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Abstract

AT2019wey (SRGAJ043520.9+552226, SRGEJ043523.3+552234) is a transient first reported by the

ATLAS optical survey in December 2019. It rose to prominence upon detection, three months later, by

the Spektrum-Roentgen-Gamma (SRG) mission in its first all-sky survey. X-ray observations reported
in Yao et al. (2020a) suggest that AT2019wey is a Galactic low-mass X-ray binary (LMXB) with a

black hole (BH) or neutron star (NS) accretor. Here we present ultraviolet, optical, near-infrared
and radio observations of this object. We show that the companion is a short-period (P . 16 hrs)

low-mass (< 1M⊙) star. We consider AT2019wey to be a candidate BH system since its locations on

the Lradio–LX and Lopt–LX diagrams are closer to BH binaries than NS binaries. We demonstrate

that from June to August 2020, despite the > 10× brightening at radio and X-ray wavelengths, the

optical luminosity of AT2019wey only increased by 1.3–1.4×. We interpret the UV/optical emission

before the brightening as thermal emission from a truncated disk in a hot accretion flow, and the

UV/optical emission after the brightening as reprocessing of the X-ray emission in the outer accretion
disk. AT2019wey demonstrates that combining current wide-field optical surveys and SRG provides a

way to discover the emerging population of short-period BH LMXB systems with faint X-ray outbursts.

Keywords: X-rays: individual (AT2019wey) — accretion, accretion disks — stars: black holes

1. Introduction

1.1. Low-mass X-ray Binaries and SRG

Low-mass X-ray binaries (LMXBs) contain an ac-

creting neutron star (NS) or black hole (BH) in orbit

with a low mass (. 2M⊙) companion star. Most of

the known BH LMXBs were discovered by X-ray all-

sky monitors (ASMs) during X-ray outbursts induced

by instabilities in the accretion processes. The most

yyao@astro.caltech.edu

sensitive X-ray ASM to date, the Monitor of All-sky

X-ray Image (MAXI ; Matsuoka et al. 2009), has a

transient triggering threshold of 8mCrab (1mCrab =

2.4 × 10−11 erg s−1 cm−2 over 2–10 keV) sustained for

4 days (Negoro et al. 2016). Due to the relatively shal-

low sensitivity of ASMs, the sample of LMXBs is biased
towards nearby sources which exhibit bright X-ray out-
bursts.

Prior to 2020, the most sensitive all-sky X-ray imaging

survey was carried out in 1990/1991 by ROSAT at 0.1–

2.4 keV (Truemper 1982; Voges et al. 1999). It cataloged

X-ray sources brighter than ∼ 10µCrab, providing the
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deepest X-ray all-sky reference at the time (Boller et al.
2016). Three decades after ROSAT , the dynamic X-ray

sky is being surveyed by the eROSITA (0.2–10 keV; Pre-

dehl et al. 2021) and the Mikhail Pavlinsky ART-XC

(4–30 keV; Pavlinsky et al. 2021) telescopes on board
the Spektrum-Roentgen-Gamma (SRG) mission (Sun-

yaev et al. 2021). This planned four-year survey obtain-
ing full-sky images created every six months is a power-

ful X-ray time domain facility. The first eROSITA All-

Sky Survey (eRASS1; December 2019 – June 2020) was

sensitive to point sources down to ∼ 0.8µCrab (Predehl

et al. 2021).

1.2. AT2019wey

On 2020 March 18, SRG discovered a new X-

ray (∼ 1mCrab) transient, SRGAJ043520.9+552226
(=SRGEJ043523.3+552234; Mereminskiy et al. 2020).

It coincided with an optical (r ∼ 17.5) transient,
AT2019wey, first reported by ATLAS (Tonry et al.

2019). This transient, bright at both X-ray and opti-

cal wavelengths, and located at low Galactic latitude

(b = 5.3◦) was not present in the Palomar Observatory

Sky Survey or the ROSAT catalog. We conducted an ex-

tensive follow-up campaign, revealing that AT2019wey

is a Galactic LMXB with unique properties.
Yao et al. (2020a, hereafter Paper I) presented X-

ray observations of AT2019wey from January 2019 to

November 2020, suggesting that AT2019wey is a LMXB

with a BH or NS accretor. In this work, we present

multi-wavelength observations of AT2019wey. We con-

clude that the compact object is probably a BH and

the companion star must be of low mass (< 1M⊙).
We therefore call AT2019wey a candidate BH LMXB.

This class of objects and the classification of their X-ray

states is reviewed in McClintock & Remillard (2006);

Remillard & McClintock (2006); Belloni et al. (2011);
Zhang (2013); Tetarenko et al. (2016).

The paper is organized as follows. The association
between the optical and X-ray transients is outlined in

Section 2. We present optical and ultraviolet (UV) pho-

tometry in Section 3, optical and near-infrared (NIR)

spectroscopy in Section 4, and radio observations in Sec-

tion 5. We discuss the nature of the source in Section 6,
and summarize out findings and conclusions in Section

7.
Throughout this paper, times are reported in UT. Op-

tical magnitudes are reported in the AB system. We

adopt the reddening law of Cardelli et al. (1989) with

RV = 3.1.

2. Association between the Optical and X-ray

Transients

On 2 December 2019 05:18:40 (MJD 58819.2213),
the Zwicky Transient Facility (ZTF; Bellm et al. 2019;

Graham et al. 2019) detected AT2019wey at a g-band

(λeff = 4810 Å) magnitude of gZTF = 19.30± 0.05. The

last non-detection was obtained by ATLAS at an o-band

(λeff = 6790 Å) magnitude of oATLAS > 18.3, on 1 De-

cember 2019 12:18:30 (MJD 58818.5129).
In Figure 1 we display the X-ray localiza-

tion on an optical image. The AT2019wey and

SRGEJ043523.3+552234 locations are separated by

only 0.8′′, well within the X-ray error circle radius,

thereby confirming the association first suggested by
Mereminskiy et al. (2020). The Galactic coordinates of

AT2019wey, l = 151.2° and b = 5.3°, a priori favors a
Galactic source in the Galactic anti-center direction.
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Figure 1. Localization of AT2019wey plotted on top of the
SDSS z-band image. The eROSITA and ZTF position is
shown by “+” sign and “×”, respectively. The circle indi-
cates eROSITA’s 68% error circle radius of 5′′ (Mereminskiy
et al. 2020). The ZTF position is R.A=04h35m23.27s,
Dec=+55d22m34.3s (J2000).

3. Photometry

3.1. ZTF, ATLAS, and Gaia Photometry

We constructed the optical light curve using the
forced-photometry services of ZTF1 (Masci et al. 2019)

and ATLAS2 (Smith et al. 2020). We obtained Gaia

1 https://ztfweb.ipac.caltech.edu/cgi-bin/
requestForcedPhotometry.cgi

2 https://fallingstar-data.com/forcedphot/
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Figure 2. Multi-wavelength light curves of AT2019wey. Upper limits are shown as downward triangles. Upper : Optical light
curves from ZTF, ATLAS, and Gaia (Section 3.1). Epochs of spectroscopy (Table 1) are marked with the letter S above the
upper axis. Middle: UV (Section 3.4) and radio (Section 5) light curves. The 6.7GHz flux densities are interpolated from the
power-law fits in Table 2. Bottom: MAXI 2–10 keV light curve (Paper I). The green curve is a model fit to the data, generated
using a Gaussian process following procedures described in Appendix B.4 of Yao et al. (2020b). The epoch of SRG discovery is
marked by the blue arrow. The multi-wavelength evolution is divided into five stages (see discussion in Section 6.2).
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photometry from the Gaia alerts page3. See Table 5 for
the ZTF photometry.

The upper panel of Figure 2 shows the ZTF, ATLAS,

and Gaia light curves of AT2019wey. Over the first

two weeks, the light curve rose to rZTF = 17.3mag.
After that, the light curve displayed small amplitude

(. 0.3mag) variability for more than 300 days. The lack
of photometry between MJD ∼ 58980 to MJD ∼ 59040

is due to the source being in the day sky. On Septem-

ber 9 and 13 we undertook continuous observations as

part of the ZTF “deep drilling” program (Kupfer et al.

2021). On each day, ≈ 130 r-band exposure frames were

obtained.

3.2. CHIMERA Photometry
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Figure 3. CHIMERA data of AT2019wey. The black lines
show light curves averaged to 1min. The median magnitudes
are i = 16.99 ± 0.07 and g = 18.12 ± 0.08. The g-band rms
increased towards the end of the observation due to the onset
of twilight.

On 23 July 2020 (MJD 59053), we obtained high speed

photometry in the SDSS g- and i-band using the Caltech

HIgh-speed Multi-color camERA (CHIMERA; Harding
et al. 2016) on the 200-inch Hale telescope of the Palo-

mar observatory. We operated the detectors using the

1MHz conventional amplifier in frame transfer mode

with a frame exposure time of 1 s, and obtained 3300

frames in each filter. We reduced the data with a custom

pipeline4. Figure 3 shows the CHIMERA light curve.

AT2019wey appears to exhibit intra-night variability of
∼ 0.1mag.

3 http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia20aua/
4 https://github.com/mcoughlin/kp84

3.3. Period Search
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Figure 4. Upper : The periodogram and window function
for the ZTF deep drilling dataset. Middle: The periodogram
and window function for CHIMERA i-band. Note that the
periodogram for the g-band data is similar to that of the i-
band. Bottom: The ZTF deep-drilling light curve, relative
to the median, folded on a period of 0.055 d.

We ran a periodicity search on the CHIMERA and
the ZTF deep drilling datasets using the analysis of
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variance (AOV) method (Schwarzenberg-Czerny 1998)5.
We used a frequency grid from 16 d−1 to 500 d−1 for

the ZTF data, and a frequency grid from 48 d−1 to

40,000 d−1 for the CHIMERA data. To see how the

observational cadence affects the periodogram, we used
the Lomb-Scargle algorithm (see a recent review by Van-

derPlas 2018) to compute the window function.
We define “significance” of a period as the maximum

value in the periodogram divided by the standard devi-

ation of values across the full periodogram. A possible

period at 0.055 d (1.3 hr) at the significance of 9.2 can

be seen in the ZTF periodogram (upper panel of Fig-

ure 4). We note that the 1.3 hr peak is mainly caused
by the sinusoidal-like structure observed on September

19, not the dip-like structure observed on September 23.

Since the data on September 19 and 23 do not follow the

same trend as a function of phase (see lower panel of Fig-

ure 4), we consider the possible period at 1.3 hr to be
spurious. No period above 8-σ can be identified from

the CHIMERA periodogram.

3.4. UV Photometry

We obtained UV observations of AT2019wey with

the Ultra-Violet/Optical Telescope (UVOT; Roming

et al. 2005) onboard the Neil Gehrels Swift Observa-

tory (Gehrels et al. 2004) from April to September 2020.
The UVOT data were processed using HEASoft. We ex-

tracted the photometry with uvotsource using a 3′′ cir-
cular aperture. Background counts were estimated in a

10′′ source-free circular aperture. AT2019wey was only

marginally detected in April. Therefore, for the April

datasets, we undertook photometry on coadded images.

In October 2020, we obtained U -band photometry us-

ing the Spectral Energy Distribution Machine (SEDM,

Blagorodnova et al. 2018, Rigault et al. 2019) on the
robotic Palomar 60-inch telescope (P60, Cenko et al.

2006). Data reduction was performed using the FPipe

pipeline (Fremling et al. 2016). The UVOT and SEDM

photometry is presented in Table 6 and is shown in the

middle panel of Figure 2.

4. Optical and NIR Spectroscopy

A log of our spectroscopic observations is given in Ta-
ble 1. The instrumental and observational details can

be found in Appendix B.

4.1. Optical Spectroscopy

We identify the following features at redshift z = 0

in all of our spectra: Balmer absorption lines, Ca II H

5 We used the python script provided by https://users.camk.edu.
pl/alex/#software

Table 1. Log of AT2019wey spectroscopy.

Date Telescope/ Range Exp. Air

in 2020 Instrument (Å) (s) Mass

Mar 23 Keck-I/LRIS 3200–10250 300 2.22

Jul 31 P200/DBSP 3410–5550, 5750–9995 600 1.38

Aug 13 Keck-II/NIRES 9400–24650 360 1.38

Aug 14 P200/DBSP 3410–5550, 5750–9995 600 1.34

Aug 29 P200/DBSP 3410–5550, 5750–9995 600×2 1.40

Sep 12 Keck-II/ESI 3950–10200 1800 1.32

Sep 20 Keck-I/LRIS 3200–10250 300×2 1.28

Note—All spectra have been uploaded to the TNS page of this source
(https://www.wis-tns.org/object/2019wey). Multiple exposures were
obtained on 2020 August 29 and September 20. Since no significant
variability was observed on the timescale of 5–10min, summed spectra
were produced for the two dates.

and K lines, the Na I D doublet, diffuse interstellar band

(DIB) λ5780, λ6283 absorption features, and the Balmer
jump (Figure 5, 6). He II λ4686 emission seems to be

detected in the spectra obtained on July 31, August 14,

and September 20. We conclude that AT2019wey is a

transient of Galactic stellar origin.

From March to September, the hydrogen profile

clearly changed (Figure 6). Figure 7 presents the ve-

locity profiles of Balmer lines in the March 23 and the
September 12 spectra. On March 23, we observed a
relatively narrower (FWHM ∼ 1200 km s−1) emission

component in the middle of a rotationally broadened

(FWHM ∼ 2700 km s−1) shallow absorption trough. At

the same epoch, we also observed broad Hβ and Hγ
absorption features with FWHM ∼ 2000–3000 km s−1.

There was a marginal detection of narrow emission cores
redshifted by ∼ 300–400 km s−1 from the line center of

the absorption troughs. On September 12, we observed

flat-topped Hα in emission (∼ 400 km s−1), while the Hβ

and Hγ profiles were similar to the Hα profile on March

23. The variable Balmer features are discussed further
in Section 6.4.

The reddening of AT2019wey can be constrained to
0.8 < E(B − V ) < 1.2 (Appendix C.1) using the equiv-

alent width (EW ) of the interstellar absorption lines.

We find a lower limit to the distance of AT2019wey

of D > 1 kpc using the velocities of the Na I dou-

blet in the ESI spectrum (Appendix C.2). In addi-

tion, since AT2019wey is in the Galactic anti-center di-

rection, the distance to AT2019wey is likely less than

∼10 kpc. Taken together, we conclude that the distance

of AT2019wey is between ∼1 kpc and ∼10 kpc.
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Figure 5. LRIS spectrum of AT2019wey obtained on 2020 March 18. Upper : Observed spectrum. Bottom: Extinction-corrected
spectrum using E(B − V ) = 0.9. Rest (air) wavelength of atomic transitions are marked in vertical lines. .
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4.2. NIR Spectroscopy

The NIR spectrum of AT2019wey is shown in Fig-

ure 8. Hydrogen emission lines of Paγ, Paβ, and Brγ

are clearly distinguished. We tentatively attribute the
emission lines around 1083 nm to double-peaked He I.

No absorption lines or molecular bands from the sec-

ondary star can be identified. With a FWHM of ≈ 200–

300 km s−1, the velocities of NIR emission features are

much narrower than the Hα line, hinting at different

formation locations in the accretion disk.

5. Radio Observations

We monitored AT2019wey with the VLA (Perley et al.

2011) under the Director’s Discretionary Time programs
20A-591 and 20B-397 (PI Y. Yao). The data were cal-

ibrated using the standard VLA Pipeline. We present
the flux density of our VLA detections along with the
radio detections reported by Cao et al. (2020a,b) in Ta-

ble 2. We fit a power-law (PL) function (fν ∝ να) to

the data; see Figure 9 for model fits and Table 2 for the

value of α.
Other than for August 2, the power law fit is flat or

slightly inverted (α ≈ 0–0.5). Usually this is attributed
to synchrotron self-absorption and is frequently seen in

the low/hard-state (LHS) and hard-intermediate state

(HIMS) of X-ray binaries (Fender 2001; Fender et al.

2004). On August 2, however, a “standard” spectral

index of ∼ −0.8 was observed. The change of spectral
index may indicate the existence of a multi-zone jet.

Yadlapalli et al. (2021) reported the detection of a re-
solved radio source by VLBA in September 2020, which

was interpreted as a steady compact jet.

6. Discussion

The archival (historical) optical data (see Ap-

pendix A.1) establish a faint quiescent counterpart:

rSDSS > 22.6. For 0.8 < E(B − V ) < 1.2, the corre-

sponding extinction is 2.2 < ArSDSS
< 3.3. Combined

with our distance limit of D < 10 kpc, this restricts the

donor star to have an absolute magnitude of MR > 4.3.
For a main sequence star, this corresponds to a spectral

type later than G2 and a stellar mass < 1M⊙. For a

subgiant star, the stellar mass is even smaller. There-

fore, the companion is a low mass (< 1M⊙) late-type,

likely evolved star. The optical outburst amplitude for

AT2019wey is ∆r > (22.6 − 17.4) = 5.2mag. Using an

empirical relation between ∆r and Porb for short-period

LMXBs (Shahbaz & Kuulkers 1998), we find the orbital

period, Porb . 16 hrs.

6.1. Radio–X-ray Correlation

Figure 10 shows that on the Lradio–LX diagram, the

position of AT2019wey is above the region occupied by

Table 2. Radio observations of AT2019wey.

Date ν0 (GHz) fν (µJy) α

2020-05-27

5.0 197± 20

0.51± 0.696.0 220± 22

7.0 234± 23

2020-08-02

2.5 218± 49

−0.82± 0.233.5 205± 16

10.0 82± 11

2020-08-14

1.5 1023± 75

0.23± 0.02

2.5 998± 59

3.5 1077± 18

8.5 1420± 12

9.5 1399± 11

10.5 1447± 13

11.5 1431± 13

2020-08-21

1.5 1676± 102

0.19± 0.01

2.5 1767± 51

3.5 1923± 18

8.5 2340± 18

9.5 2393± 18

10.5 2376± 18

11.5 2353± 19

2020-08-28

1.5 1846± 128

0.20± 0.01

2.5 1891± 34

3.5 2048± 15

8.5 2529± 11

9.5 2542± 16

10.5 2536± 18

11.5 2511± 20

2020-10-17 6.7 1350± 220 —

2021-02-17

1.5 1565± 44

0.01± 0.01

2.5 1394± 16

3.5 1435± 10

8.5 1658± 12

9.5 1553± 13

10.5 1407± 11

11.5 1295± 11

Note—ν0 is central frequency. The spectral index α
(fν ∝ να) is fitted using the Markov chain Monte
Carlo (MCMC) approach with emcee (Foreman-
Mackey et al. 2013). The uncertainties are calculated
using the 90% quantiles from the MCMC run.

the majority of NS binaries and is closer to BH bina-

ries. Therefore, the bright radio luminosity favors a BH

accretor.
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6.2. Multi-wavelength Light Curve

We separate the multi-wavelength light curve of

AT2019wey into five stages (see the bottom panel of

Figure 2): (i) Before MJD ∼ 58814, the source was in

quiescence; (ii) From MJD ∼ 58814 to MJD ∼ 58880,

the optical light curve exhibited a fast-rise linear-decay
outburst, after which it settled onto a r-band flux of

fν,r ∼ 315µJy. Around the same time, the X-ray

flux rose to ∼ 1mCrab, and stayed in the LHS; (iii)

From MJD ∼ 58880 to MJD ∼ 59010, the optical

and X-ray light curves stayed almost flat; (iv) From
MJD ∼ 59010 to MJD ∼ 59080, AT2019wey exhib-

ited a multi-wavelength brightening, and the X-ray re-

mained in the LHS (Paper I); (v) From MJD ∼ 59081 to
MJD ∼ 59180, the source entered into the HIMS (Paper

I). The optical stayed around fν,r ∼ 400µJy, and X-ray
stayed around ∼ 20mCrab (Paper I).

6.2.1. UV/optical–X-ray Correlation

During stage (iv), the X-ray and radio fluxes increased

by a factor of & 10 but in the optical/UV the increase

was modest, between a factor of 1.3 and 2. During stages
(iii) and (v), the source was stable and representative lu-
minosities can be found in Table 3. For these two stages,

following Russell et al. (2006), we link the UV/optical
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Table 3. X-ray and optical luminosity of AT2019wey at different stages of the multi-wavelength evolution.

Stage Band Luminosity Comments

(iii) r & g 4.0× 1034 & 6.1× 1034 Averaged between MJD ∼ 58880 and MJD ∼ 59010

(iii) X-ray 1.0× 1035 Averaged between MJD ∼ 58951 and MJD ∼ 58967

(v) r & g 4.9× 1034 & 8.4× 1034 Averaged between MJD ∼ 59080 and MJD ∼ 59153

(v) X-ray (1.3–1.7)×1036 Range of values from minimum (MJD∼ 59082) to maximum (MJD ∼ 59112)

Note—Luminosity is given in units of (D/5 kpc)2 erg s−1. X-ray column density corrected luminosity is given in 2–10 keV,
assuming NH = 5× 1021 cm−2. Optical luminosity has been corrected for extinction, adopting E(B − V ) = 0.9.

1.5 2 3 4 5 6 7 8 9 10 12
 (GHz)

102

103

f
 (

Jy
)

2020-05-27
2020-08-02
2020-08-14
2020-08-21

2020-08-28
2020-10-17
2021-02-17

Figure 9. Radio observations of AT2019wey. The solid
lines are model fits using estimated parameters. Ten ran-
dom draws from the MCMC posterior are shown with dashed
lines. Note that the random draws for the well constrained
models are so well aligned that they cannot be seen.

and X-ray luminosities as

LUV/opt = ALβ
X, (1)

and find β ∼ 0.08 in r-band, β ∼ 0.12 in g-band, and

0.12 . β . 0.34 in the UV bands. Russell et al. (2006)

derived A = 1013.1±0.6, β = 0.61± 0.02 for a sample

of 15 BH LMXBs, and A = 1010.8±1.4, β = 0.63± 0.04

for a sample of 8 NS LMXBs. As can be seen from
Figure 11, over the distance range of 1 . D . 10 kpc,

the inferred luminosities of AT2019wey are suggestive of

an accreting BH system.

6.2.2. Possible Mechanisms for the Optical Emission

In BH LMXBs in the hard state, the optical/UV emis-
sion can arise from (1) X-ray reprocessing in the outer

accretion disk; (2) the optically thick jet spectrum ex-

tending from centimeter wavelengths; (3) intrinsic ther-

10
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1--10 keV X-ray luminosity (erg s 1)
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o 
lu

m
in

os
ity

 (e
rg

 s
1 )

Quiescent/hard state BHs
Quiescent/hard state NSs
AMXPs
tMSPs (in accretion state)
CVs (at flare peak)
May 27
Aug 14
Aug 21
Aug 28

1kpc

3kpc

10kpc

Figure 10. The Lradio–LX diagram of AT2019wey and
various populations of X-ray sources, including quies-
cent/hard state BHs, NSs, accreting millisecond X-ray pul-
sars (AMXPs), transitional millisecond pulsars (tMSPs), and
cataclysmic variables (CVs) (Bahramian et al. 2018). We
mark the positions of AT2019wey at four epochs for possible
distances of 1–3–10 kpc.

mal emission from the viscously heated outer accretion

disk. For processes (1) and (2), the expected slopes are

β ∼ 0.5 (van Paradijs & McClintock 1994), and β ∼ 0.7
(Corbel et al. 2003; Russell et al. 2006), respectively.

For process (3), β ranges from 0.13 (Rayleigh-Jeans or
R-J tail) to 0.33 (between the R-J tail and the Wien

cut-off) (Tetarenko et al. 2020). Russell et al. (2006)

find β ∼ 0.6 for BH LMXBs, which suggests that pro-

cess (3) is not dominant. However, the observed β ∼ 0.1

for AT2019wey favors process (3).
Curiously, we note that such small values of β have

been observed in two BH LMXBs with short orbital

periods: β ∼ 0.2 (Armas Padilla et al. 2013) in

Swift J1357.2−0933 (Porb = 2.8 h; Corral-Santana et al.

2013; Mata Sánchez et al. 2015) and β ∼ 0.2 (Chiang
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Lopt = Lr
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Figure 11. The solid lines demonstrate the correlation
between optical (g- or r-band) and X-ray luminosities of
AT2019wey from stage (iii) to stage (v), assuming distances
at [1, 3, 5, 10] kpc. The dashed and dotted lines are best
power-law fits to BH X-ray binaries (BHXBs) and NS X-
ray binaries (NSXBs) in the hard state, respectively (Russell
et al. 2006).

et al. 2010) in Swift J1753.5−0127 (Porb . 3.2 h; Zurita

et al. 2008; Neustroev et al. 2014; Shaw et al. 2016).

Interestingly, the X-rays for these two systems are only

observed in the LHS or HIMS, without successful transi-

tions to the high/soft state (HSS) (Armas Padilla et al.

2013; Tetarenko et al. 2016). These similarities might

be understood as characteristics of a sub-population of
BH LMXBs (Shaw et al. 2013, see Section 7).

6.3. Multi-wavelength SED

The spectral energy distribution (SED) of AT2019wey

is shown in Figure 12. The X-ray data are presented in

paper I and we briefly summarize the X-ray spectra in
Section 6.3.1. In Section 6.3.2, based on radio data we

conclude that jet emission is unlikely to be the dominant

mechanism in the optical. In Section 6.3.3, we show

that the UV/optical emission during stage (iii) origi-

nates from the intrinsic emission of a truncated accre-

tion disk. In Section 6.3.4, we show that the UV/optical

emission during stage (v) arises from X-ray reprocessing.

6.3.1. The X-ray SED

Briefly speaking, the X-ray spectrum observed in stage

(iii) can be described by an absorbed power-law with
photon index Γ = 1.8. In stages (iv) and (v), the X-

ray spectrum can be fitted with a combination of disk
blackbody (diskbb, Shakura & Sunyaev 1973; Mitsuda

et al. 1984) and power-law components (Paper I). On

August 14, 21, and 28, the fitted models have Γ ∼ 1.9
and inner disk temperature Tdisk ∼ 0.21 keV ∼ 2.4 ×

106 K. The inner disk radius is

Rin ∼ (360–470)

(

cosi

1

)−1/2 (
D

5 kpc

)

km. (2)

On September 20, the soft X-ray flux reached a lo-

cal maximum in the HIMS, where the PL softened

to Γ = 2.3 and the inner disk temperature increased

to Tdisk ∼ 0.29 keV ∼ 3.4 × 106 K, while the inner
disk radius remains at ∼ 400 km. The fitted Tdisk

and Rin are typical for thermal emission from a trun-

cated accretion disk observed in the LHS and HIMS of

BH LMXBs (Done et al. 2007). Denoting the inner-
most stable circular orbit radius as RISCO = 6GM/c2

and the Schwarzschild radius as RS = 2GM/c2, then

Rin ∼ 15RS ∼ 5RISCO for a 10M⊙ non-spinning black

hole.

6.3.2. The Radio SED

The dash-dotted lines shown in Figure 12 are best-

fit power-laws for the radio data (Table 2) extrapo-

lated to 3 × 1012 Hz. If the spectrum remains optically

thick all the way to the optical and near-infrared (OIR)

wavelengths, it will over-predict the observed OIR spec-

trum. Assuming a classical jet spectrum of a broken PL

(Blandford & Königl 1979), the break frequency must

be ≪ 1014 Hz. The optically thin jet spectrum may

contribute a fraction of NIR emission (grey data in Fig-

ure 12), but is unlikely to dominate in the optical.

6.3.3. UV/Optical Emission in the Dim LHS

In Figure 13, we show the UV/optical data and the

best-fit X-ray model in the dim LHS (stage iii) in orange.

The low level of X-ray flux (compared to that in the

UV/optical) suggests that there is not enough X-ray flux

to illuminate the outer accretion disk. As a result, the

UV/optical probably comes from the intrinsic thermal

emission of an accretion disk.

To obtain a constraint on the outermost annulus of

the accretion disk, we compute a set of simple black-

body models (upper panel of Figure 13). We adopt the

11,000K blackbody as an approximation of the outer
disk annulus, and compute a set of diskbb models to

obtain a lower limit to the inner disk radius (and an up-
per limit to the inner disk temperature). The dotted line
in the lower panel of Figure 13 suggests Tin < 4.8×105 K

and Rin > 3.3× 103 km ∼ 38RISCO ∼ 114RS.

Similar SED shapes have been observed in the LHS
of a few BH LMXBs, including XTEJ1118+480 (Rin =

300RS; Yuan et al. 2005) and Swift J1753.5−0127 (Rin >

100RS; Froning et al. 2014). The observed SED of
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Figure 12. Multi-wavelength SED of AT2019wey. In the radio, we show the observed data and power-law fits (Table 2).
In UV/optical/NIR, we show the dereddened photometry and spectra assuming E(B − V ) = 0.9. Note that the silver NIR
spectrum, the orange optical spectrum, and the green optical spectrum were obtained on August 13, March 20, and September 20,
respectively (Table 1). In X-ray, we show the best-fits to X-ray data corrected for a fixed column density of NH = 5×1021 cm−2

(see Section 6.3.1 and Paper I). See definition of different stages in Section 6.2. The dashed and dotted green lines from optical
to X-ray are illustrative models of irradiation and standard disk emission, respectively (see Section 6.3.4 for details).

AT2019wey in the dim LHS fits into the advection-

dominated accretion flow (ADAF; Narayan & Yi 1994,

1995) model of a hot accretion flow around a BH, which

is predicted at low-accretion rates (see reviews by Done

et al. 2007; Yuan & Narayan 2014; Poutanen & Vele-

dina 2014). If so, the X-ray PL comes from a high-

temperature flow in the central regions close to the BH,
while the UV/optical thermal component comes from a
geometrically thin, optically thick accretion disk trun-

cated far from the ISCO (Yuan & Narayan 2014).

6.3.4. UV/Optical Emission in the HIMS

The dotted green line in Figure 12 shows an extrapola-
tion of the diskbb fit on NICER data for September 20.

It clearly under-predicts the observed UV/optical spec-
trum, making X-ray reprocessing the most likely origin
of the UV/optical emission in the HIMS. We therefore
attempt to fit the green data by the irradiation model

diskir (Gierliński et al. 2008, 2009).

We set the inner disk temperature of the unillumi-
nated disk and the asymptotic PL photon index to be

the same as the best-fit September 20 model (see Sec-

tion 6.3.1). The fraction of reprocessed luminosity in
the Compton tail (fin) is fixed at 0.1. The electron tem-

perature is fixed at 1000 keV as there is no sign of a
high-energy PL cutoff (see Paper I). The dashed green
line in Figure 12 is a schematic fit with the following

parameters: the ratio of luminosity in the Compton tail

to that of the unilluminated disk LC/Ld = 0.22, the

radius of the Compton illuminated disk Rirr = 1.2Rin,
the fraction of thermalized bolometric flux fout = 0.08,

Rout = 103.55Rin, and the normalization parameter of
the un-illuminated disk (Eq. 2) ≈ 370 km. We conclude

that the UV/optical SED in the HIMS is due to repro-

cessing of the X-ray irradiation.

6.4. Optical Spectral Lines

The hydrogen lines in AT2019wey display both broad

absorption and emission components (Section 4.1). This

behavior is reminiscent of some LMXBs and CVs, where

the hydrogen absorption and emission lines are thought

to arise from different layers of the viscous accretion disk

(Horne &Marsh 1986; La Dous 1989; Warner 1995). In a

few BH LMXBs, double-peaked Hα was observed, such
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Figure 13. X-ray–UV–optical SED of AT2019wey in the
dim LHS. Single-temperature blackbody models are shown
in the upper panel, while disk-blackbody models are shown
in the lower panel. All models are normalized to match the
flux in r-band. D = 5kpc and cosi = 1 are assumed. The
upper and lower bounds of the yellow region are obtained by
dereddening the observed data using E(B − V ) = 1.2 and
0.7, respectively. No detailed model fits are performed due
to the uncertainty of E(B − V ).

as GROJ1655−40 (Soria et al. 2000), GROJ0422+32
(Callanan et al. 1995), XTEJ1118+480 (Dubus et al.

2001; Torres et al. 2002), and Swift J1753.5−0127 (Ra-
houi et al. 2015). The single-peaked hydrogen line

profile of AT2019wey is similar to that observed in

MAXI J1836−194 (Russell et al. 2014), suggesting a bi-

nary system viewed close to face-on. This is in agree-

ment with the low inclination (i . 30◦) constraint from
modeling the X-ray reflection spectrum (Paper I).

In Section 6.3.4 we have shown that in the HIMS, the

UV/optical emission comes from the reprocessing of in-

ner disk and coronal emission. Irradiation of the outer

disk may form a thin temperature-inversion layer on the

disk surface (Tuchman et al. 1990). This naturally ex-

plains the enhanced Balmer emission lines observed dur-

ing stage (iv) and stage (v).

Most BH LMXBs show strong He II emission during

their outbursts (Zurita et al. 2002; Kaur et al. 2012;

Jiménez-Ibarra et al. 2019; Russell et al. 2014). A lack

of significant He II was observed in the optical spectra

of AT2019wey. This might also be present in the 2009

outburst of XTEJ1752−223 (Torres et al. 2009), and the

2021 outburst of XTEJ1859+226 (Bellm 2021, Bellm et

al. in prep). We note that the He II recombination

line was also not significantly detected in the outburst
spectra of a few CVs (Morales-Rueda & Marsh 2002). A

possible explanation is that the number of photons with

energies between 54 eV (the ionization potential of He+)

and 280 eV (the ionization potential of the carbon K-

edge) is not large enough (Patterson & Raymond 1985).

7. Conclusion

We have undertaken a detailed multi-wavelength
follow-up of the X-ray transient AT2019wey. This study

builds upon X-ray observations reported in Paper I,

which show that AT2019wey is a LMXB with a NS or

BH accretor. In this paper, we present the high ra-

dio (Section 6.1) and optical (Section 6.2.1) luminosi-

ties of AT2019wey. These properties, combined with

the hard X-ray spectrum reported in Paper I, indicate

that AT2019wey is likely a BH system.

Multi-wavelength evolution of AT2019wey can be sep-

arated into five distinct stages, as illustrated in Figure 2.

In the dim LHS [i.e., stage (iii)], the UV/optical emis-

sion comes from intrinsic thermal emission of an accre-

tion disk with Rin > 100RS. In the HIMS [i.e., stage

(v)], the UV/optical emission comes from reprocessing
of X-rays, and the disk truncation radius has moved in-

wards (Rin ∼ 15RS). The overall SED evolution fits
into the picture of a hot accretion flow consisting of an

inner ADAF and a truncated disk. This confirms the

widely-accepted model for short-period BH LMXBs in

the hard state.

The optical light curve of AT2019wey is distinguished
by its flatness during stages (iii) and (v). This is

different from the majority of LMXBs and is simi-

lar to what was observed during the 12 yr outburst

of Swift J1753.5−0127 (Shaw et al. 2019; Zhang et al.

2019). The X-ray light curve is reminiscent of the ‘flat

top’ profile in the 1996 outburst of GROJ1655−40 (Esin
et al. 2000). As noted before (Esin et al. 2000; Shaw

et al. 2019), the ‘standstill’ outburst is analogous to the

Z Cam class of dwarf novae (Osaki 1996). In such sys-

tems, the mass transfer rate (Ṁ2) during quiescence is

. Ṁcrit. Here Ṁcrit is the critical mass-transfer rate,

above which the disk remains stable (Dubus et al. 1999;
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Lasota et al. 2008). During the outburst, Ṁ2 increased
to & Ṁcrit, stabilizing the accretion. In AT2019wey,

the second stable period in stage (v) indicates a further

increase of Ṁ2, probably caused by irradiation on the

accretion disk or the companion star.
We note that if AT2019wey continues to remain suf-

ficiently bright in the optical for an extended period of

time, the next data release of the Gaia mission may help

further constrain the distance. Once the distance is set-

tled, future studies can estimate Ṁ2 during the stable

stages. Comparison between Ṁ2 and Ṁcrit can provide

a key probe to the evolution of X-ray binaries.

As discussed in Paper I, SRG is sensitive to the
population of BH LMXBs with faint X-ray outbursts.

These outbursts are generally associated with lower

mass accretion rates and shorter orbital periods (Meyer-

Hofmeister 2004; Wu et al. 2010; Tetarenko et al. 2016).

The discovery of AT2019wey showcases the possibility of
hunting for similar systems in wide-field optical surveys.

This has also been demonstrated in the case of the BH
LMXB ASASSN-18ey (MAXI J1820+070), which was
first discovered in the optical (Tucker et al. 2018), and

then in the X-ray (Kawamuro et al. 2018). Perhaps the

easiest approach to identify similar LMXBs is to study

optical light curves of SRG point sources in the Galactic
plane.

Acknowledgments

We thank the anonymous reviewer for providing com-

ments that have significantly improved this manuscript.

We thank Mark McKinnon and Amy Mioduszewski for

allocating DD time on VLA. We thank Jie Lin and

Stephen Smartt for helpful comments.

YY is supported in part by the Heising–Simons Foun-

dation. MMK acknowledges generous support from the

David and Lucille Packard Foundation. ECB is sup-

ported in part by the NSF AAG grant 1812779 and grant

#2018-0908 from the Heising-Simons Foundation.
This work is based on observations obtained with

the Samuel Oschin Telescope 48 inch and the 60 inch

Telescope at the Palomar Observatory as part of the

Zwicky Transient Facility project. ZTF is supported

by the National Science Foundation under grant No.

AST-1440341 and a collaboration including Caltech,

IPAC, the Weizmann Institute for Science, the Oskar

Klein Center at Stockholm University, the University

of Maryland, the University of Washington, Deutsches

Elektronen-Synchrotron and Humboldt University, Los

Alamos National Laboratories, the TANGO Consortium

of Taiwan, the University of Wisconsin at Milwaukee,

and Lawrence Berkeley National Laboratories. Opera-
tions are conducted by COO, IPAC, and UW.

SED Machine is based upon work supported by the

National Science Foundation under Grant No. 1106171.
This work was supported by the GROWTH project
funded by the National Science Foundation under Grant

No 1545949. The ZTF forced-photometry service was
funded under the Heising-Simons Foundation grant
#12540303 (PI: Graham).

This work has made use of data from the As-

teroid Terrestrial-impact Last Alert System (AT-
LAS) project. The Asteroid Terrestrial-impact Last
Alert System (ATLAS) project is primarily funded to

search for near earth asteroids through NASA grants

NN12AR55G, 80NSSC18K0284, and 80NSSC18K1575;

byproducts of the NEO search include images and cat-

alogs from the survey area. This work was partially

funded by Kepler/K2 grant J1944/80NSSC19K0112 and

HST GO-15889, and STFC grants ST/T000198/1 and

ST/S006109/1. The ATLAS science products have been

made possible through the contributions of the Univer-

sity of Hawaii Institute for Astronomy, the Queen’s Uni-

versity Belfast, the Space Telescope Science Institute,

the South African Astronomical Observatory, and The

Millennium Institute of Astrophysics (MAS), Chile.
We acknowledge ESA Gaia, DPAC and the Photo-

metric Science Alerts Team (http://gsaweb.ast.cam.ac.

uk/alerts).

Software: astropy (Astropy Collaboration et al.
2013), CASA (v5.6.1; McMullin et al. 2007), diskir
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Appendix A Archival Limits

A.1 Optical Limits

We conducted an archival search of optical photom-
etry at the position of AT2019wey. The source was

not detected by historical optical surveys, including the

Palomar Observatory Sky Survey I (POSS-I, Minkowski

& Abell 1963), the Second Palomar Observatory Sky

Survey (POSS-II, Reid et al. 1991), SDSS, and the
Panoramic Survey Telescope and Rapid Response Sys-

tem DR1 (Pan-STARRS, PS1) (Flewelling et al. 2020;

Waters et al. 2020), the intermediate Palomar Transient

Factory (iPTF; Rau et al. 2009; Law et al. 2009), and

the ZTF. We list 5-σ upper limits in Table 4.

Table 4. Historical upper limits at the position of
AT2019wey.

Survey Time Filter λeff (Å) Limit

POSS-I 1953-10-08 r 6500 19.5

POSS-II 1990-10-26 r 6500 20.8

SDSS 2004-10-15

u 3560 22.5

g 4720 23.1

r 6190 22.6

i 7500 22.0

z 8960 20.9

PS1 2010-02–2014-12

g 4870 22.7

r 6210 22.3

i 7540 22.1

z 8680 21.8

y 9630 20.8

iPTF 2014-01-24 R 6420 21.0

ZTF 2017-12–2019-11
g 4810 21.3

r 6420 21.5

A.2 Radio Limit

AT2019wey was not detected in any archival radio

database. The NRAO VLA Sky Survey (NVSS, Con-
don et al. 1998) provides an upper limit of 2mJy at

1.4GHz in 1993–1996. The Karl G. Jansky Very Large

Array Sky Survey (VLASS, Lacy et al. 2020) provides a

3-σ upper limit of 0.40mJy at 2–4GHz in March 2019.

Appendix B Instrumental/Observational

Information

We provide ZTF photometry in Table 5. UVOT and
SEDM photometry is provided in Table 6.

We obtained optical spectroscopic follow-up observa-

tions of AT2019wey using the Low Resolution (R ≈

Table 5. ZTF Forced Photometry of
AT2019wey.

MJD fν (µJy) σfν (µJy) Filter

58206.1662 -12.13 7.82 g

58207.1664 0.03 9.18 g

58210.2064 3.97 12.89 g

58218.2068 3.30 7.63 r

58219.1712 -2.47 10.48 r

58231.1454 -11.46 7.32 r

58234.1575 -7.03 9.70 g

58236.1591 -0.51 12.99 g

Note—Data up to 2020 November 30 is included.
fν is observed flux density (without extinction
correction). This table is available in its entirety
in machine-readable form.

Table 6. UVOT and SEDM photometry of AT2019wey.

Date Instrument Filter m

2020-04 Coadd Swift/UVOT B 18.93± 0.17

2020-04 Coadd Swift/UVOT U 20.16± 0.24

2020-04 Coadd Swift/UVOT uvm2 22.55± 0.42

2020-04 Coadd Swift/UVOT uvw1 21.17± 0.27

2020-04 Coadd Swift/UVOT uvw2 22.86± 0.50

2020-04 Coadd Swift/UVOT V 18.00± 0.15

2020-08-05 Swift/UVOT uvm2 > 21.16

2020-08-09 Swift/UVOT uvm2 22.16± 0.33

2020-08-12 Swift/UVOT uvw2 21.83± 0.21

2020-08-19 Swift/UVOT U 19.35± 0.06

2020-08-26 Swift/UVOT uvw1 20.78± 0.13

2020-09-02 Swift/UVOT uvm2 22.12± 0.43

2020-09-09 Swift/UVOT uvw2 22.00± 0.24

2020-09-16 Swift/UVOT U 19.26± 0.07

2020-09-23 Swift/UVOT uvw1 20.72± 0.13

2020-10-21 P60/SEDM U 19.11± 0.09

2020-10-25 P60/SEDM U 19.21± 0.31

Note—m is observed magnitude (without extinction cor-
rection).

1000) Imaging Spectrograph (LRIS; Oke et al. 1995) on

the Keck-I telescope, the Double Spectrograph (DBSP;
R ≈ 1200; Oke & Gunn 1982) on the 200-inch Hale tele-

scope, and the medium-resolution (R ≈ 13000) Echel-

lette Spectrograph and Imager (ESI; Sheinis et al. 2002)
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on the Keck-II telescope. We obtained NIR spectroscopy
using the Near infrared emission spectroscopy (NIRES;

R = 2700) on the Keck-II telescope. Spectroscopic ob-

servations were coordinated with the GROWTH Mar-

shal (Kasliwal et al. 2019).
The DBSP spectra were reduced using the

pyraf-dbsp pipeline (Bellm & Sesar 2016). The LRIS
spectra were reduced and extracted using Lpipe (Perley

2019). The flat-fielding, wavelength solution (using sky

lines) and extraction for the NIRES spectrum was car-

ried out using the spextool code (Cushing et al. 2004).

The extracted spectrum was flux calibrated using the
telluric A0V standard star HIP 16652 with the xtellcor

code (Vacca et al. 2003). The ESI spectrum was reduced

using the MAKEE6 pipeline following the standard proce-

dure. Flux calibration was not performed on the ESI

spectrum.

Appendix C Details of Analysis
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Figure C1. Na I D lines in velocity space fitted with a
Gaussian (dash-dotted lines). The spectrum is heliocentric
velocity corrected.

C.1 Extinction Estimation

The EW of interstellar absorption lines has been ob-

served to be correlated with the amount of reddening.

To estimate the extinction of AT2019wey, we produced

a summed spectrum from the LRIS and ESI spectra. We

did not include DBSP spectra in this analysis since the
CCD malfunction resulted in non-astrophysical struc-
tures between 5750 Å and 6200 Å in the continuum. This

problem prevents EW of spectral lines from being accu-

rately determined from DBSP spectra. The EW of DIB

λλ5780, λ6283 and Na I D lines were measured from the
summed spectrum. As a result, we got EW (λ5780) =

6 http://www.astro.caltech.edu/∼tb/ipac staff/tab/makee/

0.56 ± 0.02 Å, and EW (λ6283) = 1.55 ± 0.02 Å. These
can be converted to E(B − V ) = 0.92 ± 0.02 and

1.23 ± 0.02 using relations presented by Yuan & Liu

(2012). We got EW (Na I D) = 1.84 ± 0.02 Å, which

can be converted to E(B − V ) = 2.01 ± 0.38 using the
relation in Poznanski et al. (2012).

The inferred E(B − V ) values are greater than the
total Galactic extinction of E(B − V ) = 0.88 (Schlafly

& Finkbeiner 2011). However, we note that at the mea-

sured EW , the calibration uncertainty is large. From

Yuan & Liu (2012, upper panels of Fig. 4) and Poznan-

ski et al. (2012, bottom panel of Fig. 9), we infer that

E(B − V ) towards AT2019wey should be & 0.8.
We also attempt to infer the extinction by assuming

that the 6000–10000 Å March 23 LRIS spectrum is in

the Rayleigh-Jeans (RJ) tail of a blackbody (fλ ∝ λ−4

when hν ≪ kT ), which yields E(B − V ) = 1.29 and a

blackbody radius (Rbb) of

Rbb = (4.5× 1010 cm)

(

D

5 kpc

)(

Tbb

5.0× 104 K

)−1/2

(C1)

Note that this is likely an overestimate of the true extinc-

tion (and a lower limit of the outer disk radius), since

the optical is only in the RJ limit when kT ≫ 2 eV

(T ≫ 2 × 104 K). For instance, for an extinction of

E(B − V ) ∼ 0.9, we have

Rbb = (1.0× 1011 cm)

(

D

5 kpc

)(

Tbb

1.1× 104 K

)−1/2

(C2)

C.2 Lower Limit of Distance

In Appendix C.1, we find that AT2019wey should have

an extinction of 0.8 . E(B−V ) . 1.2. If this is from dif-

fuse interstellar absorption, the distance of AT2019wey

should be greater than 1 kpc using the map of STructur-

ing by Inversion the Local Interstellar Medium (Stilism7;

Capitanio et al. 2017).

We are able to put a lower limit to the distance using
the velocity of the Na I D doublets in the ESI spectrum,

given that the lines arise from interstellar absorption

by a dust cloud along the line-of-sight to AT2019wey.

The velocities of D1 and D2 lines were measured to be

−11.75 ± 1.13 km s−1 and −9.83 ± 1.13 km s−1, respec-
tively (see Figure C1). Assuming that the velocity of

the dust cloud follows Galactic rotation, we have

Vobs,r = Adsin(2l) (C3)

7 https://stilism.obspm.fr/
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where A = 15.3 ± 0.4 km s−1 kpc−1 is the Oort A con-
stant (Bovy 2017), l = 151.2◦ is the Galactic longitude of

AT2019wey, and d is distance to the dust cloud. There-
fore, Eq. (C3) gives d = 0.83 kpc.
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