs. Firstly, because
the existence of the BD transition-zone was not widely realised.

Secondly, least-massive stars, transitional and degenerate BDs are
mixed in the L dwarf domain. Although, in the L dwarf domain,
young or massive degenerate BDs are crossing, field transitional
BDs are making a long stay or slowly crossing, meanwhile older
least-massive stars are more permanent (at early-type L). The BD
transition-zone worth in-depth studies by modelling and observa-
tion, and that would help us to better understand observations of
substellar populations. For example, there is a lack of objects at the
L/T transition (Burgasser et al. 2007). This is firstly because the
rapid evolution of BD atmospheres at ∼1200 K stretched the spec-
tral subtype sampling. Secondly, the L/T transition is at the bottom
of the BD transition-zone and next to the abundant degenerate BDs
that crossed the BD transition-zone.

Twenty of these 66 known L subdwarfs were observed by the
Gaia with precise astrometry. L subdwarfs do appear as ‘sub’ dwarfs
on the HRD with some specific colours (e.g. zP1 − yP1, zP1 − J,
and J − K). Their absolute magnitudes are brighter in optical to
J band and fainter in K band than L dwarfs. The esdL and usdL
subclasses generally have halo kinematics and the sdL subclass

MNRAS 480, 5447–5474 (2018)
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Colours of L subdwarfs (Primeval-I, III, IV)
18 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)
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• SDSS J0104+15
• usdL1.5
• 2450 K

• [Fe/H] = -2.4
• 0.086 M⊙

The most metal-poor substellar object (Primeval-II)
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L„Lv
0.8

0.4

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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The boundaries between Stars, T-BDs, and D-BDs are 
around 7.9% and 6.5% M� at Z� (Primeval-IV, Zhang+18)

10 Gyr Teff isochrones

10 Gyr radius isochrones

10 Gyr gravity isochrones
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cooling slows in the T and Y dwarf regimes. The time- and mass-dependent evolution of 
UCDs results in both an LF that evolves over time (right-hand plots in Figure 1) and an 
age distribution that is spectral-type dependent. In general, these simulations predict both 
a lower abundance and younger ages for L-type UCDs than their late-M and T/Y 
counterparts, the degree of which depends on the underlying mass function and birth rate, 
respectively (Burgasser 2004). Studies of the LFs of UCDs in the immediate Solar 
Neighborhood have largely validated the prediction of relatively low L dwarf densities 
(Cruz et al. 2003; 2007; Metchev et al. 2008; Reyle et al. 2010; Kirkpatrick et al. 2012; 
Burningham et al. 2013; Day-Jones et al. 2013; Marocco et al. 2015). 
In order to test the age predictions of UCDs, we can turn to the statistical approach of 
stellar velocity dispersions. Most stars in the disk of the Milky Way form in the mid-
plane, with Galactic orbits similar to that of the Sun (low inclination, low eccentricity). 
Dynamical encounters with giant molecular clouds, spiral structure, the central bar, and 
other gravitational potential gradients scatter stars stochastically (Spitzer & 
Schwarzschild 1953; Toomre 1964; Junqueira et al. 2013). Individual orbits may be 
chaotic, but the population as a whole evolves toward greater velocity dispersion over 
time (Wielen 1977; Aumer & Binney 2009). The age-velocity dispersion relation (AVR) 

Figure	2:	Population	simulation	of	UCDs	with	0.01	<	M	<	0.15	M
¤
,	�(M)	�	M-0.5,	a	uniform	age	

distribution,	evolutionary	parameters	from	Burrows	et	al.	(2001),	and	spectral	types	assigned	
using	the	Teff/spectral	type	relation	of	Pecault	&	Mamajek	(2013).	The	lower	left	panel	displays	
the	location	of	our	sample	in	age-spectral	type	space	(blue	dots),	with	evolutionary	model	
isomass	tracks	overlaid.	The	top	panels	display	the	age	distributions	for	three	spectral	type	
ranges:	M5-L3,	L3-T2	and	T2-Y1.	The	right	panels	show	the	spectral	type	distributions	for	three	
age	ranges:	0.1	<	τ	<	0.5	Gyr,	0.5	<	τ	<	2	Gyr	and	2	<	τ	<	10	Gyr.	

0.01-0.15 MSun, simulation by Adam Burgasser

Star                      T-BD                     D-BD

has little effect on its shape, in particular the relative number of
binaries between L/T transition objects and early-type L or later
type T dwarfs.

Comparison between these distributions and the empirical data
enable a constraint on !b. By linearly interpolating the distribu-
tions as a function of !b and minimizing the uncertainty-weighted
deviations between the data and simulation results, a best-fit !resb ¼

0:11 was found, with ranges of 0.09–0.15 (0.08–0.17) accept-
able at the 90% (95%) confidence levels. These values are fully
consistent with earlier estimates of the volume-limited, resolved
binary fraction of L and T dwarfs, also ranging over 0.09–0.15
(Bouy et al. 2003; Burgasser et al. 2003c, 2006c; Reid et al. 2006a).
It is important to remember that !resb is the underlying resolved
binary fraction, havingbeen constrained by observations of resolved

Fig. 9.—Surface density distributions as a function of systemic spectral type for different absolute magnitude/spectral type relations. Left:MK /spectral type relations
from this study (solid line; Table 3) and Liu et al. (2006), excluding known (dashed line) and known and possible binaries (dot-dashed line). Right: Comparison ofMJ

(gray lines) and MK (black lines) spectral type relations from Liu et al. (2006), excluding known (solid lines) and known and possible binaries (dashed lines). All
distributions are based on a magnitude-limited sample with a limiting magnitude of 16 in their respective bands. [See the electronic edition of the Journal for a color
version of this figure.]

Fig. 8.—Number (left) and surface density (right) distributions for primaries (solid lines), secondaries (dot-dashed lines), and systems (dashed lines) for the baseline
simulations. Surface densities are based on a magnitude-limited sample (K " 16). [See the electronic edition of the Journal for a color version of this figure.]

L/T BINARIES 667No. 1, 2007

L/T transition, Burgasser+07

L/T transition
number densitiy
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Table 9. Gaia DR2 astrometry and photometry of 20 L subdwarfs.

Name Gaia DR2 ID π (mas) µRA (mas yr−1) µDec (mas yr−1) G GBP GRP

WISEA J001450.17−083823.4 2429285424478485504 20.14 ± 0.28 1477.22 ± 0.55 − 257.96 ± 0.28 18.13 20.54 16.61

WISEA J011639.05−165420.5 2358397882610264960 16.45 ± 0.68 602.21 ± 1.34 67.57 ± 1.16 20.10 21.05 18.45

WISEA J020201.25−313645.2 5019582949474822400 15.14 ± 0.34 − 155.09 ± 0.54 − 1152.44 ± 0.36 19.18 21.36 17.59

WISEA J030601.66−033059.0 5183457632811832960 24.61 ± 0.30 331.48 ± 0.51 − 1290.79 ± 0.52 18.57 20.59 16.96

ULAS J033351.10+001405.8 3264554308968041728 8.62 ± 0.67 772.09 ± 0.93 − 65.70 ± 1.03 19.95 21.23 18.36

WISEA J043535.82+211508.9 144711230753602048 18.30 ± 0.55 871.71 ± 0.95 − 964.06 ± 0.61 19.16 21.57 17.57

2MASS J05325346+8246465 558122277038055808 40.24 ± 0.64 2038.34 ± 1.09 − 1663.73 ± 1.23 20.19 21.80 18.44

ULAS J075335.23+200622.4 673344017522527488 12.12 ± 0.84 − 36.37 ± 1.45 − 190.54 ± 0.97 20.28 21.22 18.59

SSSPM J10130734−1356204 3753081236588280192 17.87 ± 0.22 68.07 ± 0.34 − 1029.79 ± 0.30 17.97 20.37 16.55

ULAS J124425.75+102439.3 3927262643141395584 9.49 ± 0.80 − 441.87 ± 1.79 − 545.11 ± 0.78 20.18 21.13 18.57

SDSS J125637.13−022452.4 3685444645661181696 12.55 ± 0.72 − 511.25 ± 1.33 − 300.64 ± 0.83 20.05 21.59 18.40

VVV J12564163−6202039 5863122429178232704 14.94 ± 1.68 − 1129.81 ± 3.25 21.29 ± 2.56 20.75 – –

ULAS J134749.79+333601.7 1458522725665649536 13.45 ± 0.90 62.43 ± 1.11 − 13.61 ± 1.14 20.38 21.42 18.63

SDSS J141624.12+134827.4 1227133699053734528 107.56 ± 0.30 85.69 ± 0.69 129.07 ± 0.47 18.33 22.23 16.63

2MASS J16262034+3925190 1332410734823626240 32.49 ± 0.23 − 1374.66 ± 0.35 237.36 ± 0.44 18.38 21.33 16.78

2MASS J16403197+1231068 4460894909281150208 10.15 ± 0.64 − 222.25 ± 1.14 − 134.90 ± 0.91 19.87 21.04 18.31

2MASS J17561080+2815238 4584405146372926720 28.94 ± 0.37 − 613.74 ± 0.57 − 413.40 ± 0.67 19.40 21.34 17.71

LSR J182611.3+301419.1 4588438567346043776 90.00 ± 0.11 − 2290.54 ± 0.17 − 683.13 ± 0.18 15.95 19.60 14.35

WISEA J204027.30+695924.1 2271357312343219456 30.30 ± 0.13 1558.38 ± 0.27 1697.36 ± 0.25 17.55 20.87 16.00

WISEA J213409.15+713236.1 2272533033868183168 9.21 ± 0.43 466.05 ± 0.68 466.05 ± 0.68 19.87 21.41 18.33

Figure 21. The Hertzsprung–Russell diagram for L subdwarfs in comparison to field objects. Symbols are as described in Fig. 17. Transitional BDs are
indicated with magenta circles. Grey dots are objects selected from Gaia DR2, PS1, and LAS with distance <100pc, 180◦ < RA < 220◦ and 0◦ < Dec. <

20◦. The two grey sequences are white dwarfs (left) and main-sequence stars (right). Some field stars are scattered mostly because they are too bright in the
PS1 and UKIDSS fields.

using the Gaia’s reference frame. Meanwhile, the CSS-OS have
much deeper single-visit depth than the LSST, therefore, is bet-
ter in detecting higher proper motion cool objects beyond LSST’s
single-visit depth.

Furthermore, ESA’s Euclid (Laureijs et al. 2011) space survey
telescope is scheduled to launch in 2021, and aiming to observe
half of the sky in four pass-bands to depths of 25 mag in VIS
band and 24 mag in Y, J, and H bands. Its slit-less spectroscopy
will observe the 0.92–1.85 µm wavelength to a depth of H ≈ 19.5
mag and could be used to identify T subdwarfs by their Y/J index
(Burgasser, Burrows & Kirkpatrick 2006; Mace et al. 2013a). The

NASA’s Wide-Field InfraRed Survey Telescope (WFIRST; Spergel
et al. 2015) is planning to observe 2000 deg2 of the sky in its high-
latitude survey to depths of Y = 26.7, J = 26.9, H = 26.7, and F184
= 26.2 from mid-2020s.

These future optical and NIR sky surveys will provide great
opportunity to the study large numbers of extremely metal-poor L
subdwarfs and halo degenerate BDs (esdT/Y and usdT/Y types) in
the near future. In particular, the z to H bands (covered by these
facilities) will probe very large volumes for L subdwarfs, with
the most extreme examples remaining reasonably bright in these
bands.
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Figure 22. Correlations between spectral types and absolute magnitudes. The blue, red, and green lines indicate our polynomial fits for esdL/usdL, sdL, and
dL subclasses. Their rms are indicated by shaded areas. The polynomial fits for field dwarfs in J, H, and K bands are from Dupuy & Liu (2012). Other symbols
are as described in Fig. 17.

The K-band flux of ultra-cool objects are the most sensitive
wavelength to metallicity disparity. The J − K colour is very use-
ful in the identification and characterization of ultra-cool subd-
warfs, particularly for T subdwarfs that have similar J- and H-
band spectral profile to T dwarfs but stronger suppressed flux in
K band (e.g. Burningham et al. 2014). However, the K-band fil-
ter is not included in current survey strategies of both Euclid and
WFIRST. The Euclid and WFIRST surveys will gain a lot more
impacts on the science of ultra-cool objects, if it could include a
K-band filter and extend the red cut-off wavelength of their NIR
spectroscopy from ∼1.9 to 2.2 µm. The WFIRST has a larger
aperture size than the Euclid, and would have a better capabil-
ity in the K-band detection of T subdwarfs, which become very
faint.

We further discussed the BD transition-zone and properties of
transitional BDs following G113 and G114. Degenerate BDs have
an essentially different evolution from VLMS but their observa-
tional distinction are blurred by transitional BDs. Firstly, because
the existence of the BD transition-zone was not widely realised.

Secondly, least-massive stars, transitional and degenerate BDs are
mixed in the L dwarf domain. Although, in the L dwarf domain,
young or massive degenerate BDs are crossing, field transitional
BDs are making a long stay or slowly crossing, meanwhile older
least-massive stars are more permanent (at early-type L). The BD
transition-zone worth in-depth studies by modelling and observa-
tion, and that would help us to better understand observations of
substellar populations. For example, there is a lack of objects at the
L/T transition (Burgasser et al. 2007). This is firstly because the
rapid evolution of BD atmospheres at ∼1200 K stretched the spec-
tral subtype sampling. Secondly, the L/T transition is at the bottom
of the BD transition-zone and next to the abundant degenerate BDs
that crossed the BD transition-zone.

Twenty of these 66 known L subdwarfs were observed by the
Gaia with precise astrometry. L subdwarfs do appear as ‘sub’ dwarfs
on the HRD with some specific colours (e.g. zP1 − yP1, zP1 − J,
and J − K). Their absolute magnitudes are brighter in optical to
J band and fainter in K band than L dwarfs. The esdL and usdL
subclasses generally have halo kinematics and the sdL subclass
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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).
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Figure 11. Infrared HR diagrams for populations of L, T subdwarfs, and M6+, L, T dwarfs (indicated in panel c). HIP 73786B, HIP 70319B, and Wolf
1130C are highlighted with the cyan open square, pentagon, and hexagon, respectively. Objects highlighted with the blue circles are two known binaries
and two binary candidates. Five metal-poor T-BDs are highlighted with the yellow circles. The stretched MJ, H, K, W1, W2 ranges of ‘sd’ subclass T-BDs in the
STZ are indicated with the grey stripes in panels (a, d, g, j, m). The 10 Gyr isochrones of 0.12–0.083 M⊙ objects are plotted as the dashed ([Fe/H] = −1.0,
i.e. [Fe/H]≈−1.3) and solid ([Fe/H]=−2.3, i.e. [Fe/H]≈−2.3) lines (Baraffe et al. 1997). The SHBMM at [Fe/H] = −1.3 (0.083 M⊙) and [Fe/H] = −2.3
(0.0875 M⊙) is marked with the two black five-pointed stars (Primeval II). The isochrones with [M/H] = 0.0 (dotted) at 1 (magenta) and 4 (green) Gyr, and
[M/H] =−0.5([Fe/H]≈−0.7; dashed) at 8 (cyan) and 10 (blue) Gyr are from Marley et al. (2019, in prep).
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Figure 10. Spectral-type and absolute magnitude correlations of L and T subdwarfs compared to that of L and T dwarfs. The black lines are first-order
polynomial fits for T5+ subdwarfs. The white dashed line in panel (d) is for Ks band. The red and blue lines are first-order polynomial fits for L subdwarfs
(Primeval IV). The green lines are seventh-order polynomial fits for field M6–Y2 dwarfs with known parallaxes (Dupuy & Liu 2012; Dupuy & Kraus 2013).
HIP 73786B, HIP 70319B, and Wolf 1130C are highlighted with the cyan open square, pentagon, and hexagon, respectively. Objects highlighted with the blue
circles are two known binaries and two binary candidates and not used for the fitting. The shaded areas indicate the rms of these fits. Coefficients of these
polynomial fits are in Table 4. Reference for parallaxes of T subdwarfs are indicated in Table 5. Gaia DR2 parallaxes of 20 L subdwarfs are listed in table 9 of
Primeval IV.

5.5 Infrared HR diagrams

The Hertzsprung–Russell diagram is the most important diagram
in the study of populations of the Milky Way. Fig. 11 shows
various infrared HR diagrams of T5+ subdwarfs compared to those
of L/T dwarfs, and sdL, esdL, usdL subdwarfs. We highlighted
five L subdwarfs that are T-BDs, three T subdwarf that are wide

companions to stars with known metallicity, and four close T
subdwarf binaries in Fig. 11. L and T dwarfs that appear as a
zigzag sequence on these HR diagrams involve NIR colours (J −
H, J − K) due to their complex atmospheres. This is different from
main-sequence stars. The zigzag sequence also appears on the J
− W2 HR diagrams, but less obvious. It is barely visible on the
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Figure 8. Spectral-type versus infrared colour correlations of metal-poor T dwarfs (the red filled circles) compared to T dwarfs (the black crosses). Three T
subdwarf companions to bright stars with known metallicity ([Fe/H]) are indicated with the cyan square (HIP 73786B; −0.3 ± 0.1 dex; Murray et al. 2011),
pentagon (HIP 70319B; −0.38 ± 0.06 dex; Pinfield et al. 2012), and hexagon (Wolf 1130C; −0.70 ± 0.12 dex; Mace et al. 2018). Four close binaries are
highlighted with the blue open circles in relevant panels. The blue filled diamonds and a magenta square indicate 14 new T dwarfs and a mildly metal-poor T
dwarf identified in this work. The black solid line is the fifth-order polynomial fits to colours of T dwarfs as a function of spectral type (Table 4). The green
shaded areas indicate the rms of these fits. Photometry of known T dwarfs is from UKIDSS and VISTA surveys.

seems similar to that of field T dwarfs, but more metal-poor T
subdwarfs tend to have redder J − H colour (e.g. Wolf 1130C).
WISE J232519.53−410535.0 (WI2325; Kirkpatrick et al. 2011) has
the reddest J − H colour in Fig. 8(b). However, most T subdwarfs
have similar J − H colour to T dwarfs, and some also have bluer J
− H colour than T dwarfs (e.g. HIP 73786B; Murray et al. 2011).
It seems that J − H colour is not monotonous as a function of
metallicity between −1 ≤ [Fe/H] ≤0. J − H colour outliers were
also discussed in the literature (Mace et al. 2013b; Logsdon et al.
2018).

T subdwarfs have significant bluer Y − K, H − K, and J − K
colours than field T dwarfs (Figs 8c–e). This is expected, as K-band
flux suppression is a signature of low metallicity caused by enhanced
collision-induced H2 absorption (CIA H2; e.g. Saumon et al.
2012). ULAS J141623.94+134836.3 3. (UL1416; Burningham
et al. 2010a) has the bluest Y − K, H − K, and J − K colours. HIP
70319B and 2MASS J09393548−2448279 (2M0939; Burgasser
et al. 2006b) also have very blue J − K colour. Note UL1316 and
Wolf 1130C are more metal-poor, but are not shown in Figs 8(c–e)
because of the lack of K-band photometry.
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Table 6. T5–9 subdwarf discovery capability of Euclid and WFIRST, WISE, LSST, and CSS-OS surveys. Limiting magnitudes (mlimit) in AB system are
converted to Vega system according to table 7 of Hewett et al. (2006). Note the actual discovery number of halo T subdwarfs could be lower (see the last
paragraph of Section 6).

Name Survey Filter Coverage mlimit mlimit MsdT7.5 MsdT7 dsdT7 Thick disc Halo
(deg2) (AB) (Vega) (AB) (Vega) (pc)

Euclid Wide slitless 15000 H = 19.5 18.121 – 16.95 17 4 0
Euclid Wide Y 15000 24.0 23.366 – 17.41 155 3174 272
Euclid Wide J 15000 24.0 23.062 – 16.52 203 7151 613
Euclid Wide H 15000 24.0 22.621 – 16.95 136 2147 184

WFIRST HLS slitless 2000 H = 21.5 20.121 – 16.95 43 9 1
WFIRST HLS Y 2000 26.7 26.066 – 17.41 538 17640 1512
WFIRST HLS J 2000 26.9 25.962 – 16.52 773 52395 4491
WFIRST HLS H 2000 26.7 25.321 – 16.95 472 11931 1023
WFIRST HLS (Ks) 2000 25.5 23.600 – 17.38 175 611 52

WISE AllWISE W1 all sky – 17.9 – 15.90 25 37 3
WISE AllWISE W2 all sky – 16.4 – 13.17 44 203 17
WISE CatWISE W1 all sky – 18.55 – 15.90 34 91 8
WISE CatWISE W2 all sky – 17.05 – 13.17 60 499 43

LSST Single-visit z 18000 23.3 – 21.78 – 20 8 1
LSST Single-visit y 18000 22.1 – 19.94 – 27 20 2
LSST Coadded z 18000 26.1 – 21.78 – 73 398 34
LSST Coadded y 18000 24.9 – 19.94 – 98 965 83

CSS-OS Wide z 17500 25.3 – 21.78 – 51 128 11
CSS-OS Wide y 17500 24.7 – 19.94 – 90 711 61

The WFIRST’s High Latitude Survey (HLS) will observe
2000 deg2 of the sky to a depth of YAB = 26.7 (YVega = 26.066), and
will have a discovery volume of about six times of Euclid’s wide
survey. The HLS could detect about 11 931 thick disc and 1023 halo
T5+ subdwarfs in Y, J, H bands. The K-band flux of T subdwarfs is
sensitive to metallicity differential. An additional K-band filter for
WFIRST’s HLS (Stauffer et al. 2018) would significantly improve
its accuracy in the photometric selection of T subdwarfs. Although
the survey depth of T subdwarfs would be much shallower in
K-band (KVega = 23.6), an sdT7 subdwarf at WFIRST’s K-band
limiting magnitude would have YVega = 23.50 and JVega = 22.54.
However, a robust candidate list of about 611 thick disc and 52
halo T5+ subdwarfs selected with Y, J, H, K photometry provides
ideal targets for spectroscopic follow-ups with the next generation
telescopes (JWST, GMT, E-ELT, and TMT).

The WFIRST’s slitless spectroscopic survey is ∼2 mag deeper
than the Euclid’s, and could observe the 1100–1900 nm wavelength
spectra of about nine thick disc and one halo T5+ subdwarfs.
WFIRST’s spectra may not be wide enough to distinguish T5+ sub-
dwarfs with −0.6 ! [Fe/H] ! −0.3. Because it is not covering the
metallicity-sensitive wavelengths at 950–1100 and 2000–2200 nm
(Fig. 12). However, WFIRST’s low-resolution spectra possibly
could distinguish more metal-poor T subdwarfs, which have redder
J − H colour than T dwarfs (Fig. 8), and have different H-band
spectra from T dwarfs.

Most of the known T5+ subdwarfs were identified with the
WISE and AllWISE survey (Table 3). The survey depth of AllWISE
varies on the sky. To estimate the mean W1 limiting magnitudes of
AllWISE, we selected a sample of 143 665 sources in AllWISE from
half area of the sky (|b| > 30◦). We required 0.2 < W1 − W2 < 0.4,
W1 > 16.5, and SNRW1 = 5. The W1 distribution of the sample
has a peak around 17.6 < W1 < 17.9, a steep decline between
17.9 < W1 < 18.7, and a tail extended to W1 = 18.9 (Fig. 13).
To estimate the mean limiting magnitudes of W2, we selected a
sample of 157 408 sources with |b| > 30◦, 0.2 < W1 − W2 < 0.26,

W1 > 15.5, and SNRW2 = 5. The W2 distribution of the sample
has a peak around 16.2 < W2 < 16.4, a steep decline between 16.4
< W2 < 17.3, and a tail extended to W1 = 17.6 (Fig. 13). We used
W1 < 17.9 and W2 < 16.4 as the mean limiting magnitudes of
AllWISE in our calculation.

The CatWISE is combining data from WISE and NEOWISE
surveys to produce a W1 and W2 photometric catalogue about
0.65 mag deeper than AllWISE. A small fraction of T subdwarf
flux could be detected through z and y filters of the LSST and
CSS-OS surveys (see Fig. 12). The numbers of thick disc and halo
T5–9 subdwarfs that could be detected in each band of AllWISE,
CatWISE, LSST, and CSS-OS are listed in Table 6.

The selection of T subdwarf candidates normally requires multi-
band photometry to separate them from other populations. The
more bands are applied in the selection, the more efficient it is.
Therefore, the discovery capability of a survey is mainly depending
on its shallowest band. These shallowest bands are Y band for Euclid
and WFIRST, W1 band for WISE, and z band for LSST and CSS-OS.
However, W2 of WISE and y band of LSST or CSS-OS could be
combined with Euclid or WFIRST to improve the accuracy in the
selection of T subdwarf candidates.

There are 41 known T subdwarfs in Table 3. A total of 25 were
first discovered by WISE. In total, 35 of these 41 T subdwarfs were
detected in AllWISE. A few known T dwarfs might also be metal-
poor, but do not have K-band spectra in the literature to confirm.
AllWISE could detect about 40 T subdwarfs in W1 band according
to our calculation (Table 6), which is consistent with the number of
AllWISE W1-band detected T subdwarfs in Table 3. AllWISE could
detect about 220 T subdwarfs in W2 band, but T subdwarf candidate
selection often requires detection in both W1 and W2 bands.

The numbers of halo T subdwarfs listed in Table 6 could be
overestimated. The discovery volume in our calculation is based on
the absolute magnitudes of known T subdwarfs that are mainly sdT
subclass and belong to the thick disc population. Fig. 10 shows that
the sdT subclass have fainter absolute magnitudes than T dwarfs.
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A halo L3 subdwarf with prograde eccentric orbit
in the Galactic plane (Primeval-V)A halo L3 subdwarf in the Galactic plane 1845

Figure 6. Integrated prograde Galactic orbit of VVV 1256−6202 over a period from 1 Gyr before (dashed line) to 1 Gyr after (solid line) current epoch (black
dot). The top left panel shows the projected orbit in the plane of the Galaxy [X, Y]. The top right panel shows the projected orbit perpendicular to the Galactic
disc and in the radial direction [R, Z]. The darker and lighter grey shaded areas in top panels indicate the Galactic bulge and spiral arms. The bottom panels
show the time evolution of the orbit in galactocentric cylindrical coordinates [R, Z].

and a diameter of 48 kpc. However, we still cannot completely trust
its past and future orbit calculated based on its current kinematics
and location. Because once every ∼0.25 Gyr, VVV 1256−6202
passes through the Galactic bulge and spiral arms which are the
densest areas of stars in the Milky Way, it could have gravitational
interactions with field stars that are passing by. Fortunately, it has
very high relative velocity from field stars (e.g. ∼360 km s−1

compared to ∼20 km s−1 for field stars in the solar neighbourhood)
that reduces the duration of possible perturbations by field stars of
the order of a magnitude. Moreover, the closer VVV 1256−6202 is
to the Galactic centre the faster it moves. VVV 1256−6202 spends
about two-thirds of its time further out of the stellar disc from the
Galactic centre (>15 kpc).

VVV 1256−6202 is most likely a halo member according to
kinematics statistics. However, we cannot rule out the possibility
that it was ejected from the Galactic bulge which also contains
metal-poor stars, because the orbit of VVV 1256−6202 is almost in
the radial direction of the Milky Way and passes through the bulge.
We note that the current total space velocity of VVV 1256−6202
is around half of that of known hypervelocity stars which are also
much more massive.

4 C O N C L U S I O N

We presented a new X-shooter spectrum of VVV 1256−6202
discovered with the VVV survey and re-classified it as an sdL3
subdwarf. It has the strongest TiO absorption band at around 850
nm among known L subdwarfs. The strength of the 850-nm TiO
absorption band is not a monotonous function of metallicity, it is
strengthening from dL to sdL subclass and then weakening from
sdL to esdL and usdL subclass.

The BT-Dusty model spectral fitting shows that VVV 1256−6202
has Teff = 2220 ± 100 K and [Fe/H] = −0.9 ± 0.2 that place it
at around the stellar/substellar boundary in the Teff versus [Fe/H]
space. Its i − J versus J − K colours suggest that it is likely a T-BD
just below the stellar/substellar boundary.

We calculated the U, V, W space velocity of VVV 1256−6202
based on its RV measured from its X-shooter spectrum and Gaia
astrometry. The kinematics shows that VVV 1256−6202 is a
member of the Galactic halo. There are only three known L
subdwarfs in the sdL subclass who have halo kinematics including
VVV 1256−6202, SD1333, and UL0212.

VVV 1256−6202 has unusually flat Galactic orbit. The thickness
of its prograde orbit is similar to that of stellar disc (∼600 pc). Its
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Metallicity of 
M and L subdwarfs
(Zhang submitted, 
Primeval VII)

• Zeta index is good for M0-M5 subdwarfs

• Zeta index is not valid for ultracool
subdwarfs (<0.1 M�) due to their dusty
atmospheres and favouring H2O and 
metal hydride (CaH, FeH) under higher
pressure (gravity). 
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A Chinese poetry (ci) for Chile
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Immortal at the Magpie Bridge (tune) · Chile
Chile is far, the land is long, and full of treasures. 

Copper/nitre/molybdenum/lithium/rhenium/gold/silver, excellent wine, and pisco sour.
Chile has high montains, fine climate, and the best starry night. 

Astronomers are gathered here, for the telescopes, windows to the Universe. 

Gracias!
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