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ABSTRACT

Schneider et al. (2020) presented the discovery of WISEA J041451.67−585456.7 and WISEA

J181006.18−101000.5, which appear to be the first examples of extreme T-type subdwarfs (esdTs; metal-

licity ≤ −1 dex, Teff . 1400 K). Here we present new discoveries and follow-up of three T-type subdwarf
candidates, with an eye toward expanding the sample of such objects with very low metallicity and extraordi-

narily high kinematics, properties that suggest membership in the Galactic halo. Keck/NIRES near-infrared

spectroscopy of WISEA J155349.96+693355.2, a fast-moving object discovered by the Backyard Worlds:

Planet 9 citizen science project, confirms that it is a mid-T subdwarf. With HW2 = 22.3 mag, WISEA

J155349.96+693355.2 has the largest W2 reduced proper motion among all spectroscopically confirmed L and

T subdwarfs, suggesting that it may be kinematically extreme. Nevertheless, our modeling of the WISEA

J155349.96+693355.2 near-infrared spectrum indicates that its metallicity is only mildly subsolar. In ana-

lyzing the J155349.96+693355.2 spectrum, we present a new grid of low-temperature, low-metallicity model

atmosphere spectra. We also present the discoveries of two new esdT candidates, CWISE J073844.52−664334.6

and CWISE J221706.28−145437.6, based on their large motions and colors similar to those of the two known

esdT objects. Finding more esdT examples is a critical step toward mapping out the spectral sequence and

observational properties of this newly identified population.
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1. INTRODUCTION

What are the physical properties of the lowest lumi-

nosity substellar objects in our Milky Way Galaxy? How

do brown dwarf atmospheres and spectral energy distri-

butions change as a function of multiple variables in-

cluding temperature, metallicity, and age? How has

the birth rate of substellar objects evolved over time,

from early periods of star formation in the Universe to

the present epoch? Ultracool subdwarfs, very low mass

stars and brown dwarfs with low metallicity which can

be found in the Milky Way thick disk or halo, are im-

portant laboratories that play a major role in answering

these questions (e.g., Burgasser et al. 2005).

The solar neighborhood provides our best opportu-

nity to study the Galactic substellar population across

its span of temperatures, metallicities, ages, and masses.

Pinpointing nearby substellar objects representing the

extremes of these parameters is therefore a key way to

test/develop theoretical models, such as those of giant

exoplanet atmospheres (e.g., Reid & Metchev 2008; Mar-

ley & Robinson 2015; Leggett et al. 2019) and the star

formation process at low masses (e.g., Kirkpatrick et al.

2019a, 2021).

Hundreds of T dwarfs (450 K . Teff . 1400 K; e.g.,

Nakajima et al. 1995; Kirkpatrick et al. 2011; Mace et al.

2013a) and dozens of low-metallicity T subdwarfs (e.g.,

Burningham et al. 2014; Pinfield et al. 2014; Zhang et al.

2019) are now known. Recently, the Backyard Worlds:

Planet 9 citizen science project (backyardworlds.org;

Kuchner et al. 2017, henceforth Backyard Worlds) dis-

covered the first two examples of ‘extreme T-type subd-

warfs’ (esdTs; Schneider et al. 2020), with Teff . 1, 400

K and [Fe/H] ≤ −1. The esdTs have distinctive near-

infrared (NIR) colors unlike those of other brown dwarfs

and spectra not well-replicated by any existing models.

Determining the space densities of very cold and metal-

poor objects, such as esdTs, may yield new insights

about the dependence of low mass star formation on

metallicity throughout cosmic time. The low-metallicity

atmospheres of the coldest isolated subdwarfs will also

help us understand (by proxy) the atmospheres of giant

exoplanets that orbit old and/or metal-poor host stars.

To further map out the parameter space of T-type sub-

dwarfs with very low metallicity and extreme kinemat-

ics, we searched through thousands of Backyard Worlds

moving object discoveries, identifying new esdT candi-

∗ NASA Sagan Fellow

dates based on peculiar infrared colors and large proper

motion. This yielded three new extreme T subdwarf

candidates: CWISE J073844.52−664334.6 (hereafter

CWISE 0738−6643), WISEA J155349.96+693355.2

(Meisner et al. 2020, hereafter WISEA 1553+6933)

and CWISE J221706.28−145437.6 (hereafter CWISE

2217−1454).

In §2 we provide a brief overview of the Backyard

Worlds citizen science project. In §3 we describe our

selection of new esdT candidates from within the full

list of Backyard Worlds moving object discoveries. In

§4 we introduce the three esdT candidates identified.

In §5 we present Keck/NIRES spectroscopy of WISEA

1553+6933, including comparison against an extensive

new grid of low-temperature, low-metallicity model at-

mosphere spectra. In §6 we investigate the synthetic

colors of our new models as a function of metallicity.

We conclude in §7.

2. THE BACKYARD WORLDS: PLANET 9

CITIZEN SCIENCE PROJECT

Backyard Worlds (Kuchner et al. 2017) is a moving

object search that crowdsources the visual inspection

of all-sky Wide-field Infrared Survey Explorer (WISE;

Wright et al. 2010) images among thousands of online

volunteers. The project launched in 2017 February via

the Zooniverse web platform (Simpson et al. 2014). Vol-

unteers scrutinize time series image blinks (referred to as

‘flipbooks’), with each flipbook showing the evolution of

a random 10′×10′ sky patch over the 2010-2016 time pe-

riod. Each flipbook frame is a two-color composite rep-

resenting one WISE sky pass, with WISE W1 (3.4 µm)

encoded as the blue channel and W2 (4.6 µm) as the

red channel. Backyard Worlds pushes fainter than prior

WISE -based motion searches because its flipbooks are

built from deep/clean time-resolved ‘unWISE’ coadds

(Lang 2014; Meisner et al. 2018) that offer a long∼6 year

time baseline. The signature Backyard Worlds science

application is discovering cold brown dwarfs in the solar

neighborhood based on their characteristic combination

of high proper motion and red W1−W2 color. Back-

yard Worlds discoveries have spanned multiple subtopics

within solar neighborhood science, including extremely

cold Y dwarfs (Bardalez Gagliuffi et al. 2020; Meisner

et al. 2020), co-moving companions (e.g., Faherty et al.

2020; Rothermich et al. 2021; Jalowiczor et al. 2021),

T dwarfs (e.g., Kuchner et al. 2017), white dwarf disks

(Debes et al. 2019), and previously overlooked mem-

bers of the 20 pc brown dwarf census (Kirkpatrick et al.

http://backyardworlds.org
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2021). Backyard Worlds revealed the first two known ex-

amples of extreme T subdwarfs (Schneider et al. 2020).

Backyard Worlds motion searches have expanded sig-

nificantly beyond the project’s Zooniverse interface. For

instance, Backyard Worlds citizen scientists have cre-

ated novel visualization tools to interactively customize

WISE image blinks (e.g., WiseView; Caselden et al.

2018). A group of ∼300 advanced users has conducted

numerous catalog-based brown dwarf candidate queries

on platforms like IRSA and Astro Data Lab (Fitzpatrick

et al. 2019), particularly leveraging the unWISE Cata-

log (Schlafly et al. 2019) and CatWISE 2020 (Marocco

et al. 2021), the latter offering WISE -based proper mo-

tion measurements >10× more accurate than those of

AllWISE (Cutri et al. 2013). Because Backyard Worlds

participants scan WISE images by eye for any/all mov-

ing sources, the project is well-positioned to discover

atypical objects like subdwarfs that might be missed by

traditional color searches (e.g., Griffith et al. 2012).

3. SELECTION OF NEW EXTREME T

SUBDWARF CANDIDATES

As of 2021 April, Backyard Worlds participants have

discovered roughly 3,200 motion-confirmed L, T, and Y

dwarf candidates. Most of these discoveries are likely to

be ‘ordinary’ L and T dwarfs. We mined this large list

of Backyard Worlds discoveries to determine whether

any may be promising new candidate members of the

esdT spectral class. Typically, very little information

about our Backyard Worlds motion discoveries is avail-

able, since the sample is generally quite faint and red

by selection. In many cases only W1 and W2 detections

are available from archival survey data sets.

Aside from W1 and W2, J band is the most valuable

filter at our disposal for which sensitive archival survey

photometry exists over most of the sky. We therefore

sought to identify esdT candidates based on the combi-

nation of W1, W2 and J photometry. esdTs inhabit a

distinctive region of J−W2 versus W1−W2 color-color

space (see Figure 1, which is based on Figure 3 of Schnei-

der et al. 2020). esdTs have much redder J−W2 colors

than do T dwarfs in the same 1.1 mag ≤ W1−W2 ≤
1.75 mag WISE color range.

For all ∼3,200 Backyard Worlds moving object dis-

coveries, we compiled available 2MASS (Skrutskie et al.

2006), UHS1 (Dye et al. 2018), and VHS (McMahon

1 The UKIDSS project is defined in Lawrence et al. (2007).
UKIDSS uses the UKIRT Wide Field Camera (WFCAM; Casali
et al. 2007) and a photometric system described in Hewett et al.
(2006). The pipeline processing and science archive are described
in Irwin (2008) and Hambly et al. (2008). We have used data from
UHS DR1, which is described in detail in Dye et al. (2018).

et al. 2013) J band photometry. We also took into con-

sideration photometric follow-up that our team has ob-

tained for a relatively small subset of the full Backyard

Worlds discovery list. Lastly, when J band imaging is

available from UHS or VHS but no J band counterpart is

present, we compute 5σ depth limits at the relevant sky

location according to the procedure described in §4.1 of

Schneider et al. (2020). This allows us to identify esdT

candidates on the basis of large J−W2 color lower limits,

even when a J detection is not available.

In our fiducial esdT candidate color-color selection box

defined by J−W2 > 3 mag and 1.1 mag < W1−W2

< 1.75 mag (see Figure 1), we found three new esdT

candidates that remained viable after visual inspection

to weed out problematic photometry (e.g., from WISE

blending). We also required a W1 SNR of at least 10 in

order to ensure that the measured W1−W2 color is reli-

able. In §4 we discuss each of our three photometrically

selected T subdwarf candidates in detail.

4. T SUBDWARF CANDIDATES

Figure 2 illustrates the large proper motions (µ ∼
0.9− 2.2′′/yr) of our three new subdwarf candidates as

seen in WISE. The following subsections provide addi-

tional details about each subdwarf candidate’s photom-

etry and kinematics.

4.1. CWISE J073844.52−664334.6

CWISE 0738−6643 was discovered by Backyard

Worlds participant Léopold Gramaize. CWISE

0738−6643 has W1−W2 = 1.40 ± 0.05 mag and is un-

detected in J band imaging from VHS, yielding a J−W2

> 4.09 mag color limit. In the Figure 1 color-color plot,

its J band lower limit places it at a location nearly iden-

tical to that of the esdT WISEA 0414−5854 (Schnei-

der et al. 2020). CWISE 0738−6643 is at least 2.15

magnitudes redder in J−W2 than would be expected

for a typical T dwarf of its same W1−W2 color. Ta-

ble 1 provides photometric and astrometric information

for CWISE 0738−6643. Using VHS imaging, we find a

5σ limit of KS > 18.22 mag, but this limit is not deep

enough to meaningfully constrain the nature of CWISE

0738−6643.

In addition to falling within our esdT candidate color-

color selection box, CWISE 0738−6643 has a large total

proper motion of µ = 878 ± 31 mas/yr and a high W2

reduced proper motion2 (HW2) similar to the largest

HW2 values among the prior literature’s population of

2 Defined as HW2 = mW2+5log10µ+5, where µ is the total proper
motion in arcseconds per year and mW2 is the W2 apparent
magnitude (Luyten 1922).
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Figure 1. J−W2 versus W1−W2 color-color plot showing the populations of L dwarfs (blue), T dwarfs (magenta), young L
dwarfs within 20 pc (cyan; Kirkpatrick et al. 2021), young isolated T dwarfs (brown), L subdwarfs (green), T subdwarfs (orange),
and extreme T subdwarfs (red). The two known esdT objects from Schneider et al. (2020) are individually labeled. WISEA
1553+6933 and CWISE 2217−1454 are labeled with black diamonds. CWISE 0738−6643, a new esdT candidate first presented
in this work, is labeled with an upward arrow to indicate that its non-detection in VHS provides a lower limit of J−W2 = 4.09
mag. WISEA 1553+6933 and CWISE 2217−1454 inhabit unusual regions of this color-color space, suggesting that they could
be either sdT or esdT. CWISE 0738−6643 seems to most closely align with the esdTs. Our adopted esdT candidate color-color
selection box is shown as a gray dashed outline.

Table 1. Photometric subdwarf candidate discoveries

CWISE Name W1 W2 JMKO KS µα (mas/yr) µδ (mas/yr) µ (mas/yr)

J073844.52−664334.6 17.221 ± 0.038 15.821 ± 0.036 > 19.92 > 18.22 765 ± 32 −432 ± 30 878 ± 31

J221706.28−145437.6 17.428 ± 0.078 15.775 ± 0.055 20.66 ± 0.02 > 18.20 1637 ± 65 −919 ± 63 1878 ± 65

Note—New discoveries identified as extreme T subdwarf candidates based on their photometry and large motions. WISE
magnitudes (uncertainties) come from the w1mpro pm, w2mpro pm (w1sigmpro pm, w2sigmpro pm) columns of the CatWISE
2020 catalog (Marocco et al. 2021). Proper motions are from CatWISE 2020. Quoted µα values incorporate the cos(δ) factor.
All magnitude limits are 5σ. KS limits are based on archival VHS imaging.
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WISEA 1553+6933

10 asec

WISE; 2010.4-2010.9 WISE; 2014.4-2014.9

static
contaminant

Spitzer; 2018.7

CWISE 0738-6643

WISE; 2010.0-2011.0 WISE; 2014.0-2014.5 WISE; 2019.0-2019.5

CWISE 2217-1454

WISE; 2010.4-2010.9 WISE; 2015.4-2015.9 WISE; 2019.4-2019.8

Figure 2. Top row: Time series of WISE and Spitzer images illustrating the motion of WISEA 1553+6933. Each panel
is a two-band color composite rendering. In each case W1 (ch1) is represented by the blue color channel and W2 (ch2) is
represented by the red color channel. WISE images are one-year coadds spanning calendar 2010 (left) and the first year of
NEOWISE-Reactivation (center). The Spitzer color composite at right is built from PID14076 IRAC imaging (PI: Faherty).
East is left and north is up. The white circles track the northwesterly motion of WISEA 1553+6933 over the ∼2010-2019 time
period. As seen in the left panel, WISEA 1553+6933 was severely blended with a static background object during 2010. Middle
row: WISE coadds illustrating the motion of CWISE 0738−6643. The white plus mark remains fixed to highlight the subdwarf
candidate’s southeasterly motion. Bottom row: WISE coadds illustrating the motion of CWISE 2217−1454. All postage stamps
are 1.1′ × 1.1′ in angular extent.
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spectroscopically confirmed T subdwarfs (see Figure 3).

The compilations of literature sdT and sdL objects we

use throughout this work were initially curated as part

of the Schneider et al. (2020) analysis, and are largely

based on lists from Zhang et al. (2019) and Zhang et al.

(2018).

As none of our subdwarf candidates in this work have

trigonometric parallax measurements available, reduced

proper motion is a particularly valuable indicator point-

ing toward high kinematics and/or low luminosity. The

reduced proper motion formula is a variant of the equa-

tion defining absolute magnitude, where the parallax has

been replaced by total proper motion, in essence using

large motion as a proxy for nearness. Because reduced

proper motion grows with both apparent magnitude and

total proper motion, objects with very low luminosity

and/or high tangential velocity tend to have distinc-

tively large reduced proper motions. Without trigono-

metric parallaxes for our subdwarf candidates, we can-

not determine the extent to which their very high re-

duced proper motions are attributable to low luminosity

versus high kinematics.

Using the Kirkpatrick et al. (2021) polynomial rela-

tions fit to the bulk T dwarf population, we can de-

rive WISE -based phototype and distance estimates for

CWISE 0738−6643. From the W1−W2 color, we obtain

a spectral type estimate of T5 ± 1.2, and a photomet-

ric distance estimate of 43.6+10.4
−8.4 pc (based on MW2

inferred from the WISE color). This photometric dis-

tance yields a Vtan estimate of 181+44
−36 km/s. The large

uncertainties on these values are primarily driven by the

0.46 mag scatter associated with the conversion from

W1−W2 color to absolute magnitude (Kirkpatrick et al.

2021). If CWISE 0738−6643 is sub-luminous at W2 rel-

ative to typical T dwarfs of the same W1−W2 color,

its distance and tangential velocity will both be smaller

than the estimates reported here3.

The CWISE 0738−6643 total proper motion value and

its uncertainty from Table 1 both impact our Vtan es-

timate. Thanks to the fact that CatWISE 2020 spans

a long ∼9 year time baseline and incorporates 6 years

of WISE/NEOWISE imaging, it delivers a high S/N

proper motion measurement despite the faintness of

CWISE 0738−6643 and the low WISE angular reso-

lution (FWHM ≈ 6.5′′). Marocco et al. (2021) com-

pared the CatWISE 2020 proper motion measurements

against those of Gaia DR2 (Gaia Collaboration et al.

3 The luminosity sequence of T subdwarfs is presently not well-
mapped. L subdwarfs do exhibit different luminosity versus type
trends than field L dwarfs in certain photometric bands (e.g.,
Gonzales et al. 2018).

Figure 3. W2 reduced proper motions (HW2) for this
work’s sample in comparison to the population of spectro-
scopically confirmed sdL, sdT and esdT objects drawn from
the prior literature. Top: HW2 as a function of W1−W2
color. Bottom: Histograms of sdL and sdT HW2 values with
vertical dashed lines indicating the HW2 values of WISEA
1553+6933, CWISE 2217−1454 and CWISE 0738−6643.
WISEA 1553+6933 has the largest W2 reduced proper mo-
tion among all spectroscopically confirmed L and T subd-
warfs.

2018), to assess the CatWISE 2020 proper motion ac-

curacy and quoted uncertainties. CWISE 0738−6643

is at very high absolute ecliptic latitude (β = −80.3◦),

meaning that Figure 23 of Marocco et al. (2021), which

studies a region surrounding the south ecliptic pole, is

the most applicable Gaia-CatWISE comparison. Figure

23 (bottom right panel) of Marocco et al. (2021) indi-

cates that, near the south ecliptic pole, the median χ2

of the CatWISE 2020 versus Gaia DR2 proper motion
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comparison is ∼2 for both µα and µδ at W1 = 17.2 mag

(the CWISE 0738−6643 W1 magnitude). The median

χ2 expected in this case (one degree of freedom) if the

CatWISE motion uncertainties were correctly estimated

would be 0.45, so the measured median χ2 of ∼2 indi-

cates that the CatWISE motion uncertainties near the

south ecliptic pole at W1 = 17.2 mag are typically un-

derestimated by a factor of
√

2/0.45 = 2.1.

According to the quoted CatWISE 2020 motion un-

certainties, the CWISE 0738−6643 total proper motion

is measured with a 1σ fractional error of 3.5%. Given

that the CWISE 0738−6643 photometric distance un-

certainty is at least ∼20%, the proper motion contri-

bution to the total Vtan uncertainty is very subdom-

inant, meaning that the total Vtan uncertainty is rela-

tively insensitive to the exact µ uncertainty adopted (for

instance, inflating the Table 1 µ uncertainty for CWISE

0738−6643 by a factor of 2.1 would only increase the

total Vtan uncertainty by 5%).

4.2. WISEA J155349.96+693355.2

WISEA 1553+6933 (Meisner et al. 2020) was first dis-

covered by Backyard Worlds participant Nikolaj Stevn-

bak Andersen on 2017 December 9 using the WiseView

image blinking tool4. This object was later indepen-

dently rediscovered by Backyard Worlds citizen scientist

David W. Martin. Despite its large proper motion (µ =

2157 ± 55 mas/yr), WISEA 1553+6933 was missed by

prior WISE -based brown dwarf searches, likely due to

its faintness (W1 = 17.069 ± 0.034 mag, W2 = 15.615

± 0.027 mag) and severe blending with a static back-

ground contaminant during the pre-hibernation WISE

mission phase in 2010 (see Figure 2, top row).

Table 2 lists the available photometric and astro-

metric properties for WISEA 1553+6933. Because

WISEA 1553+6933 was blended during 2010, we opted

to perform custom W1 and W2 photometry rather

than use AllWISE (Cutri et al. 2013) or CatWISE

(Eisenhardt et al. 2020; Marocco et al. 2021) photome-

try. Our custom photometry was obtained by running

the crowdsource pipeline (Schlafly et al. 2018, 2019)

on a set of coadded unWISE images (Meisner et al.

2018), each of which stacks together a single WISE

sky pass worth of exposures. There are 12 such coad-

ded epochs available per band spanning 2014 to 2019,

and the results of averaging the per sky pass W1 and

W2 crowdsource photometry are provided in Table 2.

The Spitzer ch1 (3.6 µm) and ch2 (4.5 µm) photom-

etry in Table 2 is from PID14076 (PI: Faherty; Meis-

4 http://byw.tools/wiseview-v2

Table 2. WISEA J155349.96+693355.2

Parameter Value Ref.

Observed Properties

µα (mas yr−1) −1684 ± 56 1

µδ (mas yr−1) 1348 ± 53 1

zAB (mag) 22.17 ± 0.21 3

JMKO (mag) 19.086 ± 0.065 2

W1 (mag) 17.069 ± 0.034 2

W2 (mag) 15.615 ± 0.027 2

ch1 (mag) 16.324 ± 0.019 1

ch2 (mag) 15.458 ± 0.018 1

Inferred Properties

Teff (K) 1200 ± 100 2

log(g) ≈ 5.0-5.5 2

[Fe/H] (dex) ≈ −0.5 2

References— (1) Meisner et al. 2020 (2) this
work (3) Nidever et al. 2018.

ner et al. 2020). WISEA 1553+6933 was also detected

at low significance by the Mayall z-band Legacy Sur-

vey (MzLS; Dey et al. 2019) with zAB = 22.17 ± 0.21

mag (Nidever et al. 2018), though no brown dwarf ab-

solute magnitude or color-type relations incorporating

Mayall/Mosaic3 (Dey et al. 2016) z-band currently ex-

ist, limiting the utility of this z-band data point.

WISEA 1553+6933 is undetected by 2MASS and too

far north for UKIRT imaging. Meisner et al. (2020) ob-

tained a 5σ MKO J band limit of J > 17.34 mag using
the CPAPIR imager (Artigau et al. 2004) at the Mont

Megantic Observatory (Racine 1978). The correspond-

ing J−W2 > 1.73 mag color limit is consistent with ei-

ther a T dwarf or T subdwarf scenario. We therefore

sought deeper J band imaging to better constrain the

nature of WISEA 1553+6933 and assess the prospects

for near-infrared spectroscopy. On 2018 March 29, we

obtained 25 × 60 s MKO J band exposures (PI: Wis-

niewski) of WISEA 1553+6933 with the NIRI instru-

ment (Hodapp et al. 2003) on the 8.1 meter Gemini

North telescope. The J band delivered image quality

was 0.6′′ and conditions were photometric. We reduced

the Gemini J band images with IRAF5 and calibrated

5 http://ast.noao.edu/sites/default/files/A Guide to Reducing
Near-IR Images 1.pdf

http://byw.tools/wiseview-v2
http://ast.noao.edu/sites/default/files/A_Guide_to_Reducing_Near-IR_Images_1.pdf
http://ast.noao.edu/sites/default/files/A_Guide_to_Reducing_Near-IR_Images_1.pdf
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the photometric zeropoint to 2MASS after converting

2MASS calibrator J magnitudes to the MKO system.

The uncertainty on our Gemini J band magnitude in

Table 2 is dominated by the tie-down to 2MASS, as a

limited number of nearby 2MASS calibrators were avail-

able and these have only modest S/N in 2MASS. WISEA

1553+6933 is 1.54 (1.75) magnitudes redder in J−W2

(J−ch2) color than would be expected for a typical T

dwarf of its same W1−W2 (ch1−ch2) color.

The Spitzer -based photometric distance estimate of

38.6+4.6
−4.2 pc for WISEA 1553+6933 from Meisner et al.

(2020) implies an extremely high tangential velocity of

Vtan = 395+48
−44 km/s. The WISEA 1553+6933 photo-

type based on Spitzer ch1-ch2 color is T5 ± 1 (Meisner

et al. 2020) and the polynomial relations from Table 13

of Kirkpatrick et al. (2021) yield a Spitzer -based temper-

ature estimate of 1076 ± 89 K. Note that the Spitzer -

based photometric distance and temperature relations

are fit to ‘normal’ T dwarfs. If WISEA 1553+6933 is

sub-luminous at ch2 relative to typical T dwarfs of the

same ch1−ch2 color, its distance and tangential veloc-

ity will both be lower than the estimates reported here.

It would be surprising if the WISEA 1553+6933 Vtan
were truly so high as ∼400 km/s, although it is the case

that our motion selection methodology biases us toward

finding objects with preferentially high Vtan. For ex-

ample, the parent Spitzer sample from which WISEA

1553+6933 is drawn (Meisner et al. 2020) has a median

estimated Vtan of 60 km/s, which is ∼2× higher than

the median Vtan of late T and Y dwarfs within 20 pc

from Kirkpatrick et al. (2019b). WISEA 1553+6933 has

HW2 = 22.28 ± 0.06 mag, a larger W2 reduced proper

motion than that of any spectroscopically confirmed L

or T subdwarf from the prior literature6, by a margin of

∼1.2 magnitudes (see Figure 3).

4.3. CWISE J221706.28−145437.6

CWISE 2217−1454 was initially discovered by Dan

Caselden using supervised machine learning methods to

identify fast-moving, red objects based on proper mo-

tions and W1−W2 colors drawn from the CatWISE 2020

catalog (see §3 of Marocco et al. 2019 for details of this

selection methodology). CWISE 2217−1454 was also in-

dependently discovered by Backyard Worlds citizen sci-

entists Léopold Gramaize, Sam Goodman, and Arttu

Sainio.

6 Note, however, that WISEA 1553+6933 does not have the largest
W2 reduced proper motion among all known brown dwarfs. For
instance, the Y dwarf WISE 0855−0714 (Luhman 2014) has
HW2 ≈ 23.6 mag.

CWISE 2217−1454 has W1−W2 = 1.65 ± 0.10 mag

and is undetected in J band imaging from VHS. To

probe deeper in the near-infrared, we obtained follow-

up Keck/MOSFIRE (McLean et al. 2012) J band imag-

ing on the night of 2020 September 3 (PI: Marocco).

Observing conditions were excellent, with clear sky and

∼0.5′′ seeing. We acquired 18 × 100 s frames which were

subsequently coadded and photometrically calibrated to

2MASS after converting the 2MASS calibrator J magni-

tudes to the MKO system. We find a high significance

detection of CWISE 2217−1454: J = 20.66± 0.02 mag.

With J−W2 = 4.88 ± 0.06 mag, CWISE 2217−1454 is

thus 2.93 magnitudes redder in J−W2 than would be ex-

pected for a typical T dwarf of its same W1−W2 color

(Kirkpatrick et al. 2021). Using VHS imaging we find a

5σ limit of KS > 18.20 mag, but this limit is not deep

enough to materially constrain the nature of CWISE

2217−1454.

Photometric and astrometric properties of CWISE

2217−1454 are listed in Table 1. In addition to its

anomalously red J−W2 color, CWISE 2217−1454 has a

very large total proper motion of µ = 1878±65 mas/yr.

Its W2 reduced proper motion of HW2 = 22.14 ± 0.09

mag is larger than that of any spectroscopically con-

firmed L or T subdwarf from the prior literature, and

only ∼0.15 mag lower than that of WISEA 1553+6933

(see Figure 3).

Using the Kirkpatrick et al. (2021) polynomial rela-

tions fit to the bulk T dwarf population, we can de-

rive WISE -based phototype and distance estimates for

CWISE 2217−1454. From the W1−W2 color, we obtain

a spectral type estimate of T5.5 ± 1.2 and a photometric

distance estimate of 39.4+9.5
−7.6 pc (based on MW2 inferred

from the WISE color). This photometric distance es-

timate yields a corresponding Vtan estimate of 351+85
−69

km/s. As for CWISE 0738−6643, if CWISE 2217−1454

is sub-luminous at WISE wavelengths relative to typical

T dwarfs of the same W1−W2 color, its distance and

tangential velocity will both be smaller than the present

estimates. The CWISE 2217−1454 proper motion un-

certainties quoted in Table 1 may be underestimated

by ∼7% based on Figure 13 of Marocco et al. (2021),

which provides the most applicable assessment of the

quoted CatWISE 2020 motion uncertainties for CWISE

2217−1454, given that CWISE 2217−1454 is near the

ecliptic plane rather than the south ecliptic pole. Inflat-

ing the CWISE 2217−1454 proper motion uncertainties

by ∼7% would negligibly increase our quoted total Vtan
uncertainty, as the latter is strongly dominated by the

large ∼20% uncertainty on our photometric distance es-

timate.
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5. SPECTROSCOPY

We used the Near-Infrared Echellette Spectrometer

(NIRES; Wilson et al. 2004) on the Keck II telescope

on 2020 July 7 (UT) to obtain 0.94-2.45 µm near in-

frared spectra of WISEA 1553+6933. Conditions were

clear with 0.′′9 seeing. Keck/NIRES has a fixed instru-

ment configuration with a 0.′′55 slit producing resolution

∼ 2,700 data. The target was visible in the K-band

slit-viewing camera and placed into the spectroscopic

slit. We obtained a set of 12 × 300 second spectro-

scopic frames obtained in an ABBA nodding pattern

along the slit over an airmass range of 2.0–2.4. The

A0 V star TYC 4282-488-1 (V = 10.83 mag) was ob-

served immediately afterward for flux calibration and

telluric correction, and flat field lamp exposures were

obtained for pixel response calibration. Data were re-

duced using a modified version of Spextool (Cushing

et al. 2004; see also §4.4 of Kirkpatrick et al. 2011), fol-

lowing the standard procedure which includes pixel cal-

ibration, wavelength calibration, and spatial and spec-

tral rectification using flat field and telluric line expo-

sures; optimal extraction of individual spectra from A-B

pairwise subtracted frames; combination of these spec-

tra with outlier masking; and telluric correction using

the A0 V spectrum following Vacca et al. (2003). The

reduced, smoothed Keck/NIRES spectrum is shown in

Figures 4-6 in comparison to various standards, litera-

ture subdwarfs and atmospheric models.

The left column of Figure 4 compares the

WISEA 1553+6933 spectrum against T3 (2MASS

J12095613−1004008), T4 (2MASSI J2254188+312349)

and T5 (2MASS J15031961+2525196) standards from

the SpeX Prism Library (Burgasser et al. 2006; Bur-

gasser 2014). All spectra in Figure 4 are normalized to

unity between 1.27 µm and 1.29 µm. The T4 standard

provides the best visual match: the WISEA 1553+6933

spectrum at wavelengths of 1-1.3 µm is reasonably well

replicated by the T4 standard. In the H band, WISEA

1553+6933 appears broader than the T4 standard, with

the observed H band peak extending bluer than that

of the T4 standard. Relative to the T4 standard, nei-

ther the T3 nor T5 standard better matches WISEA

1553+6933 at H band; the T3 standard is too elevated

and broad in H band, while the T5 standard has an

insufficiently strong, overly narrow H band peak. At K

band, the T4 again provides the best match among the

standards, although the WISEA 1553+6933 spectrum

appears ‘flatter’ than all three T standards in the 2-

2.4 µm wavelength range. Such K band suppression is

expected for T type subdwarfs due to collision-induced

H2 absorption, which becomes enhanced when metallic-

ity is low and surface gravity is high (e.g., Saumon et al.

2012). We also note that, relative to the T standards,

WISEA J1553+6933 displays a flux excess on the red

side of its J band peak, a hallmark feature in the spec-

tra of T subdwarfs (Mace et al. 2013b). This subdwarf

signature in the WISEA 1553+6933 spectrum is not

well-replicated by any of our best-fitting models (Fig-

ures 5 and 6). Our finding that, among the standards,

T4 best matches WISEA 1553+6933 is consistent with

its Spitzer -based phototype of T5 ± 1 from Meisner

et al. (2020).

Figure 4 also provides a comparison against the sdT3

WISEA J101944.62−391151.6 (Schneider et al. 2016;

Greco et al. 2019, hereafter WISEA 1019−3911). At K

band, the WISEA 1553+6933 spectrum’s amplitude and

shape are slightly better matched by WISEA 1019−3911

than by any of the T dwarf standards. Like the T

standards, WISEA 1019−3911 also fails to match the

H band peak shape observed for WISEA 1553+6933.

Interestingly, the esdT WISEA 0414−5854 (Schneider

et al. 2020) matches WISEA 1553+6933 better at H

band than either the sdT WISEA 1019−3911 or the T

standards. The other esdT plotted (WISEA 1810−1010;

Schneider et al. 2020) is dramatically enhanced at

H band in a manner that does not match WISEA

1553+6933. The esdT spectra also exhibit major differ-

ences relative to WISEA 1553+6933 blueward of 1.3 µm.

In particular, the esdTs show a strong flux enhancement

at ∼1-1.1 µm not present in the WISEA 1553+6933

spectrum. The esdT K band spectra are poor matches

to WISEA 1553+6933 — WISEA 0414−5854 is much

suppressed whereas WISEA 1810−1010 is significantly

enhanced.

In §5.1 and §5.2 we fit the WISEA 1553+6933 NIRES

spectrum with two grids of low-metallicity model atmo-

sphere spectra in order to quantify the metallicity and

effective temperature of WISEA 1553+6933.

5.1. PHOENIX Models

We compared the WISEA 1553+6933 spectrum

against a set of PHOENIX atmospheric models

(Hauschildt & Baron 1999; Allard et al. 2013) extend-

ing to low metallicity7 (Gerasimov et al. 2020). In total,

this PHOENIX model grid contains 44 spectra ranging

in metallicity from [Fe/H] = 0 to [Fe/H] = −3 dex and

from 900 K to 1500 K in effective temperature, with

two log(g) values available (5.0 and 5.5; g in cgs units).

Each model spectrum covers the 0.4-2.6 µm wavelength

range. The log(g) = 5.0 PHOENIX models all pro-

vide very poor fits to the WISEA 1553+6933 spectrum.

7 http://atmos.ucsd.edu/?p=atlas

http://atmos.ucsd.edu/?p=atlas
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Figure 4. Comparison of the WISEA 1553+6933 NIRES spectrum against spectral standards drawn from the SpeX Prism
Library (data from Burgasser et al. 2004; left column) and a selection of T type subdwarfs (right column). The T4 standard
provides the best visual match among field standards, although relative to the standard WISEA 1553+6933 appears to have
its H band peak shifted blueward, be slightly suppressed at K and display an excess on the red side of the J band peak. Top
right: comparison against the sdT3 WISEA J101944.62−391151.6 (Schneider et al. 2016; Greco et al. 2019). Relative to the
T3 standard, this sdT3 better captures the WISEA 1553+6933 spectrum’s suppression at K band. Middle right: comparison
against the esdT0 WISEA J041451.67−585456.7 (Schneider et al. 2020). Notably, of the comparison spectra shown, only WISEA
J041451.67−585456.7 matches WISEA 1553+6933 in terms of the blue side of the H band peak. Bottom right: comparison
against the esdT0 WISEA J181006.18−101000.5 (Schneider et al. 2020). All spectra are normalized to unity between 1.27 µm
and 1.29 µm.

This PHOENIX grid is rather sparse; for instance, the

grid’s native metallicity spacing is 1 dex. Overlaying

the log(g) = 5.5 models at Teff = 1200-1300 K as in Fig-

ure 5, it immediately became clear that this would be

the best-fit temperature range for WISEA 1553+6933

and that the optimal metallicity would lie somewhere

between [Fe/H] = −1 and [Fe/H] = 0. We therefore in-

terpolated the PHOENIX grid in metallicity to provide

model templates at half dex intervals. This interpola-

tion is one-dimensional in the sense that we only inter-

polate between a pair of models separated by 1 dex in

[Fe/H] when those two models are identical in all other

parameters, including Teff and log(g). This interpola-

tion procedure results in 25 additional models with half-

integer metallicity values of [Fe/H] = −0.5, −1.5, and

−2.5 dex. As an example, in the left column of Figure

5, the middle panel’s model ([Fe/H] = −0.5, Teff = 1200

K, log(g) = 5.5) is an interpolation in metallicity be-

tween the model shown in the top panel of that column

([Fe/H] = 0, Teff = 1200 K, log(g) = 5.5) and the model
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shown in the bottom panel of that column ([Fe/H] =

−1, Teff = 1200 K, log(g) = 5.5). The same applies

to the right column of Figure 5, except for the case of

Teff = 1300 K.

We fit all 69 models in our augmented PHOENIX grid

to the observed WISEA 1553+6933 spectrum, using the

χ2 goodness of fit metric. When fitting, the observed

spectrum is normalized to unity at the J band peak,

and the overall normalization of each model (across the

full 1-2.4 µm wavelength range) is treated as a sin-

gle free parameter. Figure 5 shows a comparison of

the WISEA 1553+6933 spectrum against six PHOENIX

models spanning the reasonably well-fitting range of

temperature and metallicity: 1200 K ≤ Teff ≤ 1300

K, −1 ≤ [Fe/H] ≤ 0 and log(g) = 5.5. The three best-

fitting models are labeled in Figure 5. The best-fit model

has Teff = 1200 K, [Fe/H] = −0.5 dex and log(g)= 5.5

(left column, middle row of Figure 5). Among the set of

three best-fitting models, two have [Fe/H] = −0.5, one

has [Fe/H] = 0, and all have Teff = 1200 K or 1300 K.

The Teff = 1200 K, [Fe/H] = 0 model mostly matches

the WISEA 1553+6933 spectrum, but like the T4 stan-

dard (§5) this model fails to capture the observed H

band peak’s blue extension. The Teff = 1200 K, [Fe/H]

= −1 model has a broadened H band peak, but this

model’s H band peak is much stronger relative to J and

K than is observed for WISEA 1553+6933. The best-

fit model (Teff = 1200 K, [Fe/H] = −0.5) accurately

matches the blue wing of the H band peak while also dis-

playing the correct relative amplitudes for all three spec-

tral segments between 1.0 and 2.4 µm. For Teff = 1300

K, the observed H band peak is again best reproduced

with [Fe/H] = −0.5, but the agreement at 1-1.3 µm is

substantially worse throughout the −1 ≤ [Fe/H] ≤ 0

metallicity range.

5.2. New LOWZ Models

We have also generated an extensive new grid of low-

temperature, low-metallicity model atmosphere spectra

and compared these against the near-infrared spectrum

and broadband colors of WISEA 1553+6933. Since

we expect this new model grid, which we refer to as

‘LOWZ’, to be generally useful for studies of brown

dwarfs, we have made these models publicly available

online8.

We use the ScCHIMERA 1D-radiative-convective-

thermochemical equilibrium tool (Piskorz et al. 2018;

Gharib-Nezhad & Line 2019; Arcangeli et al. 2018;

Mansfield et al. 2018; Zalesky et al. 2019; Baxter et al.

8 https://doi.org/10.7910/DVN/SJRXUO

2020; Beatty et al. 2020; Colón et al. 2020) to compute

our cloud-free model grid. Briefly, the grid solves for

the net radiative fluxes using the Toon et al. (1989) two

stream source function technique. The equilibrium tem-

perature structure is achieved using a Newton-Raphson

scheme (e.g., McKay et al. 1989). Chemical equilibrium

is computed using the NASA Chemical Equilibrium with

Applications9 routine assuming rainout chemistry and

scaled Lodders & Palme (2009) solar abundances. We

include a suite of relevant opacities (H2-H2/He collision-

induced absorption (Richard et al. 2012), H− bound-

free/free-free (John 1988), H2O (Polyansky et al. 2018),

CO (Rothman et al. 2010), CH4 (Yurchenko & Ten-

nyson 2014), NH3 (Yurchenko et al. 2011), H2S (Ten-

nyson & Yurchenko 2012), PH3 (Sousa-Silva et al. 2015),

HCN (Harris et al. 2008), C2H2 (Rothman et al. 2013),

TiO (McKemmish et al. 2019), VO (McKemmish et al.

2016), SiO (Barton et al. 2013), CaH (Alavi & Shayesteh

2018; Yadin et al. 2012), MgH (Yadin et al. 2012;

GharibNezhad et al. 2013), CrH (Burrows 2005), AlH

(Yurchenko et al. 2018), FeH (Wende et al. 2010), Na,

K (Allard et al. 2007, 2019)), as well as several other

atomics sourced from Kurucz (1993) converted into R =

250 correlated-K coefficients (with 10 Gauss-quadrature

points per bin, in double Gauss form) mixed on the fly

using the Amundsen et al. (2017) resort-rebin procedure.

Convection is treated as an additional flux via mixing

length theory.

Each model in the LOWZ grid extends from 0.1-10 µm

in wavelength coverage. The wavelength grid spacing is

4.6 nm at λ = 1.15 µm, 6.6 nm at λ = 1.65 µm, and

8.8 nm at λ = 2.2 µm. The LOWZ model metallicities

range from [M/H] = −2.5 to +1.0 dex, sampling values

of [M/H] = −2.5, −2, −1.5, −1, −0.5, −0.25, 0, +0.25,

+0.5, +0.75, +1 dex. The LOWZ effective temperatures

span from Teff = 500 K to Teff = 1600 K, with values of
Teff = 500, 550, 600, 650, 700, 750, 800, 850, 900, 950,

1000, 1100, 1200, 1300, 1400, 1500, and 1600 K. The

grid contains three distinct carbon-to-oxygen (C/O) ra-

tio values (0.1, 0.55, 0.85), five log(g) values (3.5, 4, 4.5,

5, 5.25), and three vertical eddy diffusion coefficient op-

tions, log10(Kzz) = (−1, 2, 10), with Kzz in units of

cm2/s. In all, our LOWZ grid contains 8,402 model at-

mosphere spectra sampling in the five-dimensional space

of ([M/H], Teff , C/O, log(g), log10(Kzz)).

We fit all 8,402 LOWZ models to the observed WISEA

1553+6933 spectrum, again using the χ2 goodness-of-fit

metric. When fitting, the observed spectrum is nor-

malized to unity at the J band peak, and the overall

9 https://cearun.grc.nasa.gov/

https://doi.org/10.7910/DVN/SJRXUO
https://cearun.grc.nasa.gov/
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Figure 5. Comparison of the WISEA 1553+6933 NIRES spectrum against various models from a PHOENIX model atmosphere
grid extending to low-metallicity (Gerasimov et al. 2020). The top row’s models have solar metallicity, the middle row’s models
have [Fe/H] = −0.5, and the bottom row’s models have [Fe/H] = −1.0. The left column’s models have Teff = 1200 K while the
right column’s models have Teff = 1300 K. The best-fit model has [Fe/H] = −0.5 and Teff = 1200 K. The second (third) best-fit
model has [Fe/H] = −0.5 ([Fe/H] = 0) and Teff = 1300 K (Teff = 1200 K).

normalization of each model (across the full 1-2.4 µm

wavelength range) is treated as a single free param-

eter. Figure 6 shows the WISEA 1553+6933 NIRES

spectrum overlaid on the three best-fitting LOWZ mod-

els. All three best-fitting models have Teff = 1100 K

and log10(Kzz) = 10. The best-fit LOWZ model has a

slightly subsolar metallicity, with [M/H] = −0.25, C/O

= 0.85 and log(g) = 5.25. The second best-fit LOWZ

model is slightly metal-enhanced with [M/H] = +0.25

and lower log(g) = 5 rather than 5.25. The third best-fit

LOWZ model has [M/H] = −0.5, log(g) = 5.25 and a

C/O ratio of 0.55.

One peculiarity of our best-fit LOWZ model’s param-

eters is that the metallicity ([M/H] = −0.25 dex) is

slightly subsolar, but the C/O value is super-solar. In-

triguingly, this situation is reminiscent of retrieval re-

sults for the T7.5pec dwarf SDSS J1416+1348B, a com-

panion to the sdL7 SDSS J1416+1348A (Gonzales et al.

2020; Line et al. 2017). Gonzales et al. (2020) found

a slightly subsolar metallicity ([M/H] ≈ −0.3 dex) for

the SDSS J1416+1348AB system, but a roughly solar
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C/O ratio. With Teff ≈ 600-700 K (Gonzales et al.

2020), SDSS J1416+1348B is significantly colder than

WISEA 1553+6933, so that it is not immediately evi-

dent whether the same spectral features are driving the

elevated fits of C/O relative to [M/H] in both cases.

Taking into account the literature comparisons and

model fits shown in Figures 4-6, we assign WISEA

1553+6933 a spectral type of sdT4 ± 0.5. The sub-

type is quite well-constrained given that the T3 and T5

standards in Figure 4 are very clearly worse matches to

the WISEA 1553+6933 spectrum than is the T4 stan-

dard. We adopt a metallicity of ≈ −0.5 dex based on

the best-fit models shown in Figures 5 and 6. In Table 2

we quote the WISEA 1553+6933 effective temperature

as Teff = 1200 ± 100 K; the PHOENIX models favor

temperatures of 1200-1300 K and the LOWZ models fa-

vor a temperature of 1100 K. The effective temperature

from spectroscopic modeling is in good agreement with

the photometrically estimated Teff = 1076± 89 K value

from §4.2.

6. LOWZ MODEL SYNTHETIC PHOTOMETRY

Because the LOWZ models extend from blueward of

1 µm all the way to 10 µm, we can generate synthetic

near and mid-infrared (MIR) colors corresponding to

each model’s set of physical parameters. Using MKO,

WISE and Spitzer transmission curves from the SVO

Filter Profile Service (Rodrigo et al. 2012; Rodrigo &

Solano 2020), we computed each LOWZ model’s J−W2,

W1−W2, J−ch2 and ch1−ch2 colors in the Vega system.

Figure 7 shows our LOWZ model synthetic colors in the

same J−W2 versus W1−W2 color-color space used to

select this work’s esdT candidates (see Figure 1).

Figure 7 includes synthetic colors for 136 LOWZ mod-

els, selected to have nominal “normal” brown dwarf pa-

rameters: C/O = 0.55, log(g) = 5 and log10(Kzz) = 2.

Each connected curve represents a unique [M/H] value’s

temperature sequence, from 500 K to 1600 K. The eight

[M/H] curves shown span from [M/H] = +1 to [M/H]

= −2.5. The [M/H] = 0 curve agrees reasonably well

with the observed locus of “normal” T dwarfs shown as

magenta points in Figure 1. A dramatic trend can be

seen among the set of temperature sequence curves as

metallicity becomes progressively lower. As metallicity

decreases from [M/H] = 0, the locus compresses and

shifts blueward in terms of W1−W2, while expanding

to push redward in J−W2. This metallicity evolution of

the T dwarf sequence means that models with [M/H] .
−1.5 enter our esdT candidate color-color selection box

from §4, whereas the higher metallicity models (includ-

ing super-solar) shown do not occupy this area. Thus,

our LOWZ models predict the strong J−W2 color ex-

cess signature of the Schneider et al. (2020) esdTs. Our

LOWZ model synthetic photometry also points to the

possibility of finding very low metallicity T dwarfs with

J−W2 excesses even larger than observed for any of the

subdwarfs in this work or Schneider et al. (2020), 5 <

J−W2 < 8. This motivates future brown dwarf searches

and follow-up campaigns to seek examples of such ex-

treme J−W2 color at modest W1−W2 color in the∼1−2

mag range.

Returning to the case study of WISEA 1553+6933, we

can also examine the metallicity sequence in this same

synthetic color-color space while fixing all other physi-

cal parameters to be those of the best-fit LOWZ model

from Figure 6. Figure 8 shows the resulting metallicity

sequence for log(g) = 5.25, log10(Kzz) = 10, C/O = 0.85,

and Teff = 1100 K. The top panel illustrates the trend

of J−W2 versus W1−W2, and the bottom panel shows

the Spitzer -based analog which replaces W1 (W2) with

ch1 (ch2). WISEA 1553+6933 is closest to the [M/H]

= −1.5 (−2.0) model prediction in the WISE -based

(Spitzer -based) color-color diagram. Thus, synthetic

broadband colors of the LOWZ models yield a ‘photo-

metric metallicity’ of −1.5 to −2 for WISEA 1553+6933,

much lower than the best-fit [M/H] = −0.25 value de-

rived from fitting the NIR spectral morphology (§5.2).

In Table 2 we retain the relatively high metallicity value

derived from our §5 fits, since we favor the spectro-

scopic analysis over broadband photometric estimates.

WISEA 1553+6933 illustrates that although the LOWZ

models qualitatively capture observed trends of J−W2

versus W1−W2, there is tension between the metallic-

ities implied by NIR spectral morphology as compared

to NIR-MIR broadband colors. JWST low-resolution

spectroscopy of objects like WISEA 0414−5854, WISEA

1810−1010 or WISEA 1553+6933 covering 1-5µm with

NIRSpec (Gardner et al. 2006; Bagnasco et al. 2007)

would provide valuable insight into the detailed suc-

cesses and mismatches of our LOWZ models in this mid-

infrared wavelength range, helping to understand the

key physical processes/parameters shaping the spectra

and colors of T subdwarfs.

7. CONCLUSION

We have presented discoveries and follow-up of three

T type subdwarf candidates identified by the Backyard

Worlds: Planet 9 citizen science project. These objects

have large total proper motions in the range of 0.9-

2.2′′/yr, with correspondingly high tangential velocity

estimates (∼180-400 km/s) indicative of membership in

the Milky Way thick disk or halo. Their photometry

places them in the same unusual region of color-color

space as the first two known examples of the esdT spec-
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tral class (Schneider et al. 2020). We have also published

an extensive new grid of low temperature, low metallic-

ity model atmospheres. Going forward, these models

will aid in the characterization/classification of the T

subdwarf population.
Keck/NIRES spectroscopy indicates that WISEA

1553+6933 is a T4 subdwarf with an effective temper-

ature of Teff = 1200 ± 100 K and metallicity ≈ −0.5

dex. Although WISEA 1553+6933 has the largest W2

reduced proper motion among all known L and T type

subdwarfs, suggesting that it may have unusually high

kinematics and/or low luminosity even relative to other

T subdwarfs, its near infrared spectral morphology does

not indicate a metallicity sufficiently low to be classi-

fied as an esdT. On the other hand, comparison of the

WISEA 1553+6933 broadband photometry from ∼1-

5 µm against the LOWZ models favors a lower metallic-

ity . −1.5 dex.

Our understanding of all three objects presented in

this work would benefit from additional astrometry, in

order to obtain trigonometric parallaxes. Trigonometric

parallaxes would specify how sub-luminous these sub-

dwarfs are relative to ‘normal’ T dwarfs. Determining

luminosities of the two known esdTs and other poten-

tially similar objects may help to better map/define the

sdT/esdT sequence.

Additional near-infrared photometry of this study’s

sample is also needed. In particular a J band detec-

tion of CWISE 0738−6643 would allow us to pinpoint

its location in color-color space. Deeper H and K band

follow-up imaging is needed for all three members of the

present sample, and would allow us to place these ob-

jects within additional color-color diagrams (e.g., Figure

3 of Schneider et al. 2020).

Lastly, near-infrared spectroscopy is needed for the

two new discoveries presented in this work, CWISE

0738−6643 and CWISE 2217−1454, to gauge their

metallicities and temperatures, thereby determining

whether either is a new member of the esdT spectral

class.

Backyard Worlds will continue mining the

WISE/NEOWISE data set for faint moving objects

in search of more surprising substellar discoveries with

anomalous properties.
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