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A B S T R A C T 

Neutron stars are identified as pulsars, X-ray binary components, central objects of supernovae remnants, or isolated thermally 

emitting sources and at distances beyond 120 pc. A population extrapolation suggests 10 

3 objects within that boundary. 
Potentially, neutron stars could continuously emit gravitational waves at sensitivity reach of present instrumentation. As part 
of our Search for the Nearest Neutron Stars ‘‘Five Seasons’’ project, we search for nearby resolved neutron stars. Based on 

e xpected flux es and magnitudes of thermally cooling neutron stars and pulsars, we selected sources in Gaia DR3. The sources 
have G -band absolute magnitudes M G 

> 16 mag, parallax signal-to-noise ratios greater than two, and colours G BP − G < 0.78 

and G − G RP < 0.91 mag for power-law emitters of flux F ν ∝ ν−αν with spectral indices αν < 3. The photometric region 

o v erlaps with that of white dwarfs, in confluence with most known pulsars in binaries having white dwarf companions. We 
looked for counterparts in gamma-ray , X-ray , ultraviolet, radio, optical, and infrared catalogues. We find about two X-ray-, 
15 ultraviolet-, one radio probable counterparts, and at least four sources with power-law profiles at the ultraviolet–optical 
(–infrared). Because the sources have G � 20 mag, we rely on Gaia DR3 single-source parameters. We identify possible binaries 
based on photoastrometric parameters, visual companions, and flux excesses. Some emission components suggest small thermal 
radii. Source types, neutron star content, and properties require further inquiry. 

Key words: stars: neutron – pulsars: general – white dwarfs – solar neighbourhood. 
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 I N T RO D U C T I O N  

eutron stars are extremely compact objects resulting from the
ollapse of (i) OB transition type stars of roughly 8–20 solar masses
r (ii) accreting white dwarfs. If rotating and axially asymmetric,
hese compact objects are expected to emit continuously gravitational
av es of v ery small amplitudes. The wav e frequenc y relates to the

otation frequency, and because ground-based gravitational wave
etectors are most sensitive to the 10 0 –10 4 Hz frequency range
Palomba 2005 ), targets would have to be rapid rotators. This is
ulfiled for example by 0–1 Gyr young pulsars that still have high
pin energy or by millisecond pulsars, spun up by accretion. When
agnetic fields or magnetic spin-down torques are weak and insignif-

cant, high rotation frequencies are expected to be sustained o v er
ong times. Continuous gravitational wave searches are progressively
ncreasing in sensitivity (recent results can be found e.g. in Abbott
t al. 2021a , b , 2022a , b , c , d , e ; Ashok et al. 2021 ; Steltner et al.
021 , 2023 ; Zhang et al. 2021 ; Covas et al. 2022 ; Dergachev & Papa
022 ; Ming et al. 2022 ). 
Young and millisecond pulsars represent a low percentage of

he estimated 10 8 –10 9 neutron stars in the Galaxy, most of which
eing expected to be very dim electromagnetically. For a mean inter
eutron-star distance of 10 pc (Sartore et al. 2010 ; Pagliaro et al.
023 ), there would be ∼10, 1000, and 8000 neutron stars within 20,
00, and 200 pc, respectively. RX J1856.5 −3754 at d = 123 + 11 

−15 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
c (W alter, W olk & Neuh ̈auser 1996 ; W alter et al. 2010 ) is the
earest known e x emplar, and it is isolated, X-ray dim, and thermally
mitting. As other known thermally emitting neutron stars (Potekhin
t al. 2020 ), it is expected to cool down quickly o v er time. Because
eutron stars would be numerous within 100–200 pc, some could
e still detectable electromagnetically from thermal or non-thermal
mission (see e.g. To youchi, Hotok ezaka & Takada 2022 ). These
ould also be promising targets for continuous gravitational wave

earches. Knowing the position of the nearest one would allow for a
argeted gra vitational-wa v e search that is more sensitiv e than broad
ll-sky searches. 

The combination of very high ef fecti ve temperatures and small
adii ( ∼10 km) implies that the youngest neutron stars have very
igh X-ray-to-optical flux ratios, with practically no visible optical
ounterparts. This led to e xtensiv e searches using X-ray sources
s reference, in particular with the ROSAT All-Sky Survey (RASS;
oges et al. 1999 ; Boller et al. 2016 ), to look for optical counterparts,
espite the lower X-ray spatial resolution, and identify the sources.
ome of these were indeed found to be thermally emitting neutron
tars (see re vie w by Tre ves et al. 2000 ). Over the last decades, wide-
rea optical surv e ys hav e become deeper and spatially sharper, as for
xample, the Global Astrometric Interferometer for Astrophysics
 Gaia ) mission surv e y (Gaia Collaboration 2016 ), pro viding in
ddition trigonometric parallaxes and proper motions, and the Dark
nergy Spectroscopic Instrument (DESI) Le gac y Imaging Surv e ys

Dey et al. 2019 ). Moreover, several pulsars have been detected in
he optical with a significant component of non-thermal origin (see
.g. Zharikov et al. 2021 ). This moti v ates us, as part of our Search for
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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he Nearest Neutron Stars Five Seasons project, to revisit the search, 
y using instead faint optical sources as reference and identifying 
eutron star candidates. 

 M E T H O D S  

he search methods are as follows: 

(i) First, we consider the evolution in luminosity and ef fecti ve 
emperature of an isolated thermally emitting neutron star, anchored 
o an accurately observed object (RX J1856.5 −3754), and we 
ompute its emission profile at different ages. We consider also 
easurements at the ultraviolet–optical–(infrared) of several known 

hermally emitting neutron stars and pulsars. For all of these sources,
e compute synthetic fluxes and magnitudes at different surv e y 
andpasses. 
(ii) Next, we select Gaia sources with parallaxes and photometry 

losest to the expected photometry. 
(iii) Then we prospect the multiband detectability of neutron stars 

mong these sources. 
(iv) Finally, we crossmatch the sources with catalogue sources at 

ther wavelengths and verify them in images. We discard unambigu- 
usly identified sources and keep potential candidates for searches 
f continuous gravitational waves. 

.1 Expected photometry of resolved neutron stars 

fter formation, neutron stars are expected to cool mainly through 
eutrino emission from the core and then through thermal radiation 
rom the surface. The transition time-scale from neutrino- to photon 
ooling depends on the interior composition and is theoretically 
stimated to be in the range 0.01–0.1 Myr (see e.g. Yakovlev, 
evenfish & Shibanov 1999 ; Yakovlev et al. 2004 ; Page, Geppert &
eber 2006 ). Observations of young pulsars indicate a decrease and 

hen an increase in the X-ray and optical to spin-down luminosity 
atios, that is of the capacity in converting rotational energy to X-
ay and optical radiation, for increasing spin-down age. The change 
ccurs at τ ≈ 0.01 Myr and could be associated with the transition to
hoton cooling (Zhariko v, Shibano v & Komaro va 2006 ; Zhariko v &
ignani 2013 ). For what follows, we assumed that the cooling is
ainly thermal at � 0.1 Myr. During thermal cooling, the surface 

emperature and luminosity can be approximated by T ∝ t −1/2 and 
 ∝ t −2 (Tsuruta 1979 ; Patruno & Kama 2017 ), as it roughly depicts,
t ages of 0.1–10 Myr, the distribution of thermally emitting neutron 
tars in a log–log plane, such as presented in Potekhin et al. ( 2020 ).
his allows us to estimate the main observables as a function of

ime: 

(i) the surface temperature 

 = T 0 ( t/t 0 ) 
−1 / 2 (1) 

here T 0 and t 0 are the present temperature and age, 
(ii) the thermal luminosity 

 = 4 πR 

2 σT 4 eff = L 0 ( t/t 0 ) 
−2 (2) 

here R is the emitting radius, σ the Stefan–Boltzmann constant, 
 eff the ef fecti ve temperature, and L 0 the present luminosity, 
(iii) the bolometric magnitude 

 bol = M + 5 log ( d[ pc ] / 10) (3) 

here the absolute magnitude 

 = −2 . 5 log ( L/ L �) + M �, (4) 
ith L � = 3.826 × 10 33 erg s −1 and M � = 4.755 mag for the Sun,
nd d is the distance, and 

(iv) the flux 

 = L/ (4 πd 2 ) . (5) 

We assumed an emission profile resembling that of RX 

1856.5 −3754, as a simplified version of emission profiles of 
nown thermally emitting isolated neutron stars, and because this 
bject is the nearest known neutron star, has an accurate distance
easured from trigonometric parallax, and was frequently observed 

or observational calibration and object comparison at X rays. The 
emplate profile is composed of (i) a very soft X-ray blackbody, (ii)
ltraviolet and optical fluxes greater than the Rayleigh–Jeans tail 
f the X-ray blackbody, and (iii) optionally, X-ray emission from 

ccretion of interstellar matter. 
We note that RX J1856.5 −3754 and the other known X-ray dim

hermally emitting isolated neutron stars would have very strong 
agnetic fields, similar to those of strong magnetic-field pulsars but 
eaker than magnetars (Enoto, Kisaka & Shibata 2019 ). We assumed

hat this affects only weakly the thermal luminosity (Potekhin et al.
020 ) and their potentialities for gra vitational wa ve detection. We
ote also that the most luminous and youngest thermally emitting 
eutron stars are associated with supernova remnants at � 1 kpc, and
ave X-ray luminosities as high as 10 34.5 erg s −1 at ∼1 kyr (Potekhin
t al. 2020 ), thousand times brighter than RX J1856.5 −3754. Finally,
e note that millisecond pulsars emit typically less thermally than 
X J1856.5 −3754, where the low thermal emission is maintained 

hrough re-heating (from accretion or internal processes) or from hot 
olar caps (Potekhin et al. 2020 ; Beznogov, Potekhin & Yakovlev 
021 ). Ho we ver, compared to less young thermally emitting neutron
tars, some isolated millisecond pulsars could turn out to be brighter
see below). 

We adopted for RX J1856.5 −3754 an unabsorbed X-ray black- 
ody of temperature kT ∞ 

X = 63 . 5 ± 0 . 2 eV (736 882 ± 2321 K),
orresponding to a luminosity L 

∞ = 10 31.63 erg s −1 (Burwitz et al.
003 ) and an emitting radius R 

∞ = 4.51 km for the distance d =
23 pc. We assumed an unabsorbed ultraviolet–optical flux excess of 
actor eight relative to the blackbody Rayleigh–Jeans tail ( F λ ∝ λ−αλ

ith a spectral index αλ = 4, or F ν ∝ ν−αν with αν = −2), so that
t matches the unabsorbed fit from van Kerkwijk & Kulkarni ( 2001 ).
t agrees also with the unabsorbed fit from Kaplan et al. ( 2011 ).
he excess corresponds to a −2.26 mag brighter magnitude. From 

aplan et al. ( 2011 ), the se ven kno wn thermally emitting isolated
eutron stars have flux excesses of factor 5–12 at 4700 Å and αλ =
.2–4.2 at the ultraviolet–optical, except RX J2143.0 + 0654, which 
as a flux excess of factor 50 and αλ = 2.5. As shown in fig. 5
f that study, the hotter these objects are at X rays (e.g. compared
o RX J1856.5 −3754), roughly the smaller their ultraviolet–optical 
λ spectral indices and the shallower the slopes, implying less blue 
olours. This diversity of optical power-law slopes motivated us to 
dopt for RX J1856.5 −3754 a blackbody at X rays and a power
aw in the optical rather than two blackbodies adjusting the X-
ay and optical fluxes. Fig. 1 illustrates the spectral flux density
istributions (hereafter spectra, or more generally speaking, spectral 
nergy distributions – SEDs) of the seven objects, scaled to 10 pc
sing their distances of 1.2–4.1 × 10 2 pc compiled in Potekhin et al.
 2020 ) and assuming validity of extrapolation at 8500–11 000 Å.
heir apparent and absolute spectra are also shown in Fig. 2 . 
For RX J1856.5 −3754, the unabsorbed RASS 0.1–2.4 keV flux 

s of 1.5 × 10 −11 erg s −1 cm 

−2 (Walter et al. 1996 ) and translates
o 2.27 × 10 −9 erg s −1 cm 

−2 at 10 pc; from the blackbody, we
MNRAS 524, 5658–5707 (2023) 
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M

Figure 1. 10 pc unabsorbed spectra at 1000–11 000 Å. The ultraviolet–
optical fits from Kaplan et al. ( 2011 ) for the se ven kno wn X-ray dim isolated 
neutron stars are represented by the grey lines. The tail of the X-ray blackbody 
fit from Burwitz et al. ( 2003 ) for RX J1856.5 −3754, multiplied by eight, is 
shown by the blue line, which is very close to the grey line for this object. 
The fit from Zharikov et al. ( 2021 ) for PSR B0656 + 14 is represented by the 
orange line. 
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etrieve a flux of 2.67 × 10 −9 erg s −1 cm 

−2 , assuming a 100 per cent
ransmission, which is fairly in agreement. We adopted a present
ge of 2 Myr ( t 0 ), in between the kinetic age of 0.42 Myr (Mignani
t al. 2013 ) and the spin-down age of 3.8 Myr (v an K erkwijk &
aplan 2008 ). We assumed that the ultraviolet–optical flux excess

s slowly damped o v er time, by a factor of 1/log ((2 + t / t 0 ) 2 ) and
tarting at 1.16 × t 0 . At 400–1000 Å, we assumed a linear transition
n logarithmic scale from the X-ray blackbody to the flux excess.
or simplicity, we assumed a constant emission radius and that the
urface temperature relates with time as in equation ( 1 ) even beyond
0 Myr. 
Finally, we adopted an optional, 0.1–2.4 keV X-ray accretion

uminosity of 10 28 erg s −1 of very low-density gas (table 2 in Blaes &
adau 1993 ), as in the interstellar surroundings of the Sun, also

nown as the local cavity or Local Bubble, delimited by dense clouds
t 40–180 pc and other neighbouring cavities (see e.g. Vergely et al.
010 ). This accretion luminosity could be acti v ated at any time during
he thermal evolution of the neutron star. 

We then computed the emission profiles for ages of 0.01, 0.05,
.1, 0.2, 1, 2, 5, 10, 20, 50, 120, 300, 600, 1000, and 5000 Myr. At
ges > 0.1 My, the traced-back luminosities are consistent with the
bserved luminosities of thermally emitting neutron stars. At younger
ges of 0.01 and 0.05 Myr, the traced-back ones are up to 10 36 erg s −1 

nd unrealistically higher than those observed (10 31 –10 33 erg s −1 , as
n fig. 2 of Potekhin et al. 2020 ). 

Similarly as in Toyouchi et al. ( 2022 ), we considered the theoret-
cal surface thermal evolution of a pulsar with rotochemical heating
nd an initial spin-period of 1 ms (having the hottest temperature
 v er time) presented in Hamaguchi, Nagata & Yanagi ( 2019 ), which
s the same with or without dark matter heating. In this case, we did
ot add any flux factor for any optical excess-mission, for simplicity.
e assumed a neutron star radius of 11 km when computing the

hermal luminosities. 
We included also isolated pulsars that are firmly identified and
easured photometrically in the ultraviolet–optical–(infrared). In

eneral, isolated pulsars present (i) power-law emission associated
NRAS 524, 5658–5707 (2023) 
o the magnetosphere, in the wavelength range between high-energy
hotons and radio waves, and sometimes also (ii) hot thermal
mission of the neutron-star surface or caps. First we considered PSR
0656 + 14 (0.11 Myr, 288 pc), which is e xtensiv ely characterized

Zharikov et al. 2021 ). From the N 1 o fit with the G2BB + PL
pectral model, it has (i) a power law of photon index 	 = 1.54
nd normalization PL norm 

= 1.97 × 10 −5 photons keV 

−1 cm 

−2 s −1 

t 1 keV, and (ii) a blackbody for the surface ( kT 

∞ = 68 eV) and
nother for the hot polar caps ( kT 

∞ = 134 eV). The bolometric
hermal luminosity is of log ( L 

∞ ) = 32.5 erg s −1 . Fig. 2 shows the
pectra in frequency (top panel) and wavelength (bottom panel) of
he unabsorbed model fit, where we omitted the Gaussian absorption
ine at 547 eV, which does not affect significantly the X-ray part. We
erified that the relative difference of SED ( λF λ − νF ν)/( λF λ) is zero
 v er the energy range (standard deviation σ < 10 −15 ) and thus that
he representations are equi v alent. This figure sho ws that, at optical
a velengths, the power -law component has a flux that is about 10

imes the flux extrapolation of the X-ray blackbody, and a slope that
s less blue than those of the seven known thermally emitting isolated
eutron stars (see also Fig. 1 ), implying photometric colours that are
edder, albeit still close to neutral. 

We considered the dereddened blackbody and power-law fit
o ultraviolet–optical photometry (1200–9000 Å) of the PSR
1055 −52 radio pulsar (0.535 Myr, ∼350 pc) obtained by Mignani,
 avlo v & Kargaltsev ( 2010 ). The power-law component ( F ν ∝ ν−αν

ith αν = 1.05 ± 0.34) dominates in the optical at > 3000 Å, and we
ssumed validity of extrapolation at 9000–11 000 Å. We considered
lso the dereddened blackbody and power-law fit to ultraviolet–
ptical photometry of the intrinsically fainter PSR B0950 + 08 radio
ulsar (17.5 Myr, 262 pc) obtained by P avlo v et al. ( 2017 ). Although
his fit is less certain ( αν = 1.21 ± 0.42) and we assumed validity of
xtrapolation at 9500–11 000 Å, it suggests an even redder colour.
Assuming a spectral index of αν = 1.63, its synthetic G − G RP and
 BP − G RP colours would be redder by < 0.1 and < 0.2 mag.) 
Next, we considered the αν = 0 dereddened fit to ultraviolet–

ear-infrared photometry ( ≈1000–24 000 Å) of the Vela Pulsar
0.011 Myr) obtained by Zyuzin et al. ( 2013 ), for its distance of
bout 285 pc (Dodson et al. 2003 ). Then, we considered the αν = 0.26
ereddened power-law fit at 3290–19 000 Å for the Geminga Pulsar
0.342 Myr) from Shibanov et al. ( 2006 ), for its distance of 0.25 kpc
Verbiest et al. 2012 ). We considered the αν = 0 dereddened power-
aw fit at 1890–4750 Å for PSR 1929 + 10 (3.11 Myr) from Mignani
t al. ( 2002 ), for its distance of 0.31 kpc (Verbiest et al. 2012 ),
nd assuming validity of extrapolation up to 11 000 Å. Also, we
onsidered the αν = −0.27 dereddened power-law fit at 3000–45 000
for the Crab Pulsar (1054 kyr) from Sandberg & Sollerman ( 2009 ),

or its distance of 2 kpc (Trimble 1973 ), and we considered the αν =
.70 dereddened power-law fit at 3000–24 000 Å for PSR B0540 −69
1700 kyr; in the Large Magellanic Cloud at 48.97 kpc) from Mignani
t al. ( 2012 , 2019 ). The Crab Pulsar and PSR B0540 −69 are so young
nd bright that we did not consider their absolute magnitudes ( M G =
.5 and 2.8 mag) for the search of nearby neutron stars. 
Finally, we included the non-accreting, recycled millisecond

ulsars PSR J0437 −4715 (Kargaltsev, P avlo v & Romani 2004 ;
urant et al. 2012 ; Gonz ́alez-Caniulef, Guillot & Reisenegger 2019 )

nd PSR J2124 −3358 (Rangelov et al. 2017 ). PSR J0437 −4715
6.7 Gyr) is the nearest known millisecond pulsar, at 156.3 ± 1.3 pc.
ts gamma-ray to ultraviolet emission distinguishes clearly from the
ptical–infrared emission of its 4000 K white dwarf companion,
hich is bright in Gaia with M G = 14.4 mag. We considered the
utPL + 3BB fit obtained shortwards of 3300 Å (Durant et al. 2012 ),
omposed of a cutoff power law of photon index 	 = 1.562 ± 0.013
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Figure 2. Unabsorbed spectra in frequency ( top panel ) and wavelength ( bottom panel ) of the model fit adopted for PSR B0656 + 14, based on observ ed flux es in 
the range delimited by the vertical orange dashed lines (see Section 2.1 and Zharikov et al. 2021 ). The blackbody component, power-law component, and sum of 
both are represented by the blue dashed, red dashed, and orange solid lines, respectively. The other solid lines represent fits to unabsorbed fluxes of other neutron 
stars, as observed ( top panel , annotated with numbers and names), and scaled to 10 pc based on their known distances ( bottom panel ). These neutron stars are 
the Crab Pulsar (green), PSR B0540 −69 (brown), the Vela Pulsar (cyan), PSR J0437 −4715 (blue), PSR B1055 −52 (black), the Geminga Pulsar (pink), PSR 

1929 + 10 (turquoise), PSR B0950 + 08 (red; the dashed line is for the maximal spectral index), PSR J2124 −3358 (purple), and the known X-ray dim thermally 
emitting isolated neutron stars (M7, yellow) RX J0420.0 −5022 (A), RX J0720.0 −3125 (B), RX J0806.4 −4123 (C), RX J1308.6 + 2127 (D), RX J1605.3 + 3249 
(E), RX J1856.5 −3754 (F), and RX J2143.0 + 0654 (G). Example of power-law components of the UV7 and UV8 candidates are represented by the grey dashed 
lines. 
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 αν = 	 − 1 = 0.562, similar to that of PSR B0656 + 14), extending
rom gamma-rays to X-rays and possibly the ultraviolet, and three 
onsecutive X-ray–ultraviolet blackbodies. Extrapolating the fit to 
he optical, the power -law contrib ution dominates the contribution 
f the Rayleigh–Jean tail of the coolest of the three blackbodies, 
mplying higher fluxes and redder colours in the optical. In the case
f PSR J2124 −3358 ( ∼11 Gyr, ∼410 pc), it has two ultraviolet
nd one optical photometric measurements in the range 1200–7000 
(Rangelov et al. 2017 ), whose values can be associated with

hermal and magnetospheric emissions, respectively. We adopted the 
lackbody + power-law fit with R bb = 12 km, T bb = 11.72 × 10 4 K,
nd αν = 1, and we assumed validity of extrapolation up to 11 000 Å.
n Fig. 2 , we show the corresponding apparent and absolute spectra
or these neutron stars. 
MNRAS 524, 5658–5707 (2023) 



5662 G. Bihain 

M

 

i  

l  

f  

W  

D  

w  

d  

s
 

h  

W  

m  

a  

∼  

t  

2  

s  

0

2

F
−  

w  

r  

a  

l  

b  

c  

a  

s  

R  

(  

(  

M  

B  

b  

J  

p  

m  

c  

0  

d  

1  

a  

w  

t  

r  

w  

m  

B  

a  

b  

b  

s  

G
 

(  

1

p  

G  

a  

w  

(  

y  

l  

T  

m  

2  

t  

s  

t  

f  

a  

m  

o  

t  

e  

c  

3  

1  

c  

2  

n  

h  

μ

 

d  

r  

0  

(  

0  

w  

e  

G  

f  

o  

(
t  

t  

m  

c  

h  

m  

a  

t  

t  

h  

m
 

n  

D  

G  

a  

a  

t  

a  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/5658/7158697 by M
PI G

ravitational Physics user on 08 August 2023
We then derived synthetic fluxes and magnitudes at different
nstrumental bandpasses for the abo v e emission profiles and power-
aw profiles of different spectral indices, using the PYPHOT . 1 package
rom Morgan Fouesneau in the PYTHON programming language.

e adopted the G BP , G , and G RP bandpasses of the Gaia Early
ata Release 3 (EDR3; Gaia Collaboration 2021a ), which span the
avelength range 3300–10 500 Å. Given that we focus on small
istances < 50–120 pc, we assumed in a first approximation no
ignificant interstellar extinction and reddening. 

Possibly some isolated neutron stars emitting as pulsars might
av e ev en redder ultraviolet–optical colours than the known pulsars.
e can adopt a colour upper bound from radio pulsars, for which
any radio observations are available, although the spectral slopes

t radio and optical might differ. At low radio frequencies (down to
100 MHz), spectral indices peak at about αν = 1.7 and values are

ypically lesser than 3 (Kuzmin & Losovsky 2001 ; Kuniyoshi et al.
015 ). We assumed thus in the optical an upper bound for the spectral
lope of αν = 3, which implies colours G BP − G = 0.78, G − G RP =
.91, and G BP − G RP = 1.69 mag. 

.2 Selection of Gaia sources with parallaxes 

irst, we considered the location of neutron stars in the M G versus G BP 

G , G − G RP , and G BP − G RP colour–absolute magnitude diagrams,
hich are shown in Fig. 3 . In the three panels, the black solid line

epresents the thermal cooling track with ultraviolet–optical excess,
nchored to RX J1856.5 −3754 (black open square, labelled F in the
eft-hand panel) at the present age t 0 = 2 Myr. In the middle panel, the
lue and red tracks are for present ages t 0 = 0.4 and 4 Myr, in which
ases the G -band absolute magnitudes at < 2 Myr offset by up to + 1.5
nd −0.4 mag. The other X-ray dim, thermally emitting neutron
tars are represented by green squares: RX J0420.0 −5022 (A),
X J0720.0 −3125 (B), RX J0806.4 −4123 (C), RX J1308.6 + 2127

D), RX J1605.3 + 3249 (E), and RX J2143.0 + 0654 (G). The Vela
0.011 Myr), PSR B0656 + 14 (0.11 Myr), PSR B1055 −52 (0.535

yr), Geminga (0.342 Myr), PSR 1929 + 10 (3.11 Myr), and PSR
0950 + 08 (17.5 Myr) pulsars are represented by the cyan, orange,
lack, pink, turquoise, and red diamonds, respectively. The PSR
0437 −4715 (6.7 Gyr) and PSR J2124 −3358 (11 Gyr) millisecond
ulsars are represented by the blue and purple slightly tilted dia-
onds. As a curiosity, we note that their potential colours are very

lose to the expected colours of the Sun, G BP − G = 0.33, G − G RP =
.49, and G BP − G RP = 0.82 mag (Casagrande & VandenBerg 2018 )
elineated by the yellow vertical dotted lines. RX J2143.0 + 0654 is
.6 mag brighter at M G than RX J1856.5 −3754. Given its spin-down
ge of 3.7 Myr (Potekhin et al. 2020 ), its trace-back to ∼0.1 Myr
ould lead to an even brighter M G . Also, the absolute magnitudes of

he cooling tracks anchored to RX J1856.5 −3754 are for an emitting
adius at infinity of 4.51 km; for a neutron star emitting from its
hole surface, that is with an emitting radius about thrice larger, the
agnitudes would be about 2.5 mag brighter (cf. equations 2 and 4 ).
esides this, PSR B0656 + 14, PSR B1055 −52 and the Vela Pulsar
re also brighter, the last one having M G = 16.1 mag. Finally, equal-
rightness neutron star binaries would have absolute magnitudes
righter by 0.75 mag. For these reasons, for the search of neutron
tars older than 0.01–0.1 Myr, it seemed appropriate to us to select
aia source with M G > 16.0 mag. 
We queried Gaia sources with M G > 16.0 mag

 phot g mean mag + 5 log 10 ( parallax ) − 10 > 16) and
NRAS 524, 5658–5707 (2023) 
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arallax signal-to-noise snr π > 2 ( parallax over error > 2).
aia DR3 has 90 and 50 per cent completenesses at about G = 20.5

nd 21.0 mag, based on a comparison (Gaia Collaboration 2021b )
ith the Panoramic Survey Telescope and Rapid Response System

Pan-STARRS; PS1) survey (Chambers et al. 2016 ). The query
ielded 75 073 sources. Details on the flux uncertainties and sample
imits in absolute and apparent magnitudes are given in Appendix A .
he sources have parallaxes of π > 8.9 mas and are in the π > 8
as Gaia Catalogue of Nearby Stars (GCNS; Gaia Collaboration

021b ). Of these, 3312 and 71 761 (4.4 and 95.6 per cent) are among
he selected and rejected sources of the GCNS 100 pc (GCNS100pc)
ample. The latter ones are either expected to be beyond 100 pc or
o have a spurious astrometric solution. Because we are searching
or sources that are outliers in terms of absolute magnitude, colour,
nd kinematics respect to known-population statistics and stellar
ock catalogues used as priors for distance estimates, we relied first

n the parallaxes and the absolute magnitudes derived directly from
he parallaxes. We note that the absolute magnitude criterium is
qui v alent to the parallax criterium π > 10 (26 − G )/5 mas. This can be
onverted to a distance criterium for sources with snr π well above
, for which the distance inverse-proportionality to the parallax, d =
/ π , tends to be valid (see e.g. Messineo & Brown 2019 ). In this
ase, G = 19 mag implies π > 25 mas and d < 40 pc, and G =
1 mag implies π > 10 mas and d < 100 pc. At these distances,
eutron stars with transverse physical velocities of v t ≤ 200 kms/s
ave proper motions ( pm ) of μ ≤ 1055 and 422 mas yr −1 , since
= (1000 / 4 . 74) v t /d . 
We then selected sources less red than the boundary colours

efined by a power law of spectral index αν = 3 (see abo v e; v ertical
ed dashed lines in Fig. 3 ), with G BP − G < 0.78, G − G RP <

.91 mag, and snr flux ≥ 2 at G BP and G RP . It yielded 2464 sources
pink circles in Fig. 3 ), which have π = 9.9 − 48.5 mas and pm =
.1 − 2354 mas yr −1 . In Appendix A , we comment about two sources
ith very blue G BP − G colours of −2.7 mag, the corrected colour-

xcess factor ( phot bp rp excess factor corrected ), the
aia (E)DR3 bias at low fluxes, and the taking in of sources that are in

act redder than the colour values in the catalogue. The combination
f the maximum M G , M BP , and M RP of the M G > 16 mag sample
grey dotted lines) and the colour criteria reduces the maximum M G 

o 20.91 mag at G BP − G and G BP − G RP (red dotted lines). (We note
hat we initially started the study with Gaia DR2, which provides

uch fainter absolute G -band magnitudes, closer to those of thermal
ooling neutron stars; ho we ver, the fainter- M G Gaia DR2 sources
ave spurious astrometric parameters, as described below). The
aximum apparent magnitudes at G BP , G , and G RP in the subsample

re of about 21.7, 21.1, and 21.1 mag, as defined by different sources
hat are real, relatively isolated, and have magnitude errors smaller
han about 0.15 mag. Finally, 4 and 29 per cent of the 2464 sources
ave snr π = 2 − 3 and 3 − 5, and M G = 16.0 − 16.5 and 16.0 – 17.4
ag, respectively. 
Some nearby stars with measured parallax and proper motion are

ot in Gaia DR3 or do not have parallax and proper motion in Gaia
R3 (Gaia Collaboration 2021b ). We thus checked the list from
aia Collaboration ( 2021b ) of 1258 sources missing in DR3. We

nchored the power law with spectral index αν = 3 to M G = 16 mag,
nd we saw that most sources have M H < 14.8 mag, brighter than
his power law would permit at H band, whereas the fainter ones
re all classified as TY-type brown dwarfs. There are 124 sources
ithout JH -band photometry that have M V from −1 to 14 mag and

hat are also too bright. The remaining sources are either bright
ultiple stars, low-mass stars, brown dwarfs, or Simbad entries of

adial-velocity planets. Besides this, we queried Gaia DR2 sources

https://mfouesneau.github.io/pyphot/
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Figure 3. M G versus G BP − G , G − G RP , and G BP − G RP colour–absolute magnitude diagrams. In the middle panel, the thermal cooling tracks with 
ultraviolet–optical excess, anchored to RX J1856.5 −3754 for its fiducial, kinetic, and spin-down ages of 2, 0.4, and 4 Myr, are represented by the black, blue, 
and red solid lines, respectively. The later two tracks are offset in colour by −0.06 and 0.06 mag for clarity. RX J1856.5 −3754 is indicated by the black open 
square and labelled F in the left-hand panel. Other X-ray dim, thermally emitting isolated neutron stars are represented by green squares and labelled in the 
left-hand panel: RX J0420.0 −5022 (A), RX J0720.0 −3125 (B), RX J0806.4 −4123 (C), RX J1308.6 + 2127 (D), RX J1605.3 + 3249 (E), and RX J2143.0 + 0654 
(G). The thermal model with rotochemical heating for a pulsar of initial period of 1 ms is shown by the violet dash–dotted line (offset in colour by + 0.9 mag 
for clarity); ef fecti ve temperatures in 10 5 K and ages in Myr are indicated left to the track. Only Gaia sources with M G > 16 mag and less red than the colour 
selection boundaries (red vertical dashed lines) are shown, as pink circles. Those identified as probable white-dwarf photometric candidates in GCNS or else are 
indicated by yellow or orange small squares ( P WD > 0.5; see Appendix A for details) and those part of resolved wide binaries are indicated by red circles (the 
other components have M G < 16 mag). The Vela, PSR B0656 + 14, PSR B1055 −52, Geminga, PSR 1929 + 10, and PSR B0950 + 08 pulsars are represented by 
the cyan, orange, black, pink, turquoise, and red diamonds, respectively. The PSR J0437 −4715 and PSR J2124 −3358 millisecond pulsars are represented by the 
blue and purple slightly tilted diamonds. A pulsar such as PSR J0437 −4715 but with an insignificant thermal emission of T eff < 10 5 K (dark-blue diamond) has 
practically the same location as PSR J0437 −4715. The grey diamonds represent pure power-law sources of αν = −2, −1, 0, 0.5, 1, 1.5, 2, and 3, respectively; 
their M G magnitude is arbitrary. The expected colours of the Sun are represented by the yellow vertical dotted lines. The lower grey dotted lines correspond to 
the maximum M G , M BP , and M RP magnitudes of Gaia DR3 sources with snr π > 2, most of which have red colours and are not shown in the plots. The red 
dotted lines indicate the combined limit with the colour selection criteria. Theoretical cooling sequences of white dwarfs with pure hydrogen and pure helium 

atmospheres (blue and red dotted curves) are shown for masses of 0.4, 0.6, 0.8, 1.0, and 1.2 M � from top to bottom. H and He ef fecti ve temperatures for 0.8 M �
are indicated in parenthesis in the left-hand and middle panels. 
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ith the same parallax and colour selection criteria as abo v e and,
o limit verification, we considered only the 24 sources at M G =
8.5 − 23.5 mag that do not have parallax nor proper motion in
R3. From visual verification in optical archive images, we found 

hat these sources are significantly blended within arcseconds and 
aint, probably causing the spurious DR2 parameters, and therefore 
hese sources can be discarded. 

Fig. 3 shows that despite Gaia DR3 allowing us in principle to
robe absolute magnitudes as faint as M G ∼ 20.9 mag in the colour-
elected subsample, most of the colour-selected sources are very 
right and red, and much brighter and redder than the known X-ray
im, thermally emitting isolated neutron stars. Redwards of the G 

G RP selection boundary, the number of sources that are fainter 
ncreases progressively, up to M G ≈ 21.7 at G − G RP ≈ 1.8 mag (not
hown in Fig. 3 ). However in this first step, we consider only neutron
tars that are resolved (as those described above) or that do not have
 xcessiv ely red companions. L and T-type brown dwarfs have M G ≈
6 − 20 and > 20 mag, and G − G RP > 1.55 and > 1.8 mag (Reyl ́e
MNRAS 524, 5658–5707 (2023) 
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Figure 4. X-ray-to-optical flux ratio versus G -band absolute magnitude 
diagram. The thermal cooling tracks without and with interstellar accretion 
are represented by the black solid and dashed lines. Power-law sources are 
indicated by the grey dotted lines and the corresponding spectral indices. The 
P1X1 and X2 RASS crossmatch candidates are indicated by the cyan open 
circles. Same as in Fig. 3 . 
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018 ; Smart et al. 2019 ), and were discarded by the colour-selection
riterium. Late-T or Y-type dwarfs, closer to the planetary-mass
egime ( < 13 M Jup ), have M G � 21 mag and even redder G − G RP 

olours. As unresolved companions, these could remain hidden in
he photometry of the brightest colour-selected sources. 

In Fig. 3 , probable white-dwarf photometric candidates from
CNS and other references are indicated by yellow and orange small

quares, respectively (more information is given in Appendix A ).
lso, the theoretical cooling sequences of white dwarfs with pure-
ydrogen and pure-helium atmospheres 2 (B ́edard et al. 2020 ) are
epresented by blue and red dotted curves, for masses of 0.4, 0.6,
.8, 1.0, and 1.2 M � from top to bottom. From these sequences,
hite dwarfs with M G > 16 mag would be older than 6.6, 8.1, 8.6,
.6, and 5.0 Gyr (pure He) and 8.0, 10.3, 11.0, 9.8, and 6.4 Gyr (pure
), for masses of 0.4, 0.6, 0.8, 1.0, and 1.2 M �. At the considered

olours, those with pure-He atmospheres w ould al w ays be younger
han 10 Gyr, the approximate age of the Galaxy, whereas those with
ure-H atmospheres would be older than 10 Gyr at M G > 16.8, 15.9,
5.6, 16.1, and 21.3 mag for masses of 0.4, 0.6, 0.8, 1.0, and 1.2 M �,
espectively. 

The distribution of sources in the absolute-magnitude–colour
iagrams of Fig. 3 can be explained in part as a faint and diffuse
xtension of the white dwarf sequence (Scholz 2022 ), extension
onsisting of relatively old white dwarfs that are either cooler-
McCleery et al. 2020 ) or more massive (Kilic et al. 2020 , 2021 ).
ecause degenerate objects tend to be dominated by the gravitational

orce, that is by their own weight, those that are more massive,
ave smaller radii and thus, for surface–light-emitting objects, fainter
bsolute magnitudes. The distribution of the sources could also be
xplained by the notion that neutron stars are (a) rare, given that these
re probably one order of magnitude less frequent than white dwarfs,
ainly because their higher-mass progenitor stars are less frequent,

nd (b) intrinsically faint, in particular the thermally emitting ones,
xpected to cool down and dim to M G 

� 21 mag in less than a
alf-dozen Myrs after formation. 

.3 Prospects of multiband detectability of neutron stars 
mong the Gaia sources 

he SEDs of white dwarfs can be approximated by single blackbodies
f T eff � 10 5 K (see e.g. Gentile Fusillo et al. 2019 ), whereas those
f known neutron stars imply typically very hot blackbodies or
ower laws. Fig. 4 shows an X-ray-to-optical flux ratio versus M G 

iagram. The ratio is defined as log ( f X / f G ) = log ( f X ) + 0.4 G + 5.10,
here the flux is in erg s −1 cm 

−2 and the constant 5.10 stems from
log ( f G [Vega]), where f G [Vega] is the flux of the Vega star without

ormalization by the filter transmission. The ratio is a variant of that
efined by Maccacaro et al. ( 1988 ), and we assume schematically that
hite dwarfs, active galactic nuclei (AGN), and cataclysmic variables

CV) have log ratios of −2 to 2, and that BAFGKM-type stars have
esser ratios, below −2 (for M dwarfs in eROSITA , see Magaudda
t al. 2022 ). Known neutron stars have the greatest X-ray-to-optical
ux ratios, typically upped by thermal emission. For pulsars whose

hermal emission is insignificant compared to the magnetospheric
mission, the log ratio can be in the range [ −2, 2], o v erlapping with
hat of white dwarfs, or even lower. In Fig. 4 , this is illustrated with a
ulsar such as PSR J0437 −4715 but with T eff < 10 5 K, represented
y the bottom dark-blue lozenge at αν = 0.56, linked with a blue
ashed line to the blue lozenge of PSR J0437 −4715. Considering
NRAS 524, 5658–5707 (2023) 
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r  

g  
SR B0656 + 14 instead, similarly, the ratio would decrease to that
t αν ≈ 0.55. Lower ratios are illustrated with power-law sources
f M G = 19.5 mag and αν = 1, 1.5, 2, and 3. The same example
ources are represented in Fig. 3 , where we note that removing the
hermal component of PSR J0437 −4715 does not change its optical
hotometry. 
The X-ray flux versus G -band apparent magnitude diagram of

ig. 5 shows that Gaia sources similar to known thermal-emitting
eutron stars would be very bright at X-rays. We considered RX
1856.5 −3754, PSR B0656 + 14, and PSR J0437 −4715, which
re measured in RASS. We also considered PSR 1929 + 10, PSR
0950 + 08, and PSR J2124 −3358, which are not detected in RASS,
ut when brought nearer to 100 pc, would be detected with fluxes
f 10 −13 –10 −11 erg s −1 cm 

−2 . We adopted for PSR B0950 + 08 a
0 pc unabsorbed flux of 5.65 × 10 −11 erg s −1 cm 

−2 in the RASS
.1–2.4 keV energy band, from deep X-ray Multi-Mirror Mission
XMM)-Newton observations (Becker et al. 2004 ), and for PSR
2124 −3358 a 10 pc unabsorbed flux of 5.43 × 10 −10 erg s −1 cm 

−2 

sum of the thermal and non-thermal contributions) in the X-ray
oft 0.1–2 keV band (Becker 2009 and reference therein). Fig. 5
ndicates that neutron stars at G < 21.4 mag, resembling (i) PSR
0437 −4715 or PSR B0656 + 14 would be at less than about 40–
0 pc, and those resembling (ii) RX J1856.5 −3754, PSR B0950 + 08,
r PSR J2124 −3358 would be at less than about 20 pc. 
On the other side, Fig. 5 indicates that power-law-source neutron

tars of M G = 19.5 mag and no significant thermal emission would
lude RASS detection if these are at more than 20 pc for αν = 1 and
t more than 5 pc for αν = 1.5 (assuming a single power law from X
ays to the optical). 

For a more precise estimation, we produced Figs 6 and 7 , which
epresent the maximum distances of detectability as function of PS1
 -band absolute magnitude, for different catalogues or surv e ys and

https://www.astro.umontreal.ca/~bergeron/CoolingModels/
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Figure 5. X-ray flux versus G -band magnitude diagram. Thermal cooling tracks at distances other than 10 pc are represented by black dotted lines. Double 
square or lozenge symbols are for 10 pc. The pulsar thermal track with rotochemical heating (violet dash–dotted line) is at 10 pc. The vertical dotted line at G = 

21.4 mag indicates the faintest apparent magnitude reached by Gaia DR3 sources of M G > 16 and snr π > 2. As expected, the plot indicates that from 10 to 
100 pc, the X-ray flux decreases by a factor 10 −2 , and the G -band magnitude increases by 5 mag. Same as in Figs 3 and 4 . 
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ower-law emitters of spectral index αν = −2.0, −1.0, −0.5, 0.0, 
.5, 1.0, 1.5, 2.0, 2.5, and 3.0. The PS1 g band is much narrower than
he Gaia G band and is appropriate to anchor power-law components 
dentified in SEDs. From equation ( 3 ), we have the dependence
etween the distance and magnitude limits: 

 lim 

= 10 × 10 0 . 2( m f, lim −M f ) , (6) 

here we can express the absolute magnitude M f at any filter as a
unction of the absolute magnitude M rf at a reference filter (here PS1
 band), 

 f = M rf + ( M f, 0 − M rf, 0 ) , (7) 

or an arbitrarily flux-scaled SED (subscript 0). 
We adopted the following limits (usually point-source limits, see 

eferences for details): X rays : catalogue deep depth of 10 −15 erg
 

−1 cm 

−2 for Chandra at 0.1–10 keV, also applicable for XMM-
ewton (Evans et al. 2010 ; Webb et al. 2020 ), and surv e y limit of
 × 10 −13 erg s −1 cm 

−2 for RASS at 0.1–2.4 keV (Boller et al.
016 ); Ultraviolet : Galaxy Evolution Explorer ( GALEX ) typical 5 σ
etection depth of FUV = 19.9 and NUV = 20.8 mag (Bianchi,
hiao & Thilker 2017 ) and Sloan Digital Sky Survey (SDSS)
5 per cent completeness at u = 22.0 mag (Albareti et al. 2017 );
ide optical : Gaia 50 per cent completeness at G = 21.0 mag (Gaia
ollaboration 2021b ), PS1 stack 5 σ detection depth of g = 23.3,
 = 23.2, i = 23.1, and z = 22.3 mag ( ∼50 per cent completeness;
hambers et al. 2016 ); Infr ared : representativ e 5 σ detection depths
f J = 20 and K = 18.5 mag (see references of near-infrared
urv e ys in Section 3.1 ), and Wide-field Infrared Surv e y Explorer
 WISE ) 90 per cent completeness at W 1 = 17.7 mag (Marocco et al.
021 ); Radio : 1.4 GHz NRAO VLA Sk y Surv e y (NVSS) 90 per cent
ompleteness at 3.0 mJy (Condon et al. 1998 ). We note that the
atalogue or surv e y limits are not necessarily homogenous o v er the
o v ered sk y re gions. 
We represented the Gaia sources as in Fig. 3 , but using as
istance the median of the posterior distance estimation from GCNS 

 dist 50 , heareafter d 50), which is independent of colour (spectral
ype) or direction in the sky. The d 50 of the 2464 sources is in the
ange 21–105 pc and of 80 ± 18 pc in average. Also we used g -band
agnitudes from PS1, else from the National Optical-Infrared As- 

ronomy Research Laboratory (NOIRLab) Source Catalogue (NSC) 
Nidever et al. 2021 ), or else from SDSS (see Section 3.1 ). Some UV
andidates with power-law components (Table 2 ) and power-law 

rofile sources (Table 5 ) are represented by horizontal and vertical
iamonds, respectively, in the plots of nearest spectral index. In 
ection 3.8 , we briefly discuss these sources in the diagrams. 
The diagrams of Figs 6 and 7 adjust to modifications of source

istances and search limits as follows. If a source is at a smaller or
arger distance, it shifts to the left or to the right, respectively, as on
etection-limit curves, implying that the detectability of the source 
s invariant to changes of the source distance (at fixed observed flux
nd negligible interstellar extinction). From equation ( 6 ), if another
agnitude or flux limit (with a prime) is chosen for a given filter, the

orresponding distance limit simply changes by a factor of 

0 0 . 2( m 

′ 
f, lim −m f, lim ) = ( F f, lim 

/F 

′ 
f, lim 

) 0 . 5 , (8) 

mplying that the curves visible in the plots can easily be used to
ompute other search limits. 

Bright, power-law-source neutron-stars of M g = 16.50 mag and 
ν = 1 (i.e. M G = 16.13 mag, from Table 6 ) would be detected both

n Gaia and at X rays in RASS up to 94 pc (Fig. 7 ). Ho we ver, those
f αν = 1.5, 2.0, 2.5, and 3.0 ( M G = 15.99, 15.83, 15.67, and 15.49
ag) would be detected in Gaia up to 100, 108, 116, and 128 pc, but

ot in RASS at d > 27, 8, 3, and 1 pc, respectively. 
At ultraviolet, because of the shallower depth of the GALEX wide

urv e y, the known pulsars that we considered can only be detected at
ess than 20–40 pc, as shown in the NUV - versus G -band magnitude–
MNRAS 524, 5658–5707 (2023) 
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M

Figure 6. Detectability of nearby power-law emitters of spectral index αν = −2, −1, −0.5, and 0, as a function of their absolute g -band magnitude. Catalogue 
or surv e y limits are for (see te xt for details and references): X r ays : Chandr a 0.1 – 10.0 keV (or XMM ) and RASS 0.1–2.4 keV (cyan dashed and solid lines, 
respectiv ely); Ultr aviolet : GALEX FUV and NUV bands, and SDSS u band (blue dashed lines); Wide optical : Gaia G and PS1 griz bands (black solid and dotted 
lines); Infrared : WFCAM JK and WISE W 1 bands (red dotted lines); Radio : NVSS 1.4 GHz (green solid line). Gaia sources are represented as in Fig. 3 , but 
using d 50 distances and g -band magnitudes from PS1, else NSC, or else SDSS. Some ultraviolet and power-law sources of Tables 2 and 5 are represented by 
horizontal and vertical diamonds in the plots of nearest spectral index (spectral index ranges are indicated at the bottom), and in grey, blue, or red depending on 
whether their power-law component was determined mostly from the optical, the ultraviolet, or the infrared, respectively. 
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agnitude diagram of Fig. 9 . Power-law source neutron stars of M G =
9.5 mag (with no significant thermal emission) would elude GALEX
etection if these are at more than about 10 pc for αν ≥ 1 (assuming
 single power law from the ultraviolet to the optical). From Fig. 7 , if
hese have M g = 16.5 mag, then for αν = 1 these would be detected
p to 50 pc, whereas for αν = 1.5, 2.0, 2.5, and 3.0, these would
lude NUV -band detection at d > 41, 34, 29, and 24 pc, respectively.

To summarize, we see from Figs 4 , 5 , 6 , 7 , and 9 that if
oung neutron stars or pulsars that are still very hot and thermally
mitting are measured in Gaia , then these would be detected at
 rays in RASS, and to a lesser extent, at NUV and FUV bands in
ALEX . On the other hand, pulsar emitters with insignificant thermal

mission and power-law slopes αν ≥ 1.5 would remain undetected in
ASS and GALEX , at strongly and weakly decreasing distances for

ncreasing spectral indices, respectively. This quantitative reasoning
NRAS 524, 5658–5707 (2023) 
as some o v erlap with the interpretation of Maoz, Ofek & Shemi
 1997 ) that some of the red (and faint) optical sources they identify,
sing optical B and R -band photometry, as candidate counterparts to
xtreme-ultraviolet sources without RASS X-ray detection, could be
earby neutron stars. 
Finally, we note that among the 3320 pulsars of the Australia

elescope National Facility (ATNF) Pulsar Catalogue version 1.67 3 

Manchester et al. 2005 ), 315 are in binaries with a known com-
anion type: about 50 per cent have low-mass He-core white dwarf
ompanions and 15 per cent have higher-mass CO- or ONeMg-core
hite dwarf companions, as shown in Fig. 21 , for the pulsars with
easured orbital periods and projected semimajor axes. There is a
ht tps://www.at nf.csiro.au/research/pulsar/psrcat /

https://www.atnf.csiro.au/research/pulsar/psrcat/
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Figure 7. Same as Fig. 6 , for power-law emitters of spectral index αν = 0.5, 1, 1.5, 2, 2.5, and 3. 
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onfluence of neutron stars with white dwarfs, though it has not been
xplored thoroughly at medium to large binary separations. Based on
his confluence, pulsars are searched as companions to white dwarfs
e.g. at radio wavelengths, Athanasiadis et al. 2021 ). If neutron stars
re among our candidates and in binaries, then these will probably
ave white dwarf companions. 

.4 Crossmatches 

ext, we crossmatch the coordinates of the 2464 Gaia sources of the
olour-selected subsample with the coordinates of sources of broad-
ptical, infrared, gamma-ray, X-ray, radio, ultraviolet, and literature
atalogues. We verify the crossmatch candidates in archi v al images
nd catalogues using mainly the Aladin Interactiv e Sk y Atlas tool.
o better resolve the sources, especially for surv e ys of low spatial
esolution, we query images in high-resolution mode in Aladin or in
ativ e pix el sizes with the embedded Sk yView image selector. 

 RESU LTS  

.1 Optical and infrared crossmatches 

t the broad optical, we considered the PS1-, SDSS, and NSC
atalogues. Best-neighbour cross-identifications with PS1, SDSS,
nd the Two Micron All Sky Survey (2MASS; Skrutskie et al.
006 ) are provided in GCNS and are from the Gaia (E)DR3 external
rossmatch tables (see description for Gaia DR2 in Marrese et al.
019 ). 
Cross-identifications with PS1 are available for 1419 of the 2464

aia sources. Using Aladin, we noted that the sources with very
arge proper motions of pm > 200 mas yr −1 typically have more
han one entry in the PS1 DR1 VizieR catalogue (Chambers et al.
016 ; CDS/II/349/ps1), corresponding to different trailing points
efining the trajectory of the sources. Among the sources with pm
 100 mas yr −1 , for eight with and four without initial Gaia –PS1

ross-identification, we could reco v er identifications with the widest
 grizy ) bandpass co v erage and the best astrometric and photometric
uality. Also, from a cone search within 1 arcsec of the Gaia sources,
e could find 21 additional cross-identifications, of which one has
m = 90 mas yr −1 and the others have pm = 3–20 mas yr −1 , the
atter ones being towards the Galactic plane and bulge and mostly in
lends. In total, there are thus 1444 sources with PS1 photometry.
sing the proper motions of the Gaia sources, we propagated their

oordinates at epoch 2016.0 to the epochs of the PS1 crossmatches,
btaining same-epoch angular separations of 0.10 ± 0.11 arcsec
n average and smaller than 0.89 arcsec. Large separations appear
ypically for large proper motion sources or binary sources that are
ot resolved in PS1. We list the angular separations for sources of
nterest in Tables E1 and E3 (column ‘Sep’). We did not update to
S1 DR2, because DR1 photometry is included in DR2 and 84 DR1
ources, mostly with incomplete bandpass co v erage, are missing in
R2. 
Cross-identifications with SDSS DR13 (Albareti et al. 2017 ) are

vailable for 150 of the Gaia sources. The angular separations pro-
ided in the Gaia DR3 – SDSS external crossmatch table can easily
e reproduced by propagating the coordinates to the epochs of the
DSS crossmatches. The angular separations are of 0.11 ± 0.08 arc-
ec in average and smaller than 0.61 arcsec. Using Aladin, we verified
hat all of the sources with pm > 100 mas yr −1 and in the SDSS cat-
logue footprint are already cross-identified. We list the angular dis-
ances for sources of interest in Tables E2 and E4 . For sources having
ltraviolet u -band fluxes, we also derived the angular separations at u -
NRAS 524, 5658–5707 (2023) 
and using the coordinates ( ra + offsetra u / 3600 / cos deg ( dec ),
ec + offsetdec u / 3600), where offsetra u and offset-
ec u are the proper offsets in arcseconds provided in the SDSS
atalogue. 

For NSC DR2 (Nidever et al. 2021 ), we crossmatched using a
earch radius dependent of the proper motion: ( pm × dyr )/1000 +
arcsec, where (i) dyr = 4 yr is the maximum epoch difference,

iven that the NSC observation epochs are within 2012.0–2020.0 yr,
nd (ii) δ = 1.5 arcsec is the minimum search radius. For the
esulting crossmatches, we then propagated the Gaia coordinates
o the individual NSC epochs and we recomputed the angular
eparations. As for all the other crossmatches in this study, we omit
o formalize the negligible propagated uncertainties caused by the
ery small coordinate- (0.11–3.76 mas) and proper motion errors
0.23–4.38 mas yr −1 ) of the Gaia sources; these are absorbed in
he large search radii. Similarly as for PS1, 27 large proper motion
ources have different trailing point measurements in NSC, and we
elected the best (single or multiple) epochs of (complementing)
idest bandpass co v erage, whose Gaia –NSC angular separations

re not necessarily the smallest but are smaller than 0.17 arcsec. We
btained matches for 2102 Gaia sources, with angular separations
f 0.16 ± 0.16 arcsec in average and smaller than 1.42 arcsec.
he largest separations correspond to multiple sources that are not

esolved in the seeing-dependent data of the NSC object catalogue
nd may correlate with larger NSC values of semimajor axis radius,
ull width at half-maximum, and non-stellar classification. We list
he angular distances for sources of interest in Tables E2 and E4 .
t declinations δ > −29 ◦, the NSC DR2 photometry for the grizY
ands are calibrated on the PS1 photometry. At δ < −29 ◦, griz band
hotometry are calibrated on ATLAS-Refcat2 (Tonry et al. 2018 ).
 -band photometry at δ < 0 ◦ are calibrated on Skymapper DR1
Wolf et al. 2018 ). Finally, u and Y -band data are calibrated on model
agnitudes at δ > 0 ◦ and < −29 ◦, respectively (see Nidever et al.

021 for details). For the SEDs, we assumed the same bandpass
arameters as for SDSS u and PS1 grizy bands, for simplicity. 
In the JHK s -band near-infrared catalogue of 2MASS, only one

aia source has a cross-identification, and it corresponds to a brighter
nd unrelated source at 1.75 arcsec. We considered thus deeper near-
nfrared catalogues. Similarly as for the crossmatch with NSC, we
rossmatched using δ = 1.5 arcsec, with the Visible and Infrared
urv e y Telescope for Astronomy (VISTA) Hemisphere Surv e y
VHS) DR6 ( dy = 8 yr; McMahon et al. 2013 ; Sutherland et al.
015 ), United Kingdom Infrared Telescope (UKIRT) Hemisphere
urv e y (UHS) DR1 ( dy = 3.621 yr; Dye et al. 2018 ), UKIRT Infrared
eep Sky Survey (UKIDSS) DR11PLUS Large Area Survey (LAS),
alactic Cluster Surv e y (GCS), and Galactic Plane Surv e y (GPS;
y = 10.671 yr; Lawrence et al. 2007 ), VISTA Magellanic Survey
VMC) DR6 ( dy = 6.17 yr; Cioni et al. 2011 ), VISTA Variable in the
ia Lactea Surv e y (VVV) DR5 ( dy = 6 yr; Minniti et al. 2010 ), and
ISTA Kilo-degree Infrared Galaxy (VIKING) Surv e y DR5 ( dy =
.14 yr; Edge et al. 2013 ) catalogues. Among the UHS-, VVV, and
n particular the VHS matches, there were multiple matches from
ifferent observing epochs and at close angular separations, also
or very small proper-motion sources, and we applied a complex
election accounting for magnitude errors, error flags, multiband
o v erage, and angular separation. We obtain counterpart numbers
f 1170 (VHS), 284 (UHS), 23 (LAS), 24 (GCS), 219 (GPS),
6 (VMC), 228 (VVV), and 15 (VIKING), implying ZYJHK s K -
and photometry for 1957 Gaia sources. From the VISTA and
KIRT catalogues, we used the AperMag 3 magnitude, which is

he default point source aperture corrected magnitude (2.0 arcsec
iameter). The VISTA filters are similar to the UKIDSS Wide-
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Figure 8. SEDs of the gamma-ray point-source crossmatches and the 4FGL 

J1653.6 −0158 millisecond pulsar. Data points at each energy band are slightly 
offset horizontally to increase visibility. Smaller symbols without vertical 
error bars are upper limits. 

F  

o
(  

m  

b

u  

c  

4  

h  

m  

m
E  

n  

u

3

W
t  

F
A  

p

s  

T
s
n

9  

N
t
i  

c
h
e
o
0  

f
o
w  

o  

G
t
w

 

t  

a  

a  

a
1  

t
t  

S
i
(
e  

b
p  

s  

a
p  

c  

e
1
w  

G
∼  

s

3

A
2  

a
1  

(  

c  

t  

(  

D  

B  

i  

e
 

i  

d
a  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/5658/7158697 by M
PI G

ravitational Physics user on 08 August 2023
ield Camera (WFCAM) filters, though the K filter is shorter ( K s );
 v erall, magnitude differences are typically smaller than 0.10 mag 
Gonz ́alez-Fern ́andez et al. 2018 ). In Table E1 , we list the JHK s -band
agnitudes next to the PS1 y -band magnitudes, and we indicate ZY -

and magnitudes in the footnotes. 
Also, similarly as for the crossmatch with NSC, we crossmatched 

sing δ = 1.75 arcsec and dy = 6 yr with the all-sky CatWISE2020
atalog, which is based on WISE and NEOWISE surv e y data at 3.4 and
.6 μm ( W 1 and W 2) obtained within 2010.0–2018.0 yr, and which
as a 90 per cent completeness depth at W 1 = 17.7 and W 2 = 17.5
ag (Marocco et al. 2021 ). There are 276 counterparts. We list the
id-infrared magnitudes for sources of interest in Tables E1 and 
3 . Most of the Gaia sources of the colour-selected subsample are
ot visible in unWISE images, because these are either too faint or
nresolved in blends with brighter sources. 

.2 Gamma ray crossmatches 

e crossmatched the J2016.0 coordinates of the Gaia sources with 
he coordinates of the 6659 point and 78 extended sources of the
ermi Large Area Telescope Fourth Source Catalogue (4FGL-DR3; 
bdollahi et al. 2022 ), and within the 4FGL confidence and model
ositional error ellipses in the sky, respectively. 
Within the 68 per cent confidence ellipses, there are five point- 

ource matches, which we flag as γ a, γ b, γ c, γ d, and γ e.
hese have the following ( Gaia DR3, 4FGL) identifications, centroid 
eparations and ellipse semimajor axes (in arcminutes), and total 
umbers of Gaia sources in the ellipses: 
(1) 4043369078205765888, J1758.5 −3219; 7.48, 18.49; 203623, 
(2) 4040994030072768896, J1743.9 −3539; 9.28, 21.11; 211462, 
(3) 5990998826943947520, J1606.2 −4602; 18.49, 25.46; 78735, 
(4) 4144738037302227072, J1750.4 −1721; 3.13, 3.85; 10530, 
(5) 2957941232274652032, J0524.4 −2413; 17.07, 18.57; 6676. 
G  
The likelihood that these are true counterparts is of 4.91, 4.73, 12.7, 
5.0, and 150 parts per million, respectively, that is extremely small.
evertheless, we account for them exploratively and as reminders of 

he gamma-ray search perspective. Their Gaia parameters are listed 
n Table 7 . At a later stage, we crossmatched within the 95 per cent
onfidence ellipses, because even the brightest 4FGL sources can 
ave true counterparts that are beyond the 68 per cent confidence 
llipses. There are 14 additional matches at 0.04–0.25 deg separation 
f point sources of 95 per cent confidence semimajor axes of 0.04–
.39 deg; to limit the scope of the paper, we did not study them
urther. Finally, there are 11 matches at 0.16–2.17 deg separation 
f gamma-ray extended sources of semimajor axes of 0.52–3.0 deg, 
hich we did not consider further, because these are too extended
r in crowded regions in the Magellanic Clouds. None of the above
aia sources has also an X-ray- (or radio) counterpart (considering 

he crossmatches we present in the next sections), which otherwise 
ould have given it more weight. 
The five Gaia sources of γ a–γ e are in crowded stellar fields;

he first four are at ( | l | < 11 ◦, | b | < 5 ◦), towards the Galactic Centre,
nd the fifth ( γ e) is at ( l , b ) = (227.1986, −29.3487) ◦, at 1.6
rcmin of the centre of the M 79 globular cluster (NGC 1904), of 4.8
rcmin radius. The average detection significance o v er the 100 MeV–
 TeV energy range ( Signif Avg ) of γ a–γ e is of 3.9–7.2 σ and
heir spectrum type is log-parabola, except for 4FGL J0524.4 −2413 
hat has a power-law spectrum type. In Fig. 8 , we present their
EDs as a function of energy. Pulsar-type sources are identified 

n 4FGL as having curved- (log-parabola) or significantly curved 
subexponentially cutof f po wer law) spectral shapes (Abdollahi 
t al. 2022 ). In Fig. 8 , we represent also the 4FGL J1653.6 −0158
lack-widow millisecond pulsar, which has the typical gamma-ray 
ulsar properties of a time-stable photon flux and a highly curved
pectrum (Nieder et al. 2020a , b ). Two Fermi point sources have
ssociations in the catalogue. 4FGL J0524.4 −2413 has a high 
robability association with the abo v e mentioned M 79 globular
luster, because the cluster is in the 68 and 95 per cent confidence
llipses (the gamma-ray centroid and cluster centre are separated by 
7.1 arcmin). 4FGL J1606.2 −4602 has a low confidence association 
ith the ECC G334.57 + 04.63 source of unknown type. The five
aia sources have red colours suggesting apparent temperatures of 
3000–5500 K (see also the SEDs in Fig. G1, available as online

upplementary material). 

.3 X ray crossmatches 

t X-rays, we considered the second RASS source catalogue (2XRS; 
 × 10 −13 erg s −1 cm 

−2 ; Boller et al. 2016 ), the XMM-Newton cat-
logues of serendipitous sources from observations (4 XMM DR11; 
 × 10 −15 erg s −1 cm 

−2 ; Webb et al. 2020 ) and stacked observations
4 XMM DR11s; Traulsen et al. 2020 ), the XMM-Newton Slew surv e y
atalogue (XMMSL2; 3 × 10 −12 erg s −1 cm 

−2 ; Saxton et al. 2008 ),
he Chandra Source Catalogue (Evans et al. 2010 ) Release 2.0
CSC2.0; 1 × 10 −15 erg s −1 cm 

−2 ), and the eROSITA Final Equatorial
epth Surv e y (eFEDS) X-ray catalogue (7 × 10 −15 erg s −1 cm 

−2 ;
runner et al. 2022 ; Salvato et al. 2022 ), where the sensitivities are

n the 0.5–2.0 keV energy range and adopted from fig. 14 of Brunner
t al. ( 2022 ). 

F or conv enience, we crossmatched the Gaia and X-ray sources
n two steps. In the first step, we used a constant crossmatch radius,
efined by the template expression ( pm max / 1000) dyr + n σpos , rl + δ

rcsec, where pm max is the maximum proper motion in our Gaia
ubsample, dyr is the absolute value of the epoch difference between
aia DR3 and the farthest or representative epoch of the counterpart
MNRAS 524, 5658–5707 (2023) 
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Table 1. X-ray crossmatches. 

Flag μα∗ μδ G BP − G G − RP g − r r − i i − z P Sep L Rate HR1 HR2 
(mas yr −1 ) (mag) (mag) (mag) (mag) (mag) (mag) ( ′ ′ ) (%) (cts s −1 ) 

P1X1 − 0 .2 − 1 .5 20.61 − 0.33 ± 0.08 0.64 ±0.17 − 0 .24 − 0 .21 −0.02 1 44.1 20.0 0.0290 ±0.0105 1.00 ±0.50 0.38 ± 0.31 
X2 99 .0 − 164 .9 20.51 0.19 ± 0.08 0.56 ±0.09 0 .63 0 .13 0.13 2 47.7 16.7 0.0313 ±0.0135 −0.46 ±0.36 1.00 ± 0.62 
X a 4 .1 − 1 .7 20.81 0.25 ± 0.13 0.88 ±0.10 0 .68 0 .41 0.10 2 35.0 1.6 0.3833 ±0.0504 0.95 ±0.04 0.21 ± 0.09 
X b − 12 .5 11 .7 20.43 0.42 ± 0.11 0.85 ±0.07 0 .63 0 .34 0.18 2 37.5 0.5 0.0484 ±0.0164 0.33 ±0.21 − 0.04 ± 0.28 
X c − 6 .2 3 .7 20.28 0.04 ± 0.12 0.91 ±0.14 0 .51 0 .22 0.11 2 42.7 0.3 0.1066 ±0.0235 1.00 ±0.11 0.38 ± 0.17 
X d − 4 .1 − 3 .7 20.72 0.18 ± 0.15 0.88 ±0.08 0 .70 0 .38 0.14 1 57.3 5.0 0.0182 ±0.0082 1.00 ±0.41 − 0.89 ± 0.26 
X e − 8 .1 − 5 .8 20.67 0.15 ± 0.17 0.78 ±0.13 – – – – 54.3 1.0 0.0441 ±0.0189 1.00 ±2.44 − 1.00 ± 0.83 

μα∗ stands for μαcos δ. Sep is the separation (arcsec) at epoch 1991 between the Gaia and 2RXS centroids. L is a counterpart likelihood, as the inverse of the number of Gaia 
sources at epoch 1991 within Sep + 0.05 arcsec of the X-ray source. The griz -band photometric (P) colours are from PS1 (1) and NSC (2). Proper motion component errors are of 
0.5–2.3 mas yr −1 . From top to bottom, the names of the X-ray sources are: (1) 2RXS J003745.3 + 440747, (2) 2RXS J210253.8 −583920, (3) 2RXS J171535.3 −545013, (4) 2RXS 
J165504.0 −304049, (5) 2RXS J165739.0 −294945, (6) 2RXS J000819.5 + 423453, and (7) 2RXS J171902.3 −603235. The 2RXS hardness ratios HR are defined as HR = (hard –
soft)/(hard + soft) with HR1 = ( H − S )/( H + S ) and HR2 = ( V − M )/( V + M ), where the S (soft), H (hard), M (medium), and V (very hard) bands correspond to 0.1–0.4, 0.5–2.0, 
0.5–0.9, and 0.9–2.0 keV. 

Table 2. Ultraviolet crossmatches. 

Flag μα∗ μδ G BP − G G − RP g − r r − i i − z P Sep L FUV − NUV NUV − G u − G 

(mas yr −1 ) (mag) (mag) (mag) (mag) (mag) (mag) ( ′ ′ ) (mag) (mag) (mag) 

UV1 − 15 .8 − 3 .9 20.89 − 0.35 ± 0.13 0.35 ± 0.15 − 0 .37 − 0 .25 − 0 .27 2 0.3 1 0.21 ± 0.41 − 0.31 ± 0.23 –
UV2 − 1 .4 − 7 .1 20.17 − 0.25 ± 0.08 0.71 ± 0.10 0 .26 0 .11 0 .02 1 1.6 1 ∗ – 1.98 ± 0.34 –
UV3 − 1 .5 2 .6 20.89 − 0.19 ± 0.17 0.80 ± 0.15 − 0 .19 – – 2 2.2 1 − 0.34 ± 0.25 − 0.66 ± 0.15 –
UV4 1 .6 − 9 .0 20.23 − 0.10 ± 0.06 0.83 ± 0.06 − 0 .13 0 .34 0 .22 1 0.7 1 ∗ − 0.47 ± 0.11 − 0.78 ± 0.06 –
UV5 − 2 .6 − 2 .3 20.90 − 0.05 ± 0.16 0.47 ± 0.26 0 .30 – – 2 3.0 0.5 – 1.82 ± 0.40 –
UV6 − 0 .7 − 13 .4 20.12 − 0.04 ± 0.05 0.79 ± 0.05 0 .33 0 .11 0 .05 1 1.7 1 – 1.89 ± 0.36 –
UV7 − 10 .0 3 .1 20.56 − 0.03 ± 0.10 0.81 ± 0.10 0 .08 0 .22 0 .00 2 1.9 1 – 1.34 ± 0.35 –
UV8 − 5 .9 14 .7 20.86 0.15 ± 0.26 0.88 ± 0.15 0 .47 0 .88 0 .52 1 1.9 1 – 0.93 ± 0.35 0.11 ± 0.13 
UV9 2 .3 7 .8 20.89 0.26 ± 0.15 0.85 ± 0.13 0 .40 0 .67 0 .55 1 0.9 1 – 1.60 ± 0.28 0.42 ± 0.16 
UV10 − 6 .3 − 9 .5 20.89 0.26 ± 0.17 − 0.12 ± 0.30 − 0 .08 − 0 .23 0 .04 1 0.6 1 − 0.41 ± 0.37 1.07 ± 0.26 –
UV11 − 11 .7 − 12 .9 20.86 0.35 ± 0.28 0.55 ± 0.22 0 .51 0 .20 0 .17 1 1.5 0.5 – 1.10 ± 0.32 1.96 ± 0.55 
UV12 − 4 .2 − 14 .6 20.70 0.36 ± 0.14 0.43 ± 0.19 0 .33 0 .17 0 .08 1 1.5 1 ∗ – 1.73 ± 0.43 1.06 ± 0.19 
UV13 210 .3 149 .6 20.19 0.48 ± 0.09 0.53 ± 0.07 0 .99 0 .24 0 .14 1 0.1 1 – – − 0.31 ± 0.10 
UV14 195 .0 40 .2 20.51 0.49 ± 0.15 0.81 ± 0.08 0 .89 0 .39 0 .13 1 0.0 1 – – 1.17 ± 0.30 
UV15 100 .2 − 158 .2 20.75 0.58 ± 0.16 0.69 ± 0.11 0 .73 0 .09 0 .24 1 0.6 1 – – 0.40 ± 0.19 

Proper motion component errors are of 0.5–2.7 mas yr −1 . The griz -band photometric (P) colours are from PS1 (1) and NSC (2). Sep is the separation (arcsec) between the Gaia and 
(i) GALEX centroids at the GALEX epochs for UV1–12, and (ii) SDSS DR13 u -band centroids at the SDSS epochs for UV13–15. L is the counterpart likelihood, as the inverse of the 
number of unique Gaia -, PS1-, and NSC sources within 3 × σ pos of the ultraviolet source at its epoch. ∗ Likelihood shared with a visual companion at 0.6 arcsec (i) with separate 
Gaia parameters (UV2 in Table 8 ) or (ii) only partly resolved in PS1 images (UV4, UV12), and whose relative separation is indicated in column ‘Vis.’ of Table 9 . 
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atalogue, σ pos, rl is the maximum- or representatively large positional
ncertainty in the counterpart catalogue, n is an integer factor of
, and δ is to allow for any unaccounted systematic- or source-
entroiding uncertainty. In the second step, we required the cross-
atches to have angular separations smaller than ( pm/ 1000) dyr +
 σpos + δ arcsec, using the individual measurements. 
For the Chandra CSC2.0 catalogue, we used dyr = 16.25 yr, σ pos, rl 

s the maximum of the major radius of the 95 per cent confidence-
evel positional error ellipse, n = 2, and δ = 2 arcsec. In the first step,
6 matches are found. In the second step, one remains. Gaia DR3
108419965650416128 ( pm = 4.8 mas yr −1 ) is in a very dense field
nd at 64 arcsec of the faint ( SNR X = 2.4) 2CXO J171032.0 −281942
 σ pos = 43 arcsec), whose centroid is at 4 arcsec of the optically
right CD −28 12 887 star ( G = 10.1 mag). Also, within 65 arcsec of
he X-ray source there are 916 Gaia sources, implying a very small
ounterpart likelihood of L = 0.0011. 

For the XMM catalogues, we used dyr = | 2000 − 2016 | = 16 yr,
pos, rl as the maximum of the positional 1-sigma uncertainty in

he respective XMM catalogues, n = 3, and δ = 2 arcsec. We find
our matches, which are in dense stellar fields. We propagated the
oordinates of the Gaia sources using their proper motions ( pm <

5 mas yr −1 ) to the mean epochs of the respective XMM matches.
aia DR3 4685846291048239744 is at 3.58 × σ pos of 4XMM

004425.7 −732635 ( σ pos = 1.43 arcsec) of low detection signifi-
ance ( SC DET MI L = 9 . 3), which has seven Gaia sources within
NRAS 524, 5658–5707 (2023) 
.58 × σ pos . Gaia DR3 4124307015366667776 is at 3.03 × σ pos of
XMM J173204.2 −170613 ( σ pos = 2.83 arcsec), which has 15 Gaia
ources within 3.03 × σ pos . Gaia DR3 6029397037233478400 is at
.04 × σ pos of 4XMM J170238.7 −295445 ( σ pos = 17.70 arcsec),
hich has 79 Gaia sources within 1.04 × σ pos and has an extent
f 37.20 ± 4.71 arcsec. Finally, Gaia DR3 4124500048336584064
s at 1.41 × σ pos of XMMSL2 J173139.7 −165636 ( σ pos = 10.69
rcsec) of low detection significance ( DET ML B8 = 9 . 2), which
as 27 Gaia sources within 1.41 × σ pos . The four matches have
ery small counterpart likelihoods of 0.143, 0.067, 0.013 and 0.037,
espectively. 

We proceeded similarly with the ROSAT 2XRS catalogue, with
yr = 25.5 yr, n = 3, and δ = 3 arcsec. We adopt σ pos, rl as a
epresentatively large value of 20 arcsec, based on the comparison of
RXS- with SDSS positions (Boller et al. 2016 ) and because there
re no formal 2XRS positional errors available. In the first step, there
re 26 matches. In the second step, seven remain, which are listed in
able 1 . Also listed are (i) the angular separation (Sep) at epoch 1991
nd (ii) the counterpart likelihood (L), as the inverse of the number
f Gaia sources at epoch 1991 within Sep + 0.05 arcsec of the X-ray
ource. 

Gaia DR3 387812285286341504 (P1X1; d 50 = 81 pc) is in a
parse field and 44.1 arcsec south of the centroid of the faint 2RXS
003745.3 + 440747. Considering the faintness, uncertain centroid
nd spread ( ≤30 arcsec), and pixel locations of the soft and hard
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ounts of the RASS source, the Gaia source could be a potential
atch. Also, the Gaia source has low counts in the GALEX GR6 + 7
UV and FUV -band images. Comparing these counts with those of
ALEX J003744.6 + 440750 ( FUV = 20.1 ± 0.25 and NUV = 19.61
0.13 mag) 47.4 arcsec north, it would have NUV ∼ FUV ∼ 20.8 ±

.4 mag, implying FUV − NUV ∼ 0 and NUV − G ∼ 0.2 mag. Among 
he seven 2RXS matches, P1X1 has the smallest proper motion ( pm ∼
.5 ± 2.4 mas yr −1 ) and the bluest G BP − G and PS1 colours. Its blue
 BP − G and very red G − G RP = 0.64 ± 0.17 mag are reflected in

ts positive phot bp rp excess factor corrected of 0.58 
see comments on this parameter in Appendix A ). Its SED based
n the PS1 photometry indicates an almost straight profile o v er the
riz bands, with some excess at zy band (Fig. 13 ; see Section 3.7
or details about SEDs and the fitting procedure). Among all the 
aia sources of the colour-selected subsample that have PS1 griz -
and photometry and a spectral-index fitting error smaller than 0.1, 
t is the only source with a spectral index lesser than zero, αν =

0.86 ± 0.07, and has the highest value of the renormalised unit 
eight error ( ruwe ) for astrometry, of 7.6 (also the third greatest
uwe value in the colour-selected subsample). A value of ruwe 
 1 . 4 is indicative of an ill-behaved astrometric solution and may

ndicate binarity or multiplicity (Gaia Collaboration 2021b ). Within 
4.15 arcsec of the 2RXS centroid and at epoch 1991, there are five
aia sources ( G = 18.20 − 20.61 mag), among which P1X1 is the
nly one with a ne gativ e G BP-G colour (it has also the bluest g −
 colour among the PS1 sources in that area), is the faintest ( G =
0.61 mag), and its ruwe value is much greater than those of the four
ther sources (1.0). Ho we ver GALEX J003744.6 + 440750 is also a
otential match at 8.4 arcsec of the 2RXS centroid; it is relatively
righter in the optical ( Gaia DR3 387812869401900672; G = 19.15, 
 BP − G = 0.14, G − G RP = 0.29 mag) and mid infrared, and has
 100 per cent probability of being extragalactic as a quasi stellar
bject (QSO), in the Northern Extragalactic WISE × Pan-STARRS 

NEWS) catalogue (Khramtsov, Akhmetov & Fedorov 2020 ). 
Gaia DR3 6456175155513145344 (X2) is in a sparse field and 

7.7 arcsec north of the uncertain centroid of the faint 2RXS
210253.8 −583920 source. The Gaia source has G = 20.51 mag, 
 large proper motion of (99, −165) ± 0.5 mas yr −1 , and is at
 50 = 62 pc. It is in GCNS100pc and is a probable white-dwarf
hotometric candidate (GCNS; Gentile Fusillo et al. 2021 ). At less
han 47.75 arcsec of the 2RXS centroid and at epoch 1991, there
re six Gaia sources ( G = 12.04 and 20.21–21.00 mag). Among
hese, X2 has the least red G BP − G RP colour, of 0.75 mag. In the
ark Energy Surv e y (DES) DR1 catalogue (Abbott et al. 2018 ),
2 corresponds to DES J210255.98 −583838.3, with colours of g 
r = 0.79, r − i = 0.23, and i − z = 0.07 mag suggesting a cool

tmosphere. Within 5.5 arcsec, it has five DES neighbours and it is the 
econd brightest. Its large proper motion can easily be seen in image
iles from 2013 to 2018, queried at the NOIRLab Astro Data Lab. 4 

We note that within 47.75 arcsec of the 2RXS centroid, there are
5 NSC sources, which would decrease the counterpart likelihood). 
he brightest Gaia source is Gaia DR3 6456175048138766720 
 G = 12.04 mag, 25.8 mas yr −1 , 350 pc; NUV = 17.84 ± 0.04
ag), at 29 arcsec of the 2RXS centroid. It could also be a potential
atch, because it is an EW–W Ursae Majoris-type eclipsing variable 

Richards et al. 2012 ), a contact binary of orbital period of 0.3456 d
Drake et al. 2017 ). 

For the possible P1X1 and X2 candidates, we converted the 2RXS
ount rates to fluxes, adopting a conversion factor of 1.08 × 10 −11 
 https://datalab .noirlab .edu 
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−2 for an intrinsic hydrogen column density N H = 0 and a
ower-law emission of photon index 	 = 1, and we represent them
y cyan circles in Figs 4 and 5 . 
The five remaining 2RXS matches are located in dense fields 

lose to the plane or centre of the Galaxy, with very small
ounterpart likelihoods of 0.003–0.05. The relatively bright 2RXS 

171535.3 −545013 (X a) is associated, as an AGN candidate, 
ith 2MASS J17153752 −5450062 at 20 arcsec and the 2SXPS 

171537.7 −545007 Swift X-ray point source (Edelson & Malkan 
012 ; Tranin et al. 2022 ). Similarly, the relatively bright 2RXS
165739.0 −294945 (X c) can be associated with the 2SXPS 

165739.6 −294926 AGN candidate (Tranin et al. 2022 ), at 20 arcsec
nd in the opposite direction to the X c Gaia source. 

For the eFEDS catalogue, we used dyr = 4 yr, σ pos, rl as the
aximal positional uncertainty, n = 3, and δ = 3 arcsec. We find

ne match. Gaia DR3 5763109404082525696 has a proper motion 
f ( −114, 86) mas yr −1 , G / G BP / G RP ≈ 20.4 mag, d 50 = 62 pc, and
s a probable white-dwarf photometric candidate in GCNS100pc and 
entile Fusillo et al. ( 2019 ). At the eFEDS epoch, it is at 28.0 arcsec
f the centroid of the faint eFEDS J091001.1 −022226 ( σ pos = 16.3
rcsec), of X-ray count rate of 0.044 ± 0.020 cts/s. The crossmatch
ikelihood is of 0.5, because there is another Gaia counterpart, closer
t 11 arcsec and brighter in the optical ( G = 17.6 mag) and infrared
2MASS 09100156 −0222173). 

.4 Ultraviolet crossmatches 

t the ultraviolet, we considered the GALEX All-Sky Survey GU- 
cat AIS GR6 + 7 catalogue (Bianchi et al. 2017 ). We propagated

he coordinates of the Gaia sources to epoch 2008.0, midst of the
ALEX 2003–2013 epoch range. We then proceeded similarly as 

or the X-ray crossmatches, with dyr = 4.5 yr, σ pos, rl = 3 arcsec as
he maximum positional uncertainty at NUV and FUV bands, n = 3,
nd δ = 3 arcsec. The second step yields 38 matches. After visual
nspection in archi v al images, we find 12 true- or probable matches
Table 2 ). These are all in sparse stellar fields, with typically no other
aia source within 10 arcsec of the GALEX centroid (except for
V4 that has five other Gaia sources). The 26 remaining matches
ere discarded, because, the ultra violet sources (i) ha ve brighter and

loser optical sources that match their coordinates, or (ii) are too far
f f, gi ven the relati vely precise coordinates and proper motions. 
The angular separations of the 12 matches at the respective 

ALEX epochs are listed in Table 2 . Expressed in multiples of
pos, NUV , these are of 0.4–1.0 (five sources), 1.0–1.4 (five sources), 
.4 (UV5), and 3.2 (UV3). Some ultraviolet positional scatter could 
e explained by the larger pixel size, detector field distortion, and
entroiding at faint fluxes. The ultraviolet sources come from coadds 
multiple visits), are classified as point source, and have artefact 
nd source extraction flags of value 0 for the retrieved FUV and
UV measurements, except for three sources, which have non-zero 
rtefact flags that are not among those causing real concern (Bianchi
t al. 2017 ). Gaia DR3 6901051613248041216 (UV4) and Gaia DR3
438623270475014656 (UV11) have both an NUV -band artefact 
ag Nafl of 17, that is of 1 and 16 indicating a detector bevel
dge reflection and a bright star near the field edge, respectively.
he first candidate is very bright at FUV and NUV bands and the

atter candidate is only detected faint at NUV band. Gaia DR3
37736394742229248 (UV9) has an NUV -band source-extraction 
ag Nexf = 2 , though the source is well isolated. 
In the NUV versus G magnitude–magnitude diagram of Fig. 9 , we

how the 12 candidates, which have G = 20.1 − 20.9 mag and are
MNRAS 524, 5658–5707 (2023) 
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Figure 9. NUV- versus G -band magnitude diagram. The grey dashed line represents equal magnitudes. Synthetic FUV − NUV colours of known neutron stars 
are indicated next to their 10 pc magnitudes. The neutron-star thermal cooling track is shown only at 10 pc, because the tracks at other distances are o v erlapping 
with it. The pulsar thermal track with rotochemical heating, also at 10 pc (violet dash–dotted line), is offset in G band by + 0.15 mag for clarity. The GALEX 

crossmatches are indicated by blue open circles, annotated with measured FUV − NUV colours. The oblique grey dotted lines are for power-law sources and 
are annotated with synthetic FUV − NUV colours (more colour values are in Table 6 ). Same as in Fig. 5 . 
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t d 50 = 60–104 pc. Gaia DR3 5777941133043108992 (UV3) and
V4, are well abo v e the equal-magnitude line (grey dashed line),

nd their location and blue FUV − NUV colours are consistent with
ower law profiles of αν ≈ −1. The nine sources well below the
qual-magnitude line are located at NUV − G colours of power-law
rofiles of αν = 0.5–2.0. Their profiles can be verified with fluxes at
arrower bands than the G band (and with the FUV band flux in the
ase of UV10). 

In Fig. 10 , we show the SEDs of the four candidates having FUV
nd NUV fluxes, Gaia DR3 5386173659617460736 (UV1), UV3,
V4, and Gaia DR3 4240872805678917376 (UV10). These have
istances d 50 = 101, 92, 71, and 93 pc, respectively. None is a
hite dwarf photometric candidate in catalogues. The SED profile
f UV1 (the source abo v e and closest to the NUV = G line in Fig. 9 )
an be approximately fitted by a single hot blackbody, represented
y the grey solid line. Alternatively, the profile could consist of (i) a
omponent that is straight-up in the optical, peaking at g band, and
ignificantly suppressed at u band, such as the profile of the Gaia
R3 1528861748669458432 DC white dwarf (Fig. 14 ), and (ii)

nother component that is related to the ultraviolet emission. UV3
s well fitted at optical–ultraviolet by a power law of αν = −0.7;
ts bright infrared fluxes and red Gaia colours indicate that it has a
ool companion (the full SED is available in Fig. G3 of the online
upplementary material). Similarly, UV4 is well fitted at optical–
ltraviolet by a power law of αν = −1.0 ± 0.2, summed with a cool
lackbody (straight and leftmost cyan dashed lines, respectively,
n Fig. 10 , where the cyan thick solid line is the sum). Assuming
nbroken power laws, these are expected to be detected at X rays in
RXS RASS, as indicated in Fig. 6 , in the panels for αν = −0.5 and
1.0. Ho we ver, these are not detected, possibly because the exposure

imes (as indicated by the 2RXS exposure map) are of only about
30 and 280 s, respectively, close to the minimum exposure time
Boller et al. 2016 ). Both sources could be binaries. UV3 has a very
NRAS 524, 5658–5707 (2023) 
mall proper motion, possibly related to it being binary, faint, or a
SO; it appears as a point-source in GALEX . In the case of UV4, the

ool component stems from a blended visual companion, 0.6 arcsec
outh-west of the Gaia source. The ultraviolet emission is very
right, extends from the Gaia source up to a few arcsec in radius, and
ppears as a hot nebula or bubble. The blue-optical–ultraviolet fluxes
f UV3 and UV4 are better fitted by power-laws than blackbodies,
nd the blackbody fits suggest hot temperatures near ∼30 000 K.
inally, UV10 has fluxes indicating a hot optical source of ∼10 000 K
ith a slightly lower ultraviolet emission. Assuming that the optical

omponent, of blue slope, has a significantly suppressed u -band flux
as for Gaia DR3 1528861748669458432 in Fig. 14 ), and that the
ltraviolet component stems entirely from another source that emits
hermally, then the latter would have a temperature of ∼45 000 K. 

Gaia DR3 3150537594577224960 (UV8), UV9, and UV11 have
ignificant NUV -band flux excesses. Their d 50 distances are of 88,
04, and 96 pc and their proper motions of 16, 8, and 17 mas yr −1 ,
espectively. None is a catalogue white dwarf photometric candidate.
he SEDs of UV8 and UV9 (Fig. 18 ) consist both of a (i) relatively
right, red, and ultra-cool component ( T eff < 3250 ± 230 K) and
ii) a blue, power-law- or hot blackbody component; we discuss
hese in detail in Section 4.2.1 . UV11 is a cool source ( T eff ∼
250 K) with a very low u -band flux compared to the NUV -band
ux (Fig. 11 ). In fact, the centroid of the GALEX source ( σ pos =
.41 arcsec; count spread of about 2 arcsec) is 1.5 arcsec north-east
f the Gaia source and 2.4 arcsec south-east of the centroid of an
xtended galaxy or nebula (SDSS J162911.33 + 055225.9), which are
oth clearly resolved and bright in a NOIRLab u -band stack image.
he counterpart likelihood for UV11 is thus of 0.5. 
The five remaining Gaia sources with a GALEX counter-

art are Gaia DR3 6829498931265990656 (UV2), Gaia DR3
585452983927662080 (UV5), Gaia DR3 6858721824326705536
UV6), Gaia DR3 6529021095092491648 (UV7), and Gaia DR3
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Figure 10. SEDs of the four candidates with GALEX FUV and NUV fluxes, UV1, UV3, UV4, and UV10. The Gaia DR3 source ID, galactic coordinates 
in deg, proper motion in mas yr −1 , parallax in mas, and photoastrometric and visual-companion binary indicators (columns ‘Ast.’ and ‘Vis.’ in Table 9 ) 
are indicated in the legend boxes. The � log F ν ordinate span is of 1.2 dex, else if it is greater, it is explicited. In general, also for the next SED figures, 
Gaia , PS1, SDSS, NSC, GALEX , and additional infrared fluxes are represented by grey squares, black dots, blue upward triangles, yellow downward 
triangles, blue hexagons, and red open circles, respectiv ely. Abo v e the top axis, we indicate the angular separations in arcsec between the counterpart and 
the Gaia source at the mean observation epoch of the counterpart; at mid-infrared and ultraviolet, we also indicate the positional uncertainty ( σ pos ) in 
parenthesis, and the cardinal direction if the separation is larger than 3 σ pos and 0.75 arcsec, at the mid-infrared, and larger than 1 σ pos at the ultraviolet. 
Observ ed flux es are fitted by power laws (coloured segments), blackbodies (curves), and theoretical He and H atmosphere white-dwarf grid points (brown 
and orange small stars and dashed lines). Ef fecti ve temperatures indicated in the optical range are for the single blackbody fits (thin solid curves) ‘passing 
through’ the optical fluxes. Example two-blackbody and blackbody + power-law fits are represented by grey and cyan thick lines, respectively (dashed 
lines for individual components and solid lines for their sums); in these cases, only the ef fecti ve temperature of the hot blackbody component is indicated 
in the ultraviolet range. Thermal radii derived from the ultraviolet blackbody fits are indicated in kilometres and account for distance uncertainties (listed 
in Table 9 ). 
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465431356821050496 (UV12). These appear to have blackbody 
rofiles peaking at the red-optical–near-infrared and a low NUV - 
and flux excess relative to the blackbody extrapolation (UV7 is 
hown as example in Fig. 11 ; the others are shown in Fig. G3
f the online supplementary material). Their d 50 distances are of
0–98 pc. UV2, UV6, and UV12 have high values of Gaia pho-
oastrometric parameters associated with binarity (see Table 9 and 
ection 4.2.2 ). UV5 and UV7 have no and slight photoastrometric 

ndication of binarity , respectively . The SED of UV7 has a clear
ower-law component when infrared fluxes are taken into account 
Fig. 18 ), which we discuss in detail in Section 4.2.1 . UV5 has a
ounterpart likelihood of 0.5, because the GALEX centroid ( σ pos = 

.25 arcsec) is 3.04 east of it and 3.3 arcsec west of another
ptical source, NSC DR2 160974 6762, which is 0.25 mag fainter at
 -band. 
Finally, we identified six SDSS sources with u -band flux excesses, 

sing the selection criterium u − g < g − r , for u -band point-
pread-function (PSF) magnitude errors smaller than 0.45 mag. UV8 
s already commented abo v e. Gaia DR3 2480784311444314880 
UV13), Gaia DR3 1900830823016998144 (UV14), and Gaia DR3 
807663865638075264 (UV15) have cool griz -band components of 
4000–5000 K, large proper motions of about 260, 200, and 190
as yr −1 , and d 50 distances of 66, 82 and 90 pc, are well isolated in

parse fields, and are white dwarf photometric candidates in GCNS 

UV13 and UV14 also in Gentile Fusillo et al. 2021 ). The SED of
V13 is shown in Fig. 11 and those of UV14 and UV15 are shown

n Fig. G3 of the online supplementary material. UV15 appears to
ave (i) a slight flux dip at i band compared to an o v erall curv ed
riz -band profile, and (ii) a high mid-infrared, W 1-band flux excess.
V13 and UV15 have significant u -band flux excesses, and UV14
as a low flux excess that agrees within 1–2 sigma with the blueward
xtrapolations of the PS1, SDSS, and NSC blackbody fits. The two
emaining sources, Gaia DR3 430017946216189145 and Gaia DR3 
518304014850969088, have large u -band errors of 0.41–0.44 mag 
nd their counts in the u -band image appear as noise compared to
imilar features around these sources. 
MNRAS 524, 5658–5707 (2023) 
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Figure 11. Upper left panel : SED example of UV11 with significant NUV -band flux excess (UV8 and UV9 are shown in Fig. 18 ). Upper right panel : SED 

example of UV7 with low NUV -band flux excess (UV2, UV5, UV6, and UV12 are shown in Fig. G3 of the online supplementary material). Lower left panel : 
SED example of UV13 with significant SDSS u -band flux excess (UV15 is shown in Fig. G3 of the online supplementary material). Lower right panel : For 
comparison, SED of the LHS 2229 DQpec white dwarf (commented in Appendix D ), with a very low NUV -band flux. Same as in Fig. 10 . 
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5 The Jansky unit corresponds to the amount of energy that reaches the Earth 
per unit collecting area and frequency, i.e. the brightness per unit frequency or 
flux density, measured in 10 −26 W m 
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−2 Hz −1 . 
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.5 Radio crossmatches 

e crossmatched the list of Gaia sources with the Master Radio
atalogue (as revisited on 2022 December 12), provided by the High
nergy Astrophysics Science Archive Research Centre (HEASARC;
ttps://heasarc.gsfc.nasa.gov ) and that contains radio sources from
any catalogues, using a crossmatch radius of ( pm /1000 × 50) +

5 arcsec. There are 27 multiple radio matches for 12 Gaia sources,
ll within 90 arcsec. Ten Gaia sources have a match in images of the
.4 GHz NRAO VLA Sk y Surv e y (NVSS; epochs 1993–1997; Con-
on et al. 1998 ). We compiled the positional uncertainties and mean
bservation epochs of the radio sources in the different catalogues.
e then propagated the Gaia coordinates to these epochs and we re-

omputed the angular separations. Four Gaia sources were discarded
ecause their sky separations of 28–77 arcsec are too far off to the
adio sources, of coordinate uncertainties of a few arcsec. In Table 3 ,
e list the matches of the remaining eight Gaia sources, together
ith the separation at the radio epoch, the multiple n of the radio
ositional-uncertainty ellipse ( σ pos ) required to include the match,
nd the counterpart likelihood in per cent, as the inverse of the number
f Gaia sources located at the radio epoch in the enlarged ellipse. 
Gaia DR3 557277267992311808 (Rad1; d 50 = 91.5 pc), a pm =

12 mas yr −1 probable white dwarf candidate in GCNS100pc and
entile Fusillo et al. ( 2019 ), appears as a probable, unique optical

ounterpart to the relatively faint NVSS J053905 + 820343 radio
ource, with a coordinate offset of only 5.6 arcsec at the NVSS
poch. Within the positional uncertainty region of ( � RA , � Dec ) =
(58.4, 6.7) arcsec, there are no other optical–infrared source. The
NRAS 524, 5658–5707 (2023) 
.4 GHz radio flux density is of 2.3 ± 0.5 mJy 5 (Table 3 ). NVSS
053905 + 820343 was observed at 1.4 GHz five times in about 1995
Ofek & Frail 2011 ). As shown in Table 4 ,the radio flux density is
47 ± 33 times greater than the G -band broad-optical flux density,
hich is represented in Fig. 12 (10 −27.80 erg s −1 cm 

−2 Hz −1 ). 
Significant radio emission in white dwarfs is not frequent and it

ould be produced by magnetic interaction with a close companion,
uch as for the AR Scorpii pulsar white dwarf (116 pc) that
as a close M-type dwarf companion of orbital period of 3.6 h
Marsh et al. 2016 ; Stanway et al. 2018 ). AR Scorpii has an
VSS 1.4 GHz flux density of 8.4 ± 0.5 mJy, but it includes
ux of a neighbour object at 14 arcsec and of 3.49 ±0.08 mJy at
.5 GHz (Stanway et al. 2018 ); we assumed that AR Scorpii has
 deblended 1.4 GHz flux density of 5.0 ± 0.5 mJy. Also, the
 -band flux of AR Scorpii ( Gaia DR3 6050296829033196032)

ncludes a significant contribution of the M-type companion, which
s brighter at the red-optical (Marsh et al. 2016 ). Thus the radio-
o-optical flux ratio of the pulsar white dwarf is probably greater
han 1.53 (Table 4 ). The ipd gof harmonic amplitude ,
pd frac multi peak , ipd frac odd win , and ruwe (see
ection 4.2.2 ) values of Rad1 are of 0.065, 0 per cent, 0 per cent, and
.977. These are very close to the median values of Gaia DR3 sources

https://heasarc.gsfc.nasa.gov
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Table 3. Radio crossmatches. 

Flag μα∗ μδ G BP − G G − RP g − r r − i i − z P Sep n L Name F radio Band 
(mas yr −1 ) (mag) (mag) (mag) (mag) (mag) (mag) ( ′ ′ ) ( σ pos ) (%) (mJy) (MHz) 

Rad1 − 91 .2 65 .5 20 .78 − 0.07 ± 0.12 0.52 ± 0.22 0 .37 0.47 0 .05 1 5 .6 1 100 .0 (1) 2.3 ± 0.5 1400 
Rad a 38 .8 18 .1 20 .87 0.13 ± 0.29 0.41 ± 0.22 0 .48 0.28 0 .05 1 13 .2 3 25 .0 (2) 4.8 ± 0.4 1400 
Rad b − 2 .8 − 15 .7 20 .56 − 0.01 ± 0.10 0.58 ± 0.11 − 0 .01 0.10 − 0 .02 2 1 .6 1 0 .6 (3) 36.0 ± 7.2 4850 
Rad c − 14 .1 7 .2 20 .10 − 0.01 ± 0.13 0.89 ± 0.05 0 .64 0.38 − 0 .02 1 11 .6 2 5 .0 (4) 3.5 ± 0.5 1400 
Rad d − 0 .1 8 .8 20 .64 − 0.10 ± 0.34 0.77 ± 0.12 1 .15 0.65 0 .40 1 11 .8 20 16 .7 (5) 31.0 ± 1.0 1400 
Rad e − 0 .3 − 3 .9 20 .93 0.60 ± 0.20 0.88 ± 0.12 1 .11 0.38 0 .55 1 10 .3 12 20 .0 (6) 23.7 ± 1.2 1400 
– – – – – – – – – 11 .1 6 20 .0 (7) 173.1 ± 19.2 150 
Rad f − 3 .0 − 1 .7 20 .87 0.38 ± 0.08 0.54 ± 0.08 0 .88 0.52 0 .24 1 7 .6 1 6 .7 (8) 95 ± 9 4850 
– – – – – – – – – 12 .7 14 1 .8 (9) 227.9 ± 6.71 1420 
– – – – – – – – – 6 .3 11 14 .3 (10) 279.1 ± 9.1 1400 
– – – – – – – – – 4 .2 1 2 .6 (11) 560 408 
– – – – – – – – – 6 .3 27 14 .3 (12) 739 ± 40 365 
– – – – – – – – – 6 .0 3 14 .3 (13) 1710.0 ± 171.8 150 
– – – – – – – – – 9 .1 3 6 .7 (14) 2085.49 ± 75.367 74 
Rad g − 1 .0 − 2 .8 20 .88 0.18 ± 0.21 0.28 ± 0.26 0 .88 0.33 0 .16 1 12 .1 4 3 .0 (15) 8.1 ± 1.2 1400 

Proper motion component errors are of 1.1–2.8 mas yr −1 . The griz -band photometric (P) colours are from PS1 (1) and NSC (2). Angular separation (Sep) is in arcseconds. Radio source 
name (catalogue, if distinct from the source name acronym):(1) NVSS J053905 + 820343, (2) NVSS J201013 + 540843, (3) PMN J0050 −7235, (4) NVSS J165455 −293302, (5) 
NVSS J174923 −034832, (6) NVSS J075143 −221953, (7) TGSSADR J075143.6 −221952 (GMRTAS150M), (8) GB6 J1927 + 2526, (9) CGPS J192720 + 252626 (CGPSNGPCAT), 
(10) NVSS J192721 + 252624, (11) B2.2 1925 + 25A (B2), (12) TXS 1925 + 253 (TEXAS), (13) TGSSADR J192721.0 + 252623 (GMRTAS150M), (14) VLSSr J192721.2 + 252627, 
and (15) NVSS J174425 −144134. Catalogue references are given in the Master Radio Catalogue. 

Table 4. Comparison of Rad1 and the AR Scorpii pulsar white dwarf 
(psrWD). 

Source G F radio F G F radio /F G 
(mag) (mJy) (mJy) 

Rad1 20.784 ± 0.012 2.3 ± 0.5 0.01568 ± 0.00017 147 ± 33 
psrWD > 14.990 ± 0.031 5.0 ± 0.5 < 3.259 ± 0.093 > 1.53 ± 0.23 
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ith six-parameter solutions at G = 21 mag (Table 7 ), suggesting no
bvious signature of a companion. In the case of AR Scorpii, these
arameters are also unrev elatory, e xcept possibly for ruwe that has
 value of 1.393, greater than the median value of 1.104 at G = 15
ag. 
Alternatively, if the 1.4 GHz radio flux of NVSS J053905 + 820343

ere to be emitted by a neutron-star pulsar, then it is comparable to
he fluxes of a few mJy of low-luminosity radio millisecond pulsars
ocated at a few hundred pc (see e.g. Bailes et al. 1997 ). Assuming
hat at G band, the pulsar flux is lesser than the white dwarf flux, then
he F radio / F G ratio would be greater than 147 ± 33 and compatible
igure 12. The PS1 SED of Rad1 ( left-hand panel ) is similar to that of Gaia D
tmosphere enriched in lithium, sodium, potassium, and calcium ascribed to plan
odium line absorption. Same as in Fig. 10 . 
ith a power law of spectral index αν ≥ 1 (assuming a non-broken
ower law from radio to optical). 
The PS1 fluxes at epoch 2013.40 of Rad1 are not reproduced

y the theoretical pure He- or H atmosphere white-dwarf fluxes 
or a blackbody (Fig. 12 ). In fact, the PS1 SED has a feature in
ommon with the SED of Gaia DR3 4353607450860305024 (‘DZ- 
’, right panel in Fig. 12 ), a DZ white dwarf of T eff = 3830 ±
30 K with an atmosphere enriched in lithium, sodium, potassium, 
nd calcium ascribed to planetesimal accretion (Kaiser et al. 2021 ).
he feature in common is the significantly depressed r -band flux,

eflected in slightly unequal colours g − r < r − i . The PS1 r
and is defined at 5500–6890 Å, with an ef fecti v e wav elength of
170 Å. In the spectrum of Gaia DR3 4353607450860305024, the 
eature is caused by the intense Na I D (5893 Å) absorption line
fig. 1 of Kaiser et al. 2021 ). Rad1 is completely isolated within
9 arcsec and its PS1 DR1 and DR2 photometric flags indicate
ood-quality measurements, suggesting that these are reliable. The 
DSS fluxes at epoch 2006.23 have larger uncertainties at riz bands,
nd the SDSS bandpasses are broader and o v erlapping, possibly
ausing the absorption line to not being resolved in the SDSS flux
MNRAS 524, 5658–5707 (2023) 

R3 4353607450860305024 ( right-hand panel ), a DZ white dwarf with an 
etesimal accretion, and whose reduced flux at r band is caused by intense 
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rofile. Rad1 could thus be a white dwarf with significant sodium
bsorption. 

Atmospheric enrichment in sodium could stem either from sur-
acing (e.g. through conv ectiv e dredge-up, such as the dredge-up of
arbon from the interior proposed for some white dwarfs that are
nriched in carbon, Blouin & Dufour 2019 ; B ́edard, Bergeron &
rassard 2022 ) or from accretion or collection of external matter.

n the broader context of the origin of the elements (Johnson
019 ), sodium is expected to originate in exploding massive stars,
hat is supernova of type II, which are progenitors of neutron
tars. Indications of on-going accretion of planetesimals through
hotometric transit observations have been found in WD 1145 + 017,
 white dwarf with a metal-enriched atmosphere and a debris disc
Vanderburg et al. 2015 ; see also introduction in Hollands et al. 2022 ).
n the case of Rad1, radio observations and optical spectroscopy are
equired to confirm whether there is radio emission (furthermore
f synchrotron-, pulsating type) and chemical enrichment of the
tmosphere, respectively. 

The seven remaining Gaia sources are towards the Galactic
lane ( | b | < 12 ◦), except one of them, and have low counterpart-
ikelihoods. We note that the σ pos of some radio sources could
e lower values, as for VLSSr J192721.2 + 252627 at 74 MHz,
here it does not include ionospheric corrections, possibly of

he order of tens of arcsec (Lane et al. 2014 ). Gaia DR3
185585922087166720 (Rad a) is in a sparse field and 13 arcsec
est of NVSS J201013 + 540843, which has three closer optical-

nfrared sources but none is in its positional error ellipse of ( � RA ,
 Dec ) = (5.1, 3.1) arcsec. Two Gaia sources have radio cross-

dentifications in the SPECFIND V3.0 catalogue (Stein et al. 2021 ).
aia DR3 4688982132605446784 (Rad b; b = −45 ◦) is at 1.6 arcsec
f PMN J0050 −7235 of position accuracy ( � RA , � Dec ) = (36.2,
0.6) arcsec using the relations in Wright et al. ( 1994 ). In SPECFIND,
here are three other radio identifications associated with PMN
0050 −7235, and these are centred 1.2 arcmin to the west (surv e y
eam sizes of 18–98 arcsec), the four radio flux measurements being
onsistent with a single power law. The optical–near-infrared SED of
ad b indicates blackbody emission and, as for Rad1, an r -band flux
ip (Fig. G4, available as online supplementary material). The Gaia
arameters (e.g. ruwe ) indicate that it could be a resolved binary.
aia DR3 2024652913390061952 (Rad f) is close to multiple radio

omponents, for example, B2.2 1925 + 25A (Colla et al. 1972 ) at 4.2
rcsec, or NVSS J192721 + 252624, TGSSADR J192721.0 + 252623,
nd TXS 1925 + 253 at 6 arcsec, the three being consistent with
he same coordinates within 2 arcsec and, in SPECFIND, with a
adio power-law emission of αν = 0.7. NVSS J174923 −034832
Rad d) and NVSS J075143 −221953 (Rad e) appear to have PSO
267.3500 −03.8089 and PSO J117.9316 −22.3316 as optical coun-
erparts within 1 σ pos . 

Finally, we crossmatched the list of Gaia sources within 30 arcsec
ith the full catalogue of transients of the Transient Name Server

TNS 

6 ; as of 2022 September 22), which contains the complete
atalogue of fast radio bursts (FRBs), and we find no match. 

.6 Crossmatches with sources reported in the literature 

e queried the Simbad data base (as revisited on 2023 February 1)
n the Gaia coordinates, propagated to epoch 2000 ( dyr = −16.0 yr),
NRAS 524, 5658–5707 (2023) 

nd within δ = 10 arcsec. The visual check with the Aladin tool and 

 https://www.wis-tns.org , developed by O. Yaron, A. Sass, N. Knezevic, L. 
anulis, E. Ofek and A. Gal-Yam. 

a

7

he verification in the literature and catalogues yielded 97 matches.
hese have M 

π
G 

= 16 . 0 − 17 . 4 mag and d 50 = 32 – 98 pc. From a
rossmatch with the Montreal White Dwarf Database 7 (as of 2022
ecember 20; Dufour et al. 2017 ), we reco v ered additional spectral

ypes estimated from spectra. 
There are 86 probable white dwarf photometric candidates (Gen-

ile Fusillo et al. 2019 ; Torres et al. 2019 ; Gentile Fusillo et al.
021 , GCNS). Among these, 19 are spectroscopically confirmed and
ave M 

π
G 

= 16 . 0 − 17 . 1 mag. Fifteen have DC-type (continuous,
eature-less) spectra, three have DZ-type (metal-polluted) spectra,
nd one ([IIB2000] F351-50) has a feature-less DA-type spectrum.
lso, among these (and simultaneously in our subsample of 2464

ources), 25 are in the selection of Scholz ( 2022 ) of faint, pm
 30 mas yr −1 white dwarf candidates, of which some could be

ltra-massive ( � 1.05 M �; Althaus et al. 2022 ). Finally, one source
as an uncertain spectroscopic classification, sdA: subdwarf (SDSS
120918.83 + 470940.3, Kepler et al. 2016 ); its SED based on PS1,
DSS, and NSC fluxes indicates a blackbody profile of ∼7500 K. 
In the colour–magnitude and colour–colour diagrams forwards,

uch as Figs 19 and F1, we plot the white dwarfs that are confirmed
pectroscopically, with labels related to their spectral type. In
ection 3.5 , we comment on Gaia DR3 4353607450860305024
‘DZ-E’), a cool DZ white dwarf that has an atmosphere enriched in
ithium, sodium, potassium, and calcium (Kaiser et al. 2021 ), because
he SED of Rad1 bears resemblance to its SED. In Appendix B , we
omment on Gaia DR3 3905335598144227200 (‘DC1’), an example
f nearby DC white dwarf, and Gaia DR3 283928743068277376, a
ot white-dwarf source with an apparent flux excess at i band. 

.7 Power-law profiles at the broad-optical and infrared 

e identify power-law profiles using the PS1-, SDSS-, or NSC
hotometry of the Gaia sources, and then we extend the search
sing infrared photometry. 
For that purpose, we fitted the observed fluxes in the log ( F ν)
log ( ν) plane with power-law and blackbody functions by non-

inear least-squares using the SCIPY.OPTIMIZE.CURVE FIT function.
agnitude uncertainties were previously converted to logarithmic-

ux uncertainties and used as relative weights. The best fit minimizes
he chi-square expression 

2 = 

N ∑ 

n = 1 

(
log ( F ν,i ) − Y i 

σi 

)2 

, (9) 

here N is the total number of bandpasses, Y is the fitting function,
nd σ i are the uncertainties. The output variance of a parameter, for
nstance of the αν spectral index, is the variance of the parameter
s obtained from χ2 and then multiplied by f 2 σ , an uncertainty
caling factor equal to the reduced chi-square of the optimal fit,
2 [optimal parameters]/( N − p ), where p is the number of parame-

ers. The square root of the output variance (the standard deviation)
nforms us thus on the dispersion or deviation of the observed SED
rofile relative to the model profile. To a v oid weight sensitivity at
ery small σ i uncertainties, these were artificially enlarged to 0.008
ex, equi v alent to 0.02 mag or 2 per cent in flux. 
In the SED figures, the power-law fits are represented by the

oloured segments (spectral indices are given in the legend) and the
lackbody fits are represented by the curves (ef fecti ve temperatures
re indicated in the plot, in the same colours as the curves). 
 ht tps://mont realwhit edwarfdatabase.org/

https://www.wis-tns.org
https://montrealwhitedwarfdatabase.org/
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Table 5. Sources with power-law profiles at griz bands or approximately straight profiles at the optical and infrared. 

Flag μα∗ μδ G BP − G G − RP g − r r − i i − z P PL αν Profile Comment 
(mas yr −1 ) (mag) (mag) (mag) (mag) (mag) (mag) at griz UV-Opt-IR 

P0 6.1 −6.2 20.89 − 0.16 ± 0.23 0.02 ± 0.20 − 0 .26 − 0 .20 − 0 .05 3 − 0 .89 ±0.02 S [ U , z] or C –
P1X1 −0.2 −1.5 20.61 − 0.33 ± 0.08 0.64 ± 0.17 − 0 .24 − 0 .21 − 0 .02 1 − 0 .86 ±0.07 C? –
P2 10.8 −3.7 20.86 − 0.17 ± 0.08 0.20 ± 0.11 0 .04 − 0 .04 0 .07 1 0 .04 ±0.07 S [ g , z ] or C –
P3 −4.8 −3.3 20.81 0.09 ± 0.16 0.33 ± 0.17 0 .29 − 0 .04 0 .03 1 0 .38 ±0.14 ∼S [ g , W 2] Reco v ered from infrared 
P4 −2.6 1.4 20.90 0.27 ± 0.19 0.74 ± 0.17 0 .05 0 .08 0 .32 2 0 .52 ±0.22 ∼S [ g , W 2] Reco v ered from infrared 
P5 −1.0 −2.3 20.84 − 0.14 ± 0.17 0.07 ± 0.36 0 .18 0 .18 0 .05 1 0 .71 ±0.05 C –
P6 0.2 0.4 20.69 − 0.29 ± 0.31 0.21 ± 0.36 0 .19 0 .23 0 .09 1 0 .81 ±0.05 ∼S [ u , W 2] or C Reco v ered from infrared 
P7 −2.9 −16.0 20.50 0.16 ± 0.10 0.87 ± 0.07 0 .30 0 .20 0 .07 1 0 .97 ±0.08 C –
P8 4.6 −0.5 20.92 0.57 ± 0.32 0.46 ± 0.20 0 .32 0 .21 0 .17 1 1 .09 ±0.02 C –
P9 2.3 −7.3 19.78 0.12 ± 0.07 0.81 ± 0.05 0 .36 0 .21 0 .10 1 1 .09 ±0.07 C –
P10 −7.0 −10.5 20.85 0.10 ± 0.14 0.47 ± 0.11 0 .35 0 .23 0 .21 1 1 .22 ±0.03 C –
P11 −3.9 −10.1 20.87 − 0.05 ± 0.17 0.51 ± 0.25 0 .36 0 .27 0 .18 1 1 .24 ±0.03 S [ g , y ] –
P12 −3.9 −7.3 20.67 0.49 ± 0.23 0.72 ± 0.15 0 .33 0 .27 0 .21 1 1 .25 ±0.02 C –
P13 −4.2 4.1 20.95 0.20 ± 0.17 0.82 ± 0.17 0 .38 0 .28 0 .25 1 1 .39 ±0.03 C –
P14 −8.3 −1.8 20.65 0.61 ± 0.12 0.58 ± 0.07 0 .40 0 .33 0 .09 1 1 .40 ±0.09 C –
P15 33.0 −64.1 20.89 0.22 ± 0.17 0.84 ± 0.17 0 .47 0 .26 0 .19 1 1 .48 ±0.09 C –
P16 3.0 4.5 20.69 0.13 ± 0.14 0.84 ± 0.09 0 .45 0 .28 0 .23 1 1 .49 ±0.05 C –
P17 −3.9 1.3 20.20 0.16 ± 0.06 0.89 ± 0.04 0 .52 0 .28 0 .20 1 1 .56 ±0.09 C –
P18 −88.6 −15.7 20.78 0.24 ± 0.19 0.91 ± 0.15 0 .42 0 .36 0 .22 1 1 .59 ±0.03 C Comoving with M dwarf 
P19 3.5 7.2 20.77 − 0.22 ± 0.19 0.82 ± 0.13 0 .48 0 .29 0 .32 1 1 .67 ±0.08 C Blend photometry 
P20 −16.5 0.7 20.36 0.15 ± 0.15 0.81 ± 0.09 0 .49 0 .37 0 .28 1 1 .77 ±0.02 C? Blend photometry 
P21 −3.6 −4.4 20.45 0.01 ± 0.11 0.76 ± 0.15 0 .53 0 .37 0 .16 1 1 .83 ±0.06 C –
P22 −0.7 0.4 20.65 0.43 ± 0.14 0.89 ± 0.06 0 .63 0 .41 0 .27 1 2 .13 ±0.05 C –
P23 −15.2 −9.2 20.85 0.08 ± 0.15 0.82 ± 0.11 0 .62 0 .44 0 .29 1 2 .13 ±0.05 C –
P24 −10.1 −1.8 20.94 0.66 ± 0.39 0.68 ± 0.11 0 .55 0 .57 0 .24 1 2 .17 ±0.06 C –
P25 8.3 −0.5 20.76 0.64 ± 0.24 0.90 ± 0.03 0 .62 0 .49 0 .25 1 2 .17 ±0.07 C –
P26 −7.7 −0.3 20.69 0.40 ± 0.09 0.65 ± 0.13 0 .65 0 .42 0 .37 1 2 .17 ±0.07 C –
P27 −1.5 1.1 20.39 0.69 ± 0.07 0.68 ± 0.05 0 .64 0 .46 0 .29 1 2 .18 ±0.07 C –
P28 −2.7 9.6 20.94 − 0.22 ± 0.24 0.84 ± 0.16 0 .67 0 .46 0 .26 1 2 .30 ±0.06 C –
P29 −5.0 0.4 20.87 0.75 ± 0.39 0.15 ± 0.08 0 .70 0 .49 0 .35 1 2 .39 ±0.06 C –
P30 −22.3 −26.9 20.84 0.67 ± 0.23 0.82 ± 0.11 0 .69 0 .54 0 .35 1 2 .41 ±0.05 C –
P31 −0.7 −11.0 20.82 0.62 ± 0.20 0.80 ± 0.11 0 .70 0 .49 0 .38 1 2 .42 ±0.05 C –
P32 8.2 −3.6 20.35 0.53 ± 0.11 0.88 ± 0.04 0 .69 0 .50 0 .38 1 2 .43 ±0.03 C –
P33 −6.9 1.5 20.69 0.31 ± 0.16 0.62 ± 0.07 0 .84 0 .35 0 .36 1 2 .44 ±0.08 C –
P34 −3.3 −3.9 20.83 0.33 ± 0.26 0.87 ± 0.14 0 .80 0 .60 0 .37 1 2 .75 ±0.07 C –
P35 −5.4 −1.0 20.62 0.73 ± 0.09 0.75 ± 0.11 0 .89 0 .50 0 .37 1 2 .84 ±0.07 C –
P36 −1.5 −3.6 20.87 0.64 ± 0.20 0.86 ± 0.14 0 .83 0 .68 0 .40 1 2 .95 ±0.04 C –
P37 −5.5 −4.1 20.48 0.78 ± 0.09 0.75 ± 0.11 0 .80 0 .64 0 .45 1 2 .96 ±0.01 C –

UV7 −10.0 3.1 20.56 − 0.03 ± 0.10 0.81 ± 0.10 0 .08 0 .22 0 .00 2 0 .54 ±0.12 ∼S [ NUV , W 2] Reco v ered from infrared 

Proper motion component errors are of 0.7–3.1 mas yr −1 . The griz -band photometric (P) colours are from PS1 (1), NSC (2), and SDSS (3). SED profiles based on ultraviolet, 
optical, and infrared photometry are classified as straight (S) or curved (C); for the former, the bandpass range is given. 

H

π

w  

B
e
B  

m

F

W
a  

T

 

s  

fl  

a
t  

a
d

a  

o  

d  

A  

H  

d  

f
d

 

f  

w
u  

(  

s
P  

t  

e
H
c  

a  

s
t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/5658/7158697 by M
PI G

ravitational Physics user on 08 August 2023
For the blackbody fitting of the observed fluxes in erg s −1 cm 

−2 

z −1 , we used the Planck flux density function πB ν( ν, T ) in the form 

B ν( ν, T ) f sc = π
2 hν3 

c 2 

1 

e hν/ ( k B T ) − 1 
f sc (10) 

here h [J/Hz], k B [J/K], and c [m/s] are the constants of Planck,
oltzmann, and light velocity, respectively. We fitted for the param- 
ters of temperature T and scaling factor f sc . Then, using the Stefan–
oltzmann σT 

4 frequenc y-inte grated blackbody flux [J/s/m 

2 ] as nor-
alization factor, we retrieved the bolometric flux in erg s −1 cm 

−2 : 

 bol = f sc σT 4 . (11) 

e verified that the resulting blackbody density function with this 
pproach is identical to that using the BlackBody model from the AS-
ROPY package, with relative F ν differences lesser than 0.02 per cent. 

F or illustrativ e purpose and to guide in the interpretation, we also
how in the SED figures the closest matches of the theoretical grid
uxes of white dwarfs of pure He and H atmospheres (brown and or-
nge small stars, extended by brown and orange dashed lines, respec- 
ively) and masses of 0.4, 0.6, 0.8, 1.0, and 1.2 M � (same reference as
bo v e). The closest match is that having the flux-error-weighted mean 
istance that is smallest between the observed and theoretical fluxes 
t griz bands. The default observed fluxes that are matched are those
f PS1 (black dots), SDSS (blue upward triangles), or NSC (yellow
ownward triangles), depending on which has most griz co v erage.
t ef fecti ve temperatures cooler than ∼5000 K and compared to the
e atmosphere fluxes, the H atmosphere fluxes tend in most cases to
epart to less red-optical and infrared colours and thus to differ more
rom blackbody and power-law fluxes (see e.g. the colour–colour 
iagrams and the SEDs in the online supplementary material). 
For the 1104 Gaia sources that have PS1 PSF magnitudes in the

our griz bands, we fitted their griz -band fluxes as described above,
ith a power-law function of unconstrained αν spectral index. We 
sed the bandpass ef fecti v e wav elengths listed in Schlafly et al.
 2012 ) and an AB magnitude zero-point flux of 3631 Jy. We then
elected the sources with αν errors smaller than 0.1. Because the 
S1 grizy bandpasses do not o v erlap in wav elengths, these enable us

o obtain a neat description of the broad-optical profiles and, to some
 xtent, to distinguish power-la w profiles from blackbody profiles. 
o we ver, the profile identification becomes more efficient when 

onsidering also SDSS- or NSC u -band fluxes and infrared fluxes,
s shown below. Besides this, the G BP and G RP fluxes of the faint
ources can also support estimating the slopes and temperatures at 
he broad-optical, provided these fluxes are accurate enough. 
MNRAS 524, 5658–5707 (2023) 
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M

Figure 13. SEDs of P1X1 and P2, with PS1 griz -band power-law profiles. 
Same as in Fig. 10 . 
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Among the PS1 griz -band power-law profile sources, 44 have
ν < 3 and five have αν > 3. We were particularly interested

n the former. One has αν < 0, five have αν = 0.0–0.8, and
8 have αν = 0.9–3. Their minimum and maximum griz -band
ormal magnitude errors are of (0.003, 0.003, 0.005, and 0.006)
nd (0.139, 0.122, 0.112, and 0.446) mag, respectively. We checked
ll the candidates in archi v al images and catalogues. From visual
nspections of the SEDs, including ultraviolet and infrared fluxes,
ew have overall straight profiles and most have curved profiles.
 or illustrativ e and v erification purposes, and to limit redundancy,
e consider here explicitly only 35 of the 44 sources with αν

 3. These are listed in Table 5 , some are shown in Figs 13
nd 15 , and all are shown in Fig. G5, available as online supple-
entary material. The five sources with αν > 3 are Gaia DR3

022581399133091968, Gaia DR3 4109505149313851264, Gaia
R3 2022751273695068544, Gaia DR3 1827956227460470144,

nd Gaia DR3 2173177211819325568. These are towards the
alactic centre and plane, at l = [ −1, 97] ◦ and b = [ −2, 8] ◦, and have

mall proper motions pm = 3–13 mas yr −1 , suggesting that these are
robably more distant and their optical power-law profiles stem from
nterstellar extinction and reddening. The PS1 source with a negative
lope is P1X1 ( αν = −0.86 ± 0.07; Fig. 13 ), at d 50 = 81 pc. It is
lso an X-ray crossmatch candidate (Section 3.3 ), appears very faint
n GALEX ultraviolet images, and is fainter at ultraviolet than at g
and. The source has the highest ruwe value among the sources of
able 5 (and those of Tables 7 and 8 ) and is possibly a binary (see
ection 4.2.2 ). 
The sources with αν ≈ 0–0.9 are outwards of the Galactic plane,

t latitudes | b | = 26 – 65 ◦. Gaia DR3 4443619962406121088 (P2,
NRAS 524, 5658–5707 (2023) 
ee Fig. 13 ) has PS1 griz -band log F ν fluxes that are relatively close
o one another, within 0.03 dex ( αν = 0.04 ± 0.07). Ho we ver, the
SC and SDSS profiles are slightly curved, with an u -band flux

hat is suppressed relative to the power-law and blackbody fits,
uggesting a white-dwarf type. It is unclear whether, and to what
xtent, the difference between the flat and curved profiles is related
o P2 possibly being a binary. 

Among the sources of Table 5 , Gaia DR3 3257308626125076480
P15; αν = 1.48 ± 0.09) is a white dwarf photometric candidate
n GCNS, with P WD = 0.81, whereas the other sources have P WD 

 0.35 and a mean 〈 P WD 〉 = 0 . 04 ± 0 . 08. In Gentile Fusillo et al.
 2021 ), Gaia DR3 4125016578273139456 (P27; αν = 2.18 ± 0.07)
nd Gaia DR3 1833552363662146944 (P36; αν = 2.95 ± 0.04) are
robable white dwarf photometric candidates, with P WD = 0.98–
.00. None of the three sources is reported in Simbad. Six sources
f Tables 5 and 7 are in Gentile Fusillo et al. ( 2021 ), and P27 is the
nly source with a G -band excess flux error > 4 ( = 7.404),
ndicating that it could be variable. 

Some sources have photometry affected by blends with second
omponents and that might contribute to the griz power-law profile.
 or e xample, Gaia DR3 4149950169090938240 (P20; αν = 1.8) at
 50 = 48 pc. It has a tight second component 0.37 arcsec north-
ast, Gaia DR3 4149950169090938112, which is 0.2 mag brighter
t G band, has no parallax nor proper motion (Table 8 ), and appears
s the slightly bluer part in their blend in the PS1 images. Both
omponents are measured as a single source in the PS1 catalogue.
he second component might be the cause of the high values of
hotoastrometric binarity parameters for P20, such as a ruwe of 1.6
see Tables 7 and 9 ). We define the parameters and discuss binarity
urther in Section 4.2.2 . Furthermore, the tight visual binary is located
owards the crowded Galactic Centre, suggesting that if the distance
s underestimated, the power-law profile might also be caused by
eddening. Another case is Gaia DR3 309921197948007936 (P19;
ν = 1.7; d 50 = 67 pc). Although, it is a well isolated, in a field at ( l ,
 ) = (128, 33) ◦ far from the Galactic plane, large parts of its red (and
nfrared) fluxes stem for a second component 1.0 arcsec north-west.
oth components are almost resolved in the PS1 colour images and

dentified as a single source in the PS1 catalogue. In the case of
aia DR3 3948582104883237632 (P18; αν = 1.6), the photometry
ight be affected by its 5.1 mag brighter M-type neighbour, located

.3 arcsec south ( Gaia DR3 3948582104883968384); we found that
hese two objects form a large proper-motion, 886 au-wide stellar
inary at 168 pc (Appendix C ). 
Five PS1 sources, P2, Gaia DR3 3910666820788919936 (P5),

aia DR3 4486941991858372352 (P12), P15, and P19 have SDSS u -
and magnitudes with uncertainties smaller than 0.5 mag in the range
.12–040 mag. The SEDs (Figs 13 and G5) indicate that the SDSS u -
and fluxes are not only below the extrapolations of the optical power-
aw fits but also 0–3 σ below the extrapolations of the blackbody fits.

e noted that 20 arcsec south of P5, there is a point-like radio source
f 45.1 ± 5.9 mJy at 150 MHz (TGSSADR J112929.6 + 073719) and
.97 ± 0.154 mJy (FIRST J112929.7 + 073718) and 8.9 ± 0.5 mJy
NVSS 112929 + 073715) at 1.4 GHz, which coincides with the very
aint mid-infrared source CWISE J112929.68 + 073717.9 ( W 1 W 2 ∼
7 mag). Gaia DR3 3622634116211982976 (P6) has an NSC u -band
ux abo v e the PS1 power-la w fit e xtrapolation (Fig. 15 ); ho we ver,

ts NSC ugriz -band fluxes are higher o v erall and hav e a wide spread,
uggesting variability or other observational aspects. The source is
ell isolated in optical and infrared images, has a very small proper
otion, and might be nearby or extragalactic. 
Similarly, as for the PS1 sources, we proceeded with the power-

aw fitting of the 135 SDSS and 1195 NSC sources that have PSF
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Figure 14. Top panel : SED of P0, an SDSS griz -band power-law candidate. 
The u and Swift /UV O T U bandpasses have their upper frequency-limit at 
10 15.0 Hz. Bottom panel : SED of Gaia DR3 1528861748669458432, an 
example of large proper-motion DC white dwarf with a griz -band flux 
profile that is almost straight (small αν errors), peaking at g band, and with 
significantly suppressed u -band flux. Same as in Fig. 10 . 
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Figure 15. SEDs of P3, P4, and P6, which have approximately straight 
infrared–optical profiles (UV7 is shown in Fig. 18 ). Same as in Fig. 10 . 
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nd aperture griz -band magnitudes, respectively, with magnitude 
ncertainties smaller than 0.5 mag. F our SDSS sources hav e αν

rrors smaller than 0.1. After visual check of their SEDs, we kept
wo as candidates, P19 and Gaia DR3 892683904225248000 (P0; 
ν = −0.89 ± 0.02; Fig. 14 ). Even though P0 has a z-band excess

elative to the power-law fit, it has an u -band flux almost on par with
he g -band flux. Based on the finding charts that we generated from
urv e y images at different wavelengths, P0 is very bright and a point-
ike source in U and UVW 1-band images from the Swift Ultraviolet
nd Optical Telescope (UV O T; Roming et al. 2005 ). An U -band flux
easurement (and U AB = 20.34 ± 0.11 mag) is provided for this

ource in the Swift /UV O T Serendipitous Source Catalogue (Yershov 
014 ), and we also represent it in the SED of P0. It indicates an
ven higher ultraviolet flux and possibly some ultraviolet variability. 
f the emission of P0 is thermal, then it would be relatively hot
 ∼15 000 K). We noted that about 2 arcsec west of P0, there is a
ery small, faint, and slightly red nebula that could be the origin of
he mid-infrared W 1 W 2-band fluxes. There are 41 NSC sources with
ower-law αν errors smaller than 0.1. These include the P5 source. 
fter visual check of their SEDs, we noted and concluded that most
f the PS1, SDSS, and NSC optical power-law profile sources fall 
nto two categories. Either these hav e slightly curv ed profiles with
lue slopes of αν < 1, and suppressed u -band flux, which can be
scribed to white dwarfs. As an indicative example, the SED of the
aia DR3 1528861748669458432 DC white dwarf, with power-law 
lope errors of 0.1–0.2, is shown in Fig. 14 . Or these have straight
rofiles with red slopes of αν > 1, and the sources are towards the
lane and centre of the Galaxy, which suggests these sources are
eddened and distant. 

We also searched for power-law profiles among the 28 sources 
ith hybrid catalogue co v erage of the griz bands, that is with (i) at
ost three of these bands co v ered in an y of the PS1, SDSS, and NSC

atalogues, and (ii) all four bands co v ered when combining these
atalogues. We did not found any other interesting or unambiguous 
andidate. 

There are 66 SDSS and 107 NSC sources with u -band magnitudes
f uncertainties smaller than 0.45 mag. We did not find any other
gri -band power-law profiles among these. The sources typically 
av e curv ed griz -band profiles with u -band fluxes that are either
MNRAS 524, 5658–5707 (2023) 
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Table 6. Power-law colours for GALEX , Gaia DR3, SDSS u ∗g ∗, PS1 grizy , WFCAM JK , and WISE filters. BB stands for a blackbody of 7.37 × 10 5 K. 

αν FUV NUV BP G G u ∗ g ∗ g r i z y J K W 1 
−NUV −G −G −RP −g −g ∗ −g −r −i −z −y −J −K −W 1 −W 2 
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) 

BB − 0 .81 − 1 .82 − 0 .21 − 0 .42 0 .20 − 0 .58 − 0 .06 − 0 .54 − 0 .43 − 0 .31 − 0 .23 0 .35 − 0 .27 − 0 .10 − 0 .05 
−2.0 − 0 .84 − 1 .84 − 0 .21 − 0 .42 0 .20 − 0 .59 − 0 .06 − 0 .55 − 0 .43 − 0 .31 − 0 .23 0 .35 − 0 .27 − 0 .11 − 0 .05 
−1.5 − 0 .63 − 1 .37 − 0 .14 − 0 .24 0 .14 − 0 .44 − 0 .05 − 0 .41 − 0 .32 − 0 .24 − 0 .17 0 .49 0 .04 0 .11 0 .13 
−1.0 − 0 .42 − 0 .88 − 0 .07 − 0 .07 0 .06 − 0 .30 − 0 .03 − 0 .27 − 0 .22 − 0 .15 − 0 .11 0 .63 0 .34 0 .34 0 .29 
−0.5 − 0 .22 − 0 .38 0 .01 0 .10 − 0 .03 − 0 .15 − 0 .02 − 0 .13 − 0 .11 − 0 .08 − 0 .05 0 .77 0 .65 0 .57 0 .46 
0.0 0 .00 0 .13 0 .10 0 .24 − 0 .13 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .92 0 .95 0 .80 0 .64 
0.5 0 .22 0 .65 0 .20 0 .38 − 0 .24 0 .15 0 .02 0 .13 0 .11 0 .08 0 .05 1 .06 1 .26 1 .03 0 .81 
1.0 0 .44 1 .18 0 .30 0 .51 − 0 .37 0 .30 0 .04 0 .27 0 .21 0 .15 0 .12 1 .19 1 .58 1 .25 0 .98 
1.5 0 .65 1 .73 0 .41 0 .63 − 0 .51 0 .45 0 .05 0 .40 0 .32 0 .23 0 .17 1 .34 1 .88 1 .48 1 .16 
2.0 0 .87 2 .29 0 .53 0 .73 − 0 .67 0 .61 0 .06 0 .54 0 .42 0 .31 0 .22 1 .49 2 .18 1 .72 1 .32 
2.5 1 .10 2 .85 0 .65 0 .83 − 0 .83 0 .76 0 .08 0 .67 0 .52 0 .38 0 .29 1 .62 2 .50 1 .95 1 .49 
3.0 1 .33 3 .43 0 .78 0 .91 − 1 .01 0 .92 0 .10 0 .79 0 .64 0 .45 0 .34 1 .77 2 .81 2 .18 1 .66 
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uppressed (as for the Gaia DR3 1505825635741455872 DC white
warf, Fig. B1 ) or in prolongation of blackbody profiles. 
Interestingly, griz -band profiles that are straight or almost straight

nd with significantly ne gativ e slopes are very infrequent among the
S1-, SDSS-, and NSC sources in our subsample; there are only 14
ith αν < −0.8 and σαν

< 0 . 3. By requiring that the straightness
rolongs to the u band, only one remains, P0. Neither the UV
andidates with power-law components (Section 3.4 ) nor P0 have
he αν = −2 spectral index of a Rayleigh–Jeans tail, which would
orrespond to a very hot thermally emitting source ( ≥10 5 K) such
s a young neutron star. At wavelengths λ greater than 1340 Å – the
inimum wavelength of the GALEX FUV bandpass, the Rayleigh–

eans approximation is valid if T eff is equal or greater than for example
.37 × 10 5 K (a comparison of colours is given in Table 6 ), when
c /( λk B T eff ) = 0.15 � 1. 
Finally, we searched for infrared power-law profiles among the

936 sources that have photometry between the z and W 2 bands.
irst, independent of slope uncertainties, we looked at sources having

nfrared and optical slopes that coincide within 0.6, the optical ones
eing computed from photometry at at least two of the griz bands.
e reco v ered UV7 (which we discuss further in Section 4.2.1 ) and

6, and we found two additional sources with approximately straight
nfrared–optical profiles, Gaia DR3 3897927393739888128 (P3) and
aia DR3 6600314326685634816 (P4), whose SEDs are shown

n Fig. 15 . P3 and P4 are both classified as point source and as
robable quasar in the star -quasar -galaxy classification catalogue of
ughes, Bailer-Jones & Jamal ( 2022 ), which is based on optical–

nfrared photometry and astrometry . Secondly , also independent of
ν uncertainties, we looked at the remaining sources having infrared
lopes, with special attention to those having large proper motions
r wide bandpass-co v erage at the infrared, but we did not find any
ther candidate; many sources having overall curved profiles or mid-
nfrared flux excesses that can be ascribed to blends with nearby
righter sources. 
For curiosity, we looked also at the sources with extremely blue

r red slopes, independent of the slope uncertainties. Those with
he bluest slopes are typically small-to-large proper-motion white
warfs, having a curved flux-profile peaking at gr bands and a
ignificantly suppressed u -band flux, such as the profile of Gaia
R3 1505825635741455872 (Fig. B1 ). The five sources with the

eddest slopes have M-type colours, are in sparse stellar fields, and
ave no indication of binarity; we describe these in Appendix D , and
heir SEDs are shown in Fig. G6 (available as online supplementary

aterial). 
NRAS 524, 5658–5707 (2023) 

e  
.8 Blueward and redward detectability of the power-law 

r ofile sour ces 

he blueward and redward detectability of the power-law compo-
ents of sources of interest can be assessed using the diagrams
f Figs 6 and 7 , which show the maximum distances of average
etectability for different catalogues or surv e ys and power-law
lopes, as function of the g -band absolute magnitude. We represent
0, P1, P2, P3, P4, and P6 (Table 5 ) by vertical diamonds and UV3,
V4, UV7, UV8, and UV9 (Table 2 ) by horizontal diamonds, in the
lots of nearest spectral index (spectral index ranges are indicated
t the bottom). Their colours are grey, blue, or red, depending on
hether their power-law component was determined mostly from

he optical ( griz bands), the ultraviolet, or the infrared, respectively.
or P6, we adopt the infrared slope of 0.25 ± 0.16 in the [ y , W 2]
ange, and we assume as anchor a g -band magnitude that is 0.15
ag brighter than that of PS1 (red symbol in αν = 0.5 diagram).

n the case of UV7, we represent it once with its slope and anchor
agnitude from the optical (grey symbol in αν = 0.5 diagram) and

nce with its slope as obtained when infrared- (and NUV -band) fluxes
re also accounted for ( αν = 1.25; see Section 4.2.1 and Fig. 18 ) and
ssuming an anchor magnitude that is 1.0 mag fainter ( � log F ν =
0.4 dex) than that of NSC (red symbol in αν = 1.5 diagram). 
P1X1 (optical αν = −0.86) is represented in the upper right panel

f Fig. 6 . For its optical spectral index, it is indeed detected in
ASS and at the limit in the NUV and FUV bands, but much fainter,

or equi v alent spectral indices of αν = 1 and 0 at X rays and the
ltraviolet, respectively (Figs 4 , 5 and 9 ). P2 (optical αν = 0.04) is
epresented in the lower right panel of Fig. 6 . It would be detectable
t the limit at NUV band, but there is no GALEX co v erage; ho we ver,
ts suppressed SDSS u -band flux and slightly curved SDSS and NSC
riz -band SED peaking at gr bands suggest a white dwarf profile
Fig. 13 ). For its optical spectral index, it would also be detectable
n RASS but it is not, suggesting that it may indeed have mostly a
urved profile. Similar verifications can be done for the other sources
hat are represented in Figs 6 and 7 . Assuming unbroken power-law
rofiles, sources with slopes αν > −0.5 would be detectable at radio
n NVSS, and those with αν > 1.0 − 1.5 would be undetectable in
ASS (as commented already in Section 2.3 ). This makes the latter

ype of sources also interesting for the search of nearby pulsars. 
Besides this, the various colour–colour diagrams in the on-

ine supplementary material, starting with Fig. F7 and based on
grizyJHK s W 1 W 2-band magnitudes, allow us to assess the colours
f the sources with regard to the power-law spectral indices. The
 xpected power-la w colours involving PS1 and SDSS photometry
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Figure 16. Distance ( left-hand panel ) and cumulative A 5500 Å extinction 
( right-hand panel ) of the sources ordered as in Tables 7 , 8 , and 9 . Some 
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re represented by the pink and blue dashed lines. The assessment is
elatively easy for sources having almost one single SED component 
t the involved bandpasses, such as UV7, P3, and P4 in the i − W 1
ersus r − i (Fig. F15) and J − W 1 versus r − J diagrams (Fig. F16).
everal of the plotted sources present a spread in their individual 
S1- (pink), SDSS- (blue), and NSC (yellow) photometry (linked 
ith solid lines), of up to 0.3–0.5 mag or more, as shown in the

olour–colour diagrams involving the g − r and r − i (Fig. F7),
 − z (Fig. F8), and z − y colours (Fig. F11). This could be caused
y observational and calibration differences, variability, and binarity. 
 or e xample, in the z − J v ersus i − z diagram of Fig. F12, sev eral of

he SDSS blue symbols connected with the blue lines to the PS1 pink
ymbols are to the right and lower. For some of these, this could be
xplained partly by the SDSS z-band filter being broader, redwards, 
han the PS1 z-band filter, implying that, in principle, for sources that
re persistently red, the SDSS i − z colour is redder and the z − J
olour is bluer than when using PS1 photometry (see e.g. the SED of
V13), and vice versa for persistently blue sources (the magnitude 
ifference m 1 − m 2 increases with the flux ratio F 2 / F 1 .). 

 DISCUSSION  

e find about two X-ray, 15 ultraviolet, one radio, and about five
ower-law profile candidates. Their Gaia parameters are in Table 7 , 
heir PS1 and infrared photometry in Table E1 , and SDSS and
SC photometry in Table E2 . Also, we find five isolated red-

olour dwarfs with M-type colours, white dwarf distances, and no 
ndication of binarity, whose classification depends on their true 
istances (Appendix D ). For these five objects and some other sources 
iscussed in this study, the parameters and photometry are listed in 
ables 8 , E3 , and E4 . 
Sources of Tables 7 and 8 are represented in the following colour–

bsolute magnitude diagrams: M z versus i − z (Fig. 19 ), and M G 

ersus G BP − G (Fig. F1), G − G RP (Fig. F2), G BP − G RP (Fig. F3),
 − J (Fig. F4), i − z (Fig. F5), and i − J (Fig. F6). These are

lso represented in the colour–colour diagrams: r − i versus g − r
Fig. F7), i − z versus g − r (Fig. F8), g − r versus u − g (Fig. F9),
 − i versus u − g (Fig. F10), z − y versus i − z (Fig. F11), z −
 versus i − z (Fig. F12), J − K s versus i − z (Fig. F13), J − H
ersus z − J (Fig. F14), i − W 1 versus r − i (Fig. F15), J − W 1
ersus r − J (Fig. F16), and W 1 − W 2 versus r − J (Fig. F17). The
gures prepended with a letter are available as online supplementary 
aterial. 
The SEDs comprising infrared, optical, and ultraviolet fluxes 

f the sources are available as online supplementary material and 
rouped per search category: gamma-ray (Fig. G1); X-ray (Fig. G2); 
ltraviolet (Fig. G3); radio (Fig. G4); close-to power-law profile 
Fig. G5); and red-colour dwarf (Fig. G6). 

.1 Interstellar extinction and sky distribution 

o characterize the sources further, we consider the amount of 
nterstellar extinction these could have and their sky distribution. 

We considered the high-resolution, spectro-photometrically cal- 
brated, Gaia (E)DR3-2MASS 3D map of the Galactic extinction 
ensity from Vergely, Lallement & Cox ( 2022 ). We used the
ssociated tool 8 to retrieve the A 5500 Å cumulative monochromatic 
xtinction as a function of distance, at the sky coordinates of the
ources. In the left-hand and right-hand panels of Fig. 16 , we show
he ranges of distance and cumulativ e e xtinction for each of the
MNRAS 524, 5658–5707 (2023) 

 G-TOMO at ht tps://explore-plat form.eu/project/deliverables 

sources are towards the Galactic plane ( | b | < 15 ◦; ‘P’) or centre ( | l | < 15 ◦, 
| b | < 15 ◦; ‘C’), or have a photoastrometric indication (Table 9 ) that these 
could be resolved (‘R’), possibly resolved (‘R?’), or unresolved (‘U’) binaries. 

https://explore-platform.eu/project/deliverables
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Figure 17. Sky distribution in equatorial coordinates (Aeitoff projection). The 2464 Gaia sources from the colour-selected subsample are represented by very 
small dots. Gamma-ray , X-ray , ultraviolet, radio, power-law profile-, and very red-colour flagged sources are indicated by pluses, crosses, triangles, squares, 
circles, and lozenges, respectively. Probable candidates are represented by larger symbols and numbered. Sources are colour-coded as a function of the αν

spectral index (i.e slope) of their (red-)optical component at griz bands ( top panel ) and blue-optical–ultraviolet component ( bottom panel ). The highest and 
lowest colour bins include spectral index values greater than 5.5 and smaller than −1.5, respectively. Candidates with low ultraviolet excesses are represented 
by open triangles in the bottom panel. Sources without available slope value are in grey colour. Numbered candidates with αν < 1.5 are encased in a larger 
symbol of same shape (except X2). Galactic and ecliptic coordinate grids are shown in pink and yellow. The sky locations of the centre, north pole, and south 
pole of the Galaxy, and the Large and Small Magellanic Clouds are labelled as GC, NP, SP, LMC, and SMC, respectiv ely. F or each emphasized location on the 
ecliptic, the month (approximate mid-month date) of optimal night visibility from Earth is indicated. 
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ources as ordered and labelled in Tables 7 and 8 . The A 5500 Å ranges
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ould be 3–9 times farther, indicate that the distances of the sources
ith low snr π ( < 10) should be considered with caution. 
In Fig. 17 , we show the sky distribution of the sources in

quatorial coordinates. The 2464 Gaia sources from the colour-
elected subsample are represented by very small dots. Probable
andidates are represented by larger symbols and numbered as in
heir labels. The sources are colour-coded as a function of the spectral
ndex or slope αν . At the (red-)optical ( top panel ), we derived PS1,
DSS, and NSC slopes separately and based on at least two of the
riz bands; we adopted the one with the largest number of bands
o v ered and smallest uncertainty. For γ e and X e, we adopted
he G BP − G RP slope, and for UV3, the r − G RP slope. At the
lue-optical–ultraviolet ( bottom panel ), we adopted preferentially
he slopes based on contiguous bands at the shortest wavelengths,
hat is NUV and FUV , else u and NUV , else g and NUV , else g and u
derived from SDSS and NSC separately; gU in the case of P0). Only
ne source has a slope at optical–ultraviolet of αν < −1.5 (UV13 at
u ). For the red components and as measured at the griz bands, αν

alues of −1.5 to 6.5 correspond roughly to T eff of 25 000 to 2000 K.
or the blue components and as measured at varying blue-optical–
ltraviolet bands, αν values of about [ −1, 1] correspond roughly to
 eff of 10 000–50 000 K. 
From Figs 16 and 17 and Table 9 , we see that P1X1–X2,

V1–UV15, Rad1, P0–P6, and RC1–RC5 are relatively far from
he direction of the Galactic plane. Differently, γ a–γ d and most
f P7–P37 are towards the Galactic plane or Bulge (though P15,
18, and P19 are clear e xceptions); the y hav e red spectral slopes
f αν = 2.9–4.4 and 1.0–3.0, respectively. Six of P7–P37 cluster
ear ( l , b ) = (10, 9) ◦, towards the Galactic centre. Gaia DR3
124968474672413440 (P24), P26, and P27 cluster within 30
rcmin (all three have αν of about 2.17), followed by Gaia DR3
137297229808521728 (P23; αν = 2.13) at about 1.4 deg and Gaia
R3 4138259749157475200 (P29; αν = 2.39) and P20 ( αν = 1.77)

t 3 and 4 deg. Generally, the gamma-ray and reddest P sources
end to appear to wards cro wded stellar regions, indicating that their
urrent trigonometric distances might be spurious and probably
nderestimated. Their profiles might be shaped by interstellar
xtinction cumulated over large distances. The optical profiles of
he outward-located sources are more likely to be intrinsic. 

.2 Neutron stars as resolved emitters or unresolved 

ompanions 

he 2464 Gaia sources of the colour-selected subsample have
ractically no gamma- nor X-ray counterparts. Even the P1X1 and
2 candidates have each at least one optical neighbour source that

ould be a potential counterpart to the X-ray match. Assuming neither
ignificant interstellar extinction nor self-absorption at X rays, these
wo candidates appear rather faint at X-rays for their bright G -band
bsolute magnitudes to resemble known thermally emitting neutron
tars ( Fig. 4 ). Alternatively, these could be, for example, interacting
inaries, consisting of a white dwarf and a compact- or degenerate
ompanion. A low occurrence of X-ray and gamma-ray pulsars is
lso apparent in the ATNF data base (although it excludes accretion-
owered and X-ray-millisecond pulsars): out of the 3320 pulsars,
22 (4 per cent) are non-radio pulsars, emitting pulses at infrared or
igher frequencies. 

.2.1 Power-law emission 

e find power-law components at the ultraviolet–optical in at least
V3 and UV4 (Figs 10 and G3), UV8 and UV9 (Fig. 18 ), and
NRAS 524, 5658–5707 (2023) 
p to the mid-infrared W 2 band in UV7 (Fig. 18 ). We also find
pproximately straight profiles at the optical–infrared (up to W 2
and) in P3, P4, and P6 (Fig. 15 ), which have small proper motions
f 0–6 mas yr −1 . Finally, we find at least one possible transient
ower-law profile at the optical in P2 (Figs 13 and G5). 
The power-law extent to the infrared of the candidates can be

ontrasted with that of known pulsars. For instance, the Vela Pulsar
as a flat power-law emission ( αν = 0) from the ultraviolet (10 15.4 

z) to the near-infrared K s band (10 14.1 Hz) (fig. 2 of Zyuzin et al.
013 ). PSR B0656 + 14 has JHK s -band fluxes that tend to be along
he main power-law fit (Zharikov et al. 2021 ). The Geminga Pulsar
as a power-law profile constrained up to the H band and at optical,
ux deviations of about 0.15 dex relative to the combined fit (fig. 7 of
hibanov et al. 2006 ). In the case of the Crab Pulsar, the power law

s maintained up to the L 

′ band at the mid-infrared, and plausibly up
o 8 μm depending on the flux contribution of the knot (Sandberg &
ollerman 2009 ). Still, not all of the pulsars detected in the optical
nd that we mention in this study are constrained in the infrared
or even entirely in the optical (see Section 2.1 and Fig. 2 ), mostly
ecause of their larger distances and faintness. 
Elucidating the true emission mechanisms and temporal variability

f the sources is beyond the scope of the present study. Ho we ver, we
riefly mention some possible causes of the observed features. 
In the most fortunate case(s), the power-law profile might indeed

tem from synchrotron or gyro-synchrotron emission (from acceler-
ted charged particles), as observed in pulsars (Buschauer & Benford
976 ; Melrose, Rafat & Mastrano 2021 ). The departure from a power-
aw profile at other wavelength ranges or epochs may indicate that: 

(i) the emission mechanism differs, 
(ii) the observability of the emission mechanism differs, because

f, for example, surrounding diffuse material, a binary companion,
r self-absorption (cf. the synchrotron self-absorption roll-o v er;
’Connor, Golden & Shearer 2005 ), 
(iii) the power-law emission is transient and either unique or of low

ccurrence (we note the pulse period of 18.18 min of the GLEAM-X
162759.5 −523504.3 radio transient, proposed to be a compact star;
urley-Walker et al. 2022 ), or 
(iv) the power-law profile is not caused by synchrotron emission

ut a combination of observed flux fluctuations from thermally
mitting sources, unresolved or partially resolved blends of blue
nd red components in binaries, and reddening. 

The search for ultraviolet excesses and power-law profiles among
he sources led us to identify intricate blackbody and power-
aw profiles, where the power-law component is substantiated by
ltraviolet- or infrared measurements. This suggests that more power-
aw emission candidates could be found among colour-selected
ptical sources and using ultraviolet and infrared data. In contin-
ation, we discuss UV7, UV8, and UV9, pushing the envelope of
nterpretation a bit, because these represent classes of sources that
ay hold neutron stars. 
In the cases of UV8 and UV9 (Fig. 18 ), we assume that (i) the

wo components in the SED have different origins, that is the SED
ivide does not result from opacity, (ii) interstellar extinction can
e neglected, and (iii) the underlying griz -band part of the red
omponent can be approximated by a blackbody curve. We then
t the NUVugriz -band fluxes ( griz from SDSS and PS1 for UV8
nd UV9, respectively) by two components consisting of (a) a cool
lackbody and a power la w (c yan lines) and (b) a cool blackbody and
 hot blackbody (dark-grey lines). We find power-law spectral indices
f αν = −0.12 ± 0.57 and 1.10 ± 0.13. Assuming unbroken power
aws, UV8 and UV9 are expected to be detected well and marginally
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Figure 18. SEDs with ultraviolet, optical, and infrared fluxes of UV8, UV9, and UV7, from the top to bottom. Examples of two-component fits to the 
NUVugriz -band fluxes of UV8 and UV9 are shown: cool blackbody + hot blackbody (dark-grey lines) and cool blackbody + power law (cyan lines). Example 
fits with early M-type dwarfs (at d ∼ 1000 pc) to the red components of UV8 and UV9 are shown by the red dashed line. The fits with the coolest He-atmosphere 
white-dwarf model available (brown dashed line) suggests that a cooler or redder model is required to fit the optical–infrared flux es. F or UV7, an e xample of 
power law + hot blackbody fit to all of the fluxes is shown (cyan lines). Same as in Fig. 10 . 
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M

Figure 19. M z versus i − z colour–absolute magnitude diagram, in PS1 photometry unless stated otherwise, and using the distances of Table 9 . Only photometry 
from PS1 (pink), else from NSC (yellow) are represented, for simplicity. A data point is plotted if each of the magnitude errors involved is smaller than 0.4 
mag. Gamma-ray , X-ray , ultra violet, radio, power -law profile-, and red-colour flagged sources are represented by pluses, crosses, triangles, squares, circles, and 
lozenges and are labelled in orange, cyan, blue, green, grey, and red, respectively. Sources are labelled as in Tables 7 and 8 . UV8, UV9, RC1–RC5, and other 
outliers sources are highlighted; the symbols of UV8 and UV9 are filled in black. Spectroscopically confirmed and other literature white dwarfs mentioned in 
this study are represented by hexagons and labelled in turquoise. Isomasses of white-dwarf pure He and H atmospheres are represented by red and blue lines; 
those for 1.2 M � are dashed and those for 0.8 and 0.4 M � are dotted. Ef fecti ve temperatures are indicated for the 0.8 M � He isomass. The stellar main sequence 
and its 68 per cent confidence limits are represented by the black and grey solid lines. Synthetic power-law colours are indicated for PS1 and SDSS photometry. 
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t X rays in RASS, as indicated in the corresponding panels in
igs 6 and 7 . Ho we ver, these are not detected; the 2RXS exposure
ap at their coordinates indicate exposure times of about 357 and

39 s. An underlying, power-law component at ultraviolet–optical–
nfrared appears more plausible in UV8 than in UV9, because the
ower-la w e xtension to the mid-infrared in UV8 is compatible with
he W 1 W 2 fluxes. In principle, independent of the stellar type and
istance of the red component (for example, white dwarf at ∼100 pc
r M-type dwarf at ∼1000 pc), the power-law component could stem
rom a neutron star pulsar. Alternatively, the blue component could be
hermal emission and originate from a neutron star or its surroundings
f its distance to us is small enough. The hot-blackbody parts of
V8 and UV9 imply ef fecti ve temperatures of T eff = 15 048 and
0 618 K, and, assuming the d 50 distances, thermal radii of R = 552
nd 1060 km. These are 3.9 and 2.0 times smaller than the smallest
nown white dwarf radius of 2140 km (see Section 4.2.2 ), which
e use as a representati ve observ ational lo wer-limit. According

o theoretical predictions of white dwarfs, including the effects of
eneral relativity, at T eff = 10 000 K, a theoretical radius as small
s 1000 km is only possible for 1.37 M �, the highest mass for a
hite-dwarf and abo v e which it becomes gravitationally unstable

Althaus et al. 2022 ). Thus, taking the numbers and interpretation
t face value, the blue components of UV8 and UV9 challenge the
NRAS 524, 5658–5707 (2023) 
eutron star-white dwarf limit. To be less small than the smallest
nown white dwarf, the hot components would have to be at least
.9 and 2.0 times farther than the d 50 distances ( R = d × θ , where θ
s the constant angular radius), at ≥340 and 209 pc. 

The red components of UV8 and UV9 have steep riz -band slopes
 αν = 3.4–3.8), red i − z colours (0.5–0.6 mag), and curved profiles.
xample fits in Fig. 18 suggest that these are either (i) very red
nd ultra-cool ( < 3250 K) white dwarfs at the Gaia distances or
ii) early M-type dwarfs, which as shown in the M z versus i −
 colour–absolute magnitude diagram of Fig. 19 , would be about
 mag brighter intrinsically. The ML-type dwarf sequence in this
gure results from complementing the Modern Mean Dwarf Stellar
olour and Ef fecti ve Temperature Sequence (hereafter MSC)
ompilation of Eric Mamajek 9 with the ML T -type-dwarf mean PS1
olours from Best et al. ( 2018 ). For the SED fitting, we previously
onverted the MSC absolute magnitudes and colours to fluxes. After
ubtracting the blue components (power law or blackbody) from the
EDs, the red-optical slopes of UV8 and UV9 are slightly steeper

https://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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616323124310350976 (Apps, Smart & Silvotti 2021 ), two very 
ed-, nearby (28–30 pc), and faint ( M G ≈ 16.5–17.7 mag) white- 
warf sources. The former is the coolest spectroscopically confirmed 
Z white dwarf, of 3048 ± 35 K and DZQH type (Elms et al. 2022 ).
heir SEDs are shown in Fig. G6 of the online supplementary 
aterial. These tw o white-dw arf sources have G − G RP = 0.94–1.08
ag and are thus slightly redder than our colour selection boundary. 

f UV8 and UV9 were M-type dwarfs, then these would be at much
arger distances (cf. equation 3 ), close to 1 kpc, without accounting
or extinction. The low parallax signal-to-noise ratios, snr π of 5.7 
UV8) and 2.7 (UV9), and low visibility periods used of 
bout 10 (Table 9 ) indicate that the distances could be larger than the
 50 ones. More accurate parallaxes or spectroscopy could solve the 
lassification. 

In the case of UV7, its power-law component (Fig. 18 ) could be
ulsar synchrotron emission. The source is well isolated, at ( l , b ) =
342, −66) ◦, has a relatively high snr π of 9.4, and a proper motion
f pm = 10.5 ± 2.6 mas yr −1 , which, given the short time-baseline
f the available ground-based surv e y images, precludes an accurate 
erification of whether the source is moving transversely. The NSC 

riz -band slope of αν = 0.54 ± 0.12 is prolonged in the infrared
y JK s -band fluxes and surpassed by about 0.3 dex by W 1 W 2-band
uxes. In NSC-DES optical images, the PSF is stellar and almost 
ircular. In near-infrared images of VHS DR6, the PSF is slightly
roader than the average PSF of sources classified as stars, by a
actor of about 1.5, this extension leading it to be classified as galaxy
 pStar = 0 . 00, pGalaxy = 0 . 99). Ho we ver, se veral pulsars are
nown to be in diffuse nebulae or knots. In the VISTA-DES-
llWISE (VEXAS-DESW) DR2 catalogue (Khramtsov et al. 2021 ), 

ts grizyJK s W 1 W 2 magnitudes, colours, and VHS pStar parameter
ed it to be classified as a quasar ( pQSO = 0 . 99), among the three
ptions, star, quasar, and galaxy. The proper motion amplitude of 
V7 is 6.4 and 1.3 times the standard deviations of the proper
otions of the Gaia EDR3 crossmatches to the sources classified as

uasars and galaxies in VEXAS-DESW (see table 7 of Khramtsov 
t al. 2021 ), respectively, and suggest that UV7 could be classified
s an extended AGN. Ho we ver, its parallax is 17.8 and 10.0 times
he standard deviations of the parallaxes of the two subsets. Unlike 
he SEDs of the P3 and P4 quasar candidates (Fig. 15 ), the SED of
V7 appears to have a more obvious, outlined bulk at the optical.
e note also that the bulk of UV7 has an r -band flux dip, as for
ad1 and Rad b, which in the description of Rad1, we proposed it
ould be caused by significant Na I D absorption (Section 3.5 ). If we
t all of the fluxes by a power law + hot blackbody, assuming that

he nominal value of the NUV -band flux is the true value, we obtain
 power-law component of αν = 1.25 ± 0.10 and a blackbody of
 eff = 8797 K, and, assuming the d 50 distance, a thermal radius of
 = 1387 km. With αν > 1.0, UV7 is expected to be undetectable at
 rays in RASS (see Fig. 7 and Sections 2.3 and 3.8 ). 
F or illustrativ e purpose and for comparison with the ultraviolet–

ptical(–infrared) fluxes of known neutron stars, we represent the 
ower-law component fits of αν = −0.12 and 1.25 of UV8 and 
V7 by the grey dashed lines in the apparent- (top) and absolute

bottom) SED representations of Fig. 2 . These hav e relativ ely bright
pparent fluxes, close to those of PSR B0540 −69, justifying the 
road-optical search for synchrotron emission of pulsars in the solar 
eighbourhood. 
Finally, we remark that the optical colours and faint magnitudes 

t which we searched for synchrotron emitters o v erlap with those
xpected for isolated stellar-mass black holes accreting interstellar 
atter (Chisholm, Dodelson & Kolb 2003 ; Kimura, Kashiyama & 
otokezaka 2021 ). i
.2.2 Multiplicity 

nowing whether sources are isolated or binaries is important for 
earches of continuous gravitational wave emission, because binarity 
mplies more modulations in the signal. The Gaia DR3 measurements 
or G ≥ 19–20 mag sources are single-source solutions and do not
rovide the masses of the components and the orbital elements. 
o we ver, some of these measurements can give indications of
inarity. In our search, we consider three types of binarity indicators:
i) Gaia photoastrometric parameters, (ii), visual close neighbours 
r companions, and (iii) excesses or two components in SEDs. 
(i) Useful Gaia photoastrometric parameters for binarity 

re the parameters: ruwe , ipd gof harmonic amplitude ,
pd frac multi peak , and ipd frac odd win (Gaia Col-

aboration 2021a ). We paraphrase here briefly their definitions. 
uwe is the renormalised unit weight error, for the astrometry; 
 value of ruwe � 1 . 4 is indicative of an ill-behaved astro-
etric solution and may indicate binarity or multiplicity. The 
pd gof harmonic amplitude parameter measures the am- 
litude of the variation in the Image Parameters Determination 
IPD) goodness of fit (GoF; reduced chi-square) as function of 
he position angle of the scan direction; the amplitude indicates the
evel of asymmetry of an image and a large amplitude indicates that
he source is double (the associated ipd gof harmonic phase 
arameter indicates the orientation of the asymmetric image). The 
pd gof harmonic amplitude parameter allows for the iden- 

ification of spurious solutions, where values greater than 0.1 and 
 ruwe greater than 1.4 indicate resolved doubles, which are not
orrectly handled yet in the processing. ipd frac multi peak 
rovides the percentage of windows (having a successful IPD result) 
or which the IPD algorithm has identified a double peak, meaning
hat the detection may be a visually resolved double star (either an
ptical pair or a physical binary). ipd frac odd win provides
he percentage of transits having either truncation or multiple gates 
agged in one or more windows and in general a non-zero value

ndicates that this source may be contaminated by another nearby 
ource. In addition, there is the duplicate source parameter, 
or Gaia pairs of sources closer together than 0.18 arcsec, for
hich only one source is retained in Gaia DR3. Except Gaia DR3
777941133042341632 (see below), none of the sources we list in 
ables 7 and 8 is flagged as duplicate. 
In the bottom rows of Tables 7 and 8 , we indicate for comparison

he median values for sources with six-parameter solutions (account- 
ng for the position, parallax, proper motion, and astrometrically 
stimated ef fecti v e wav enumber) at G = 20 and 21 mag 10 . Five-
arameter solutions account for the position, parallax, and proper 
otion, and two-parameter solutions account only for the position. 
We assumed sources with (a) ipd gof harmonic- 

amplitude < 0.1 and ruwe ≥ 1.4 as unresolved, (b) 
pd gof harmonic amplitude ≥ 0.1 and ruwe ≥ 1.4 as 

esolved, and (c) ipd gof harmonic amplitude ≥ 0.1 and 
uwe < 1.4 as possibly resolved binaries. These are referred to by

he abbreviations U, R, and R?, respectively, in the binary indicator
olumn ‘Ast.’ in Table 9 . 

The Gaia photoastrometric binarity criteria may be useful for 
dentifying pairs that are too close ( ≤0.3 arcsec) to be resolved
isually in the ground-based surv e y images. Most of our sources
ave pm / plx ratios lesser than one (see Table 9 , where for simplicity
MNRAS 524, 5658–5707 (2023) 

n the Gaia (E)DR3 documentation at ht tps://gea.esac.esa.int . 

https://gea.esac.esa.int
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he ratio error is computed from the linear sum of the relative errors
n pm and plx ), implying that the astrometric motion is dominated
y parallactic motion (uncertainty) or binarity. Exceptions with
elatively large proper motions ( pm / plx > 3) are X2, UV13, UV14,
V15, Rad1, Rad a, P15, P18, and P30. 
Among the sources of Table 9 , all those that are photoas-

rometrically resolv ed (‘R’) hav e typically the greatest values of
he astrometric excess noise parameter (a measure of the
esiduals in the astrometric solution), in the range of 5.4–11.3 mas.
29 is not photoresolved (‘U’), suggesting that, if the source has a
ompanion that causes the high ruwe value, then the companion
s not visible. Considering the astrometric sigma5d max
arameter (the five-dimensional equi v alent to the semimajor axis
f the Gaia position error ellipse, including position, parallax, and
roper motion), the sources have values in the range 0.81–4.54 mas,
nd P29 has the greatest value. 

(ii) We checked all the sources of Table 9 for visual companions in
ingle-band images from PS1, SDSS, NSC-NOIRLab, and GALEX .
his allowed us to constrain them beyond an angular separation
f approximately 0.3 arcsec, abo v e which binary components,
specially of different colours, are easy to identify. The visual
ompanions are either blends with the sources or fully resolved.
ost have about the same colour and are as faint or fainter. None of

he visual companions has proper motion nor parallax in Gaia DR3,
xcept the widely separated and bright M-type companion of P18
Appendix C ). Those that have Gaia parameters are listed in Table 8 ,
ith indication of associated candidate. Gaia can resolve varying
ercentages of binaries of equal magnitudes down to separations of
.05 arcsec (Gaia Collaboration 2021b ); the completeness may start
o decrease at separations < 1.5 arcsec, drop below 80 per cent at
 0.7 arcsec, and reduce to about 10 per cent or less at < 0.4 arcsec

Fabricius et al. 2021 ). The visual companions are referred to by their
ngular separation (in arcsec) and approximate relative orientation in
he column ‘Vis.’ of binary indicators in Table 9 . One particular case
s UV12 ( pm = 15 mas yr −1 ), where the PS1 flux counts decrease
ymmetrically by about 0.3 arcsec east-west from the source position,
ithout clearly indicating two peaks. We assumed that the source is
 0.6 arcsec wide pair centred on the Gaia source position, although
t could also be an extended source. 

Finally, we checked the sources at wider separations within 10
rcsec, whether these have relatively bright neighbour stars that
re comoving or do not have Gaia proper motion nor parallax. At
.4 arcsec north-west from UV3, there is a bright star, Gaia DR3
777941133042341632 ( G = 16.1 mag), without proper motion
or parallax, with ipd frac multi peak = 52 per cent and
uplicate source = 1, indicating that this bright star is itself
robably a binary of separation < 0.18 arcsec. It has a small proper
otion, of ( −9.7 ± 6.5, 2.6 ± 7.0) mas yr −1 in CATWISE2020. 
(iii) From the crossmatches with other catalogues and from the

EDs, we could identify sources with gamma-ray , X-ray , ultraviolet,
nd radio excesses, which we consider as probable- or possible
ndications of binarity. These are referred to in the binary indicator
olumn ‘SED’ in Table 9 . The abbreviations γ , X, N, and F
tand for Fermi , RASS 0.1–2.4 keV, GALEX NUV and FUV bands,
espectively. Significant and low ultraviolet-excesses in the SEDs are
ndicated without and within parenthesis. We provide the angular sep-
ration between the Gaia coordinates and the counterpart centroid.
or UV8, UV9, UV13, UV14, and UV15, we adopt the angular sepa-
ation with SDSS u band instead of GALEX . We note that the gamma-
ay , X-ray , and a few of the radio counterparts have large coordinates
ncertainties; also, UV4, UV10, and UV11 have NUV - or FUV counts
hat spread up to more than 2.5, 1, and 2 arcsec, respectively. 
NRAS 524, 5658–5707 (2023) 
Out of the 72 sources of Table 9 , 49, 17, and 35 have (possible)
ndications of binarity from photoastrometry, a visual companion,
nd flux e xcess, respectiv ely, and nine hav e no apparent indication
f binarity. The later could still have for example tight companions
f similar magnitudes and colours or substellar companions of LTY
pectral types. 

In the whole Gaia DR3 and compared to EDR3, many sources
ave additional measurements or parameters, for example related to
inarity (Gaia Collaboration 2022 ). None of the sources of Table 7
nd 8 is flagged as non-single source, probably because these are
ainter than the limits of G = 19–20 mag for binarity analysis in
R3. One source has available epoch photometry and is significantly
ariable. P1X1 is in the Gaia Andromeda Photometric Surv e y (pencil
eam of 5.5 deg radius) and is located far away (more than 2 deg) from
he spiral disc of the Andromeda Galaxy, as seen in the optical. The
ource has G -band variations of up to 1 mag within less than 40 d, in
he 2014.9–2017.4 epoch range and considering measurements with
lux over error > 7. Fig. 20 shows the time series, in units of
JD. G BP and G RP bands measurements of flux over error > 7
re too few and not shown. 

If we combine these indications of binarity with the distances,
e can infer physical projected binary separations. In Table 9 , we

ist the d 50 distances with lower and upper errors. The one-sigma
ower error was obtained by subtracting d 50 by the lower distance
 l = d 16. The upper error d u − d 50 depends on the photoastrometric
inarity indicator (column Ast.). For unflagged sources, we adopted
 u = d 84. For flagged sources, we adopted d u = max ( d 84, 1/( plx

err plx f )), where f is a correction factor for the parallax uncertainty
nderestimation. f = 1.5 for sources with ruwe > 1.4 (flags ‘R’
r ‘U’) or f = (1 . 5 − 1 . 2) / (1 . 4 − 1 . 04) ∗ ( ruwe − 1 . 04) + 1 . 2 for
ources with ruwe < 1.4 but IPD gha ≥0.1 (flag ‘R?’; f > 1 for
uwe > 0 . 8), allowing for a continuous transition to the ruwe > 1.4
ase. The factors of 1.5 and 1.2 were adapted from the cases of
inaries of G = 19–20 mag and separations 0–2 arcsec shown in
gs 16 and 17 of El-Badry, Rix & Heintz ( 2021 ). For P18, we
dopted the distance of its brighter and comoving stellar companion.
or orientation, we list in Table 9 the physical projected binary
eparations (i) a d−

p at the lower distance d l and an angular separation
f 0.05 arcsec, and (ii) a d+ 

p at the upper distance d u and an angular
eparation of (a) 0.3 arcsec, (b) the visual companion, and (c) the
ED-excess counterpart. 
Finally, we indicate possible types of the system components,

omponents that are: the visible source exactly at the Gaia DR3
ource position (V1), the visual companion (V2), and the SED
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xcess- or photoastrometric companion (S/A). For UV12, we assume 
 V1 + V2 pair centred on the Gaia source position. In first
pproximation, we assume that all the V1 and V2 components are 
hite dwarfs (WD; 0.1–1.3 M �), except for (i) UV4 (V1; ultraviolet
ot component), which at its current distance would have a too small
adius to be a white dwarf (we thus indicate a question mark, ‘?’), (ii)
V7, P0, P3, P4, and P6 (V1; ‘?’), which have overall straight SED
rofiles, and (iii) the wide companion (V2) of P18, which probably 
s a main sequence star (MS) of 0.4 M �. Besides this, the Gaia
ources of X2, Rad1, Rad a, UV13, UV14, UV15, P15, P27, and
36 are probable white dwarf candidates in GCNS or Gentile Fusillo
t al. ( 2021 ). Also, in first approximation, we assume that all of the
amma-ray , X-ray , ultraviolet, or radio SED excesses are of unknown
companion) type (question mark ‘?’). Similarly, we assume that all 
f the photoastrometric companions, independently of the visible 
ompanions, are of unknown type. 

For guidance in the source classification, we derived radii from 

heoretical He and H atmosphere white-dwarf fitting of the optical 
uxes (Section 3.7 ) and blackbody fitting of the optical–ultraviolet 
uxes. From the white-dwarf fitting, we have the theoretical white- 
warf mass and surface gravity (log g where g is by default in cm s −2 

nits), which with the surface gravity equation g = GM / R 

2 provides
s the white-dwarf radius. From the blackbody fitting [equations ( 10 )
nd ( 11 )], we have (i) the bolometric blackbody flux, which with the
arallactic distance (Table 9 ) and equation ( 5 ) allows us to obtain
he bolometric luminosity (in erg s −1 ), and we have (ii) the ef fecti ve
emperature, which with the bolometric luminosity and equation 
 2 ) provides us the thermal-emission radius. The derived radii are
pproximate because these depend on narrow spectral fitting regions 
in most cases), opacity-related spectral redistributions of fluxes, 
istance, binarity, and reddening. The last one affects mostly sources 
owards the Galactic plane or centre. For simplicity, we account only 
or the uncertainty in the distance. 

The extrapolations at the infrared (see the SEDs in Appendix G of
he online supplementary material) of the blackbody and theoretical 
hite-dwarf fits typically match or are lower than the observed fluxes, 

ndicating unaccounted opacities and infrared fluxes in the fitting 
rocedure. Despite the mismatches, most Gaia (V1) components 
ppear to have radii in the white dwarf range of 0.005–0.025 R � at
he adopted distances. White dwarf radii from model-independent 

ass and radius measurements are in the range of 0.01–0.03 R � (fig.
 of Parsons et al. 2017 ). Therefore, we preliminarily classified these
omponents as white dwarfs. 

The smallest known white dwarf is ZTF J190132.9 + 145808.7 
 Gaia DR3 4506869128279648512), with an estimated radius of 
140 + 160 

−230 km (0.0031 R �), an ef fecti ve temperature of ∼50 000 K,
nd a mass of 1.3 M � (Caiazzo et al. 2021 ). It is only slightly
arger than the Moon, of 1737.5 km radius. In this context, the abo v e
.005–0.025 R � range corresponds to two to ten times the radius of
he Moon. From the blackbody fitting at optical, we identified five 
1 sources with very small radii at their d 50 distances. These are
0, P1X1, UV10, P2, and Rad b, with R = 0.0012, 0.0016, 0.0020,
.0025, and 0.0031 R �. The confirmation of these radius estimates 
ould require the verification of the source type, distance, extinction, 

eddening, and binarity. Nevertheless, we can anticipate the effects, 
or example, of extinction and reddening. Assuming a low extinction 
f < 0.2 mag o v er the griz -band range, then the unabsorbed flux is
reater by a factor < 10 0.4(0.2) = 1.2, and the corrected radius is greater
y a factor of only < 1.2 0.5 = 1.1 [ R ∝ F 

0.5 , from equations ( 2 ) and
 5 )]. Assuming a reddening that causes underestimating the ef fecti ve
emperature by 750 K, then the corrected radius is smaller by a factor
 T eff /( T eff + 750)) 2 , for example of 0.8–0.9 for T eff = 7000 –13 000
 ( R ∝ T −2 

eff , from equation ( 2 )]. 
From the blackbody fitting at optical–ultraviolet, we derived 

mitting radii for UV1, UV3, UV4, and UV10 (Fig. 10 ), which
ave NUV and FUV -band fluxes, and for UV7, UV8, and UV9
Fig. 18 ), which have NUV -band fluxes and are already discussed
n Section 4.2.1 . We indicate radius ranges accounting for distance
ncertainties in the plots of the SEDs. For UV1, assuming that its
ptical and ultraviolet emission stems from a single blackbody source 
which may not necessarily be true and the fit is approximate), the
adius is of 891–1218 km. For the ultraviolet components of UV3
nd UV4, the radii are of about 410–620 km (though in the case
f UV4, the computation is purely formal, because the ultraviolet 
ource is e xtended). F or UV10, assuming that the ultraviolet emission 
tems only from a second component, the corresponding radius is 
f 95–140 km. In the cases of UV7, UV8, and UV9, the radii are
f 1247–1578, 457–665, and 846–1218 km. The remaining eight 
ltra violet candidates ha ve too few near -ultra violet measurements
nd do not allow us to determine whether these could have an
ltraviolet blackbody component. From the perspective of our search, 
e tentatively interpret or propose that some of these ultraviolet 

xcesses, of thermal or non-thermal origin, could relate to neutron 
tars, either from regions extending from these or from interaction 
rocesses with the system components. We recall that for instance 
or radio pulsars, because of the multipath propagation of their radio
mission, these have emitting regions that can be much larger than
he neutron star radius and from a few tens of km to several 10 4 km,
omparable to the light-cylinder radius, which is proportional to the 
ulsar period (Main et al. 2021 ). 
As shown in the orbital-period versus projected-semimajor-axis di- 

gram of Fig. 21 , ATNF pulsars have detected companions typically
f short orbital periods ( � 10 3 d), low or lower masses, and mostly
hite-dw arf type. The tw o first aspects correlate with these pulsars
aving small projected semimajor axes. Besides the low-mass He- 
ore and higher-mass CO/ONeMg-core white dwarfs, there are ultra 
ight ( < 0.08 M �), main-sequence, and neutron-star companions. The
umbers of each types of companions and their millisecond-pulsar 
ubsets are indicated in parenthesis next to the abbreviated labels 
n the legend box. We note the significant amount of millisecond
ulsars. These have spin periods shorter than 30 ms and could emit
ontinuous gra vitational wa ves at frequencies detectable by ground- 
ased detectors. Small (initial) binary separations are required for 
ass transfer, accretion, and thereby the spinning-up of neutron 

tars to rotation periods of milliseconds (Alpar et al. 1982 ; Rad-
akrishnan & Srini v asan 1982 ; Bhattacharya & v an den Heuvel
991 ; Lorimer 2008 ). None of the ATNF millisecond pulsars has
 measured projected semimajor axis larger than 200 lt-s (about the
emimajor axis of Mercury), implying that in the case of white dwarf
ompanions the projected binary separation would not be larger than 
bout ten times this value ( � 4 au). Ho we ver, subsequent mass loss of
ompanions could increase the binary separation, and besides this, 
ompanions at relatively wide separations of the ATNF pulsars may 
ot be easily detectable- nor systematically searched for with the 
ulsar-timing method. 
Assuming that there are white dwarf – neutron star systems among 

ur sources, any real, curvilinear orbital motion captured by Gaia 
R3 data would concern those systems with significantly small 

ngular separations. Gaia is most sensitive to orbital periods close to
ts observing period, as shown in the study about hidden (sub)stellar
ompanions by Andre ws, Brei vik & Chatterjee ( 2019 ). For white
warf – neutron star systems (0.9 + 1.5 M �) of orbital periods of
MNRAS 524, 5658–5707 (2023) 
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M

Figure 21. Orbital period versus projected semimajor axis of neutron stars with companions of different types. P arameter re gions for low and high mass-ratio 
NS–BD (brown), NS–WD (grey or pink), NS–NS (blue), and NS–BH (black) binaries are delimited by the dashed and solid lines, where BD, WD, NS, and BH 

stand for brown dw arf, white dw arf, neutron star, and black-hole mass objects, respectively (see also fig. 5 of Singh, Papa & Dergachev 2019 ). These lines are 
for an inclination of 90 deg and thus indicate the full semimajor axis. The grey dotted line, as compared to the grey dashed line, is for an inclination of 45 deg 
and indicates a projected semimajor axis smaller by a factor 0.71. ATNF pulsars in binaries are shown with a colour according to the type or candidate-type 
of their companion: low-mass He-core white dwarf (grey dots), CO- or ONeMg-core white dwarf (violet diamonds), neutron star (blue upward triangles), 
main sequence star (red rightward triangles), substellar-mass object (brown leftward triangles), or unspecified (black open circles). The respective numbers 
and millisecond-pulsar (spin ≤ 30 ms) subsets are indicated in parenthesis. The PSR J0737 −3039AB binary pulsar is counted once but both components are 
represented in the plot. For comparison, the semimajor axis of Mercury and the radii of the Sun, Earth, and Moon are represented by the vertical dashed lines. 
Semimajor axis – mass relations are indicated, where a = a NS + a C and M = M NS + M C are the binary separation and total mass. 
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nce and twice the Gaia DR3 observing period (2.83 yr), the binary
eparations are of a = 2.68 and 4.26 au. For the sources of Table 9 , the
ower and upper projected binary-separations are of a d−

p = 2 . 1 − 8 . 3
nd a d+ 

p = 2 . 5 − 8 . 5 au at 0.05 arcsec angular separation ( a d+ 

p =
5 − 51 au at 0.3 arcsec), implying that 0.05 arcsec is the level of
ngular separation at which these can be probed. From its own or
omplemented with other astrometric data, Gaia can also enable for
etecting accelerations at larger separations, where the direction of
cceleration may coincide with the relative location of a companion
Bowler et al. 2019 ; Brandt et al. 2021 ; Bonavita et al. 2022 ). 

Because the visual companions of our sources are at very large
rojected separations ( > 0.3 arcsec) of a few 10 1 au, too large to cause
ny significant binary interaction with the main visual component and
xcess emission, these do not hinder the existence of neutron stars in
NRAS 524, 5658–5707 (2023) 
he systems. On the other hand, photoastrometric companions (R, R?,
r U flags) with small projected separations of � 5 au ( � 0.05 arcsec)
ould cause noticeable binary interaction on short time scales and
xcess emission. 

In Fig. 22 , we show the astrometric orbital amplitudes of a neutron
tar (left-hand panel) and its companion (right-hand panel) as a
unction of the distance, for physical binary separations of 10, 5,
nd 1 au. For a circular orbit, the astrometric orbital amplitude is the
ngular semimajor axis 

 vis [mas] = 

1000 

d 
a vis = 

M c 

M vis + M c 

1000 

d 
a, (12) 

here M vis and M c are the masses of the visible and companion
bjects, d [pc] is the distance, and a [au] = a vis + a c the binary
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Figure 22. Astrometric orbital amplitude of a neutron star ( left ) and its companion ( right ), as a function of distance. Amplitudes for low and high mass-ratio 
NS–BD (brown), NS–WD (pink), NS–NS (blue), and NS–BH (black) binaries are represented by the dashed lines, and the dash-triple-dot, dash-double-dot, 
dash-single-dot, and solid lines, respectively. From top to bottom, the physical binary separations are of 10, 5, and 1 au and are represented as angular separations 
(yellow solid lines). The orbital period P for each case of binary component masses is indicated. P arallax es ( π = 1/ d ) are shown by green squares. 
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eparation and sum of the component semimajor axes. The ampli-
ude is obtained by subtracting the proper and parallactic motion
omponents from the time-varying astrometry of the photocentre.
he figures show the astrometric signature of each component
eparately; in reality both components may be visible and cause
 blend photocentre or only one component may be visible. 

The amplitudes for low and high mass-ratio NS–BD (brown),
S–WD (pink), NS–NS (blue), and NS–BH (black) binaries are

epresented by the dashed lines, and, the dash-triple-dot, dash-
ouble-dot, dash-single-dot, and solid lines, respectively, where NS,
D, BD, and BH stand for neutron star, white dwarf, brown dwarf,

nd black-hole mass objects, respectively (the same binaries are also
epresented in Fig. 21 ). The physical binary separation is represented
s angular separation by the yellow solid line. The orbital period P
s indicated for each case of binary component masses. In arithmetic
verage, the astrometric amplitude is covered in P /4. For comparison,
e show parallaxes ( d = 1/ π ) by the green squares. Per definition, the
arallax is co v ered in 1/4 yr ≈ 90 d. In this context, we note that most
ources of Table 9 have pm / plx ratios close to or lesser than one, that
s their parallactic motion (uncertainty) appears to be a significant
ause of the astrometric motion; nine sources are exceptions with
elatively large proper motions ( pm / plx > 3). From the right-hand
anels of Fig. 22 , we see that for physical binary separations of 1–5
u, neutron stars orbiting white dwarfs can induce in white dwarfs
ignificant astrometric jitter or modulation when compared to the
arallactic motion. Quantitatively, from 1 to 5 au, it is of 44–89
o 220–444 per cent, on time-scales of 0.15–0.16 to 1.70–1.77 yr.
his would thus concern potential binaries with angular separations
 0.05 arcsec in Table 9 . Finally and trivially, for a 0.1 au binary

eparation (not shown), orbital astrometric jitters induced in every of
he abo v e binary components are al w ays smaller than 10 per cent of
he parallax. Considering the inclination ( i ), the angle between the
ine of sight and the normal vector to the orbital plane, for inclinations
f 90 and 0 deg, the astrometric displacements are a segment and a
ircle on the sk y, respectiv ely (cos ( i ) = b vis / S vis , where b vis is the
emiminor axis of the visible object). For an inclination of 0 deg, it
roduces the largest binary wobble area in the sky, but no Doppler
hifts in radial velocity. Ho we ver, independent of inclination, an
strometric wobble for these binaries will always occur, and in
eneral, binaries have inclinations distributed uniformly. 
Regarding the minimal separations of the binary candidates, we

an assume that these could be of 0.1 au or less. In the catalogue
f low-mass X-ray binaries (LMXB) in the Galaxy and the Large
nd Small Magellanic Clouds (Liu, van Paradijs & van den Heuvel
007 ), the least intense LMXB sources are the transient ultra-soft
-ray sources. These have orbital periods of a few hours to about
50 h, which are shorter than for a white dwarf – neutron star binary
f 1.0 + 1.5 M � and 0.1 au separation, of P = 175.3 h = 7.30 d.
oo close separations would imply intense accretion and intense X-
ay emission, which is apparently not the case for our sources. At
ess close separations and up to possibly 5 au, weak interactions
etween the stellar components (including orbital material) through
rradiation, particle winds, magnetic fields, and gravitation could
ccur, and possibly cause X-ray, ultraviolet, optical, infrared, or radio
 xcesses. Disco v eries of tight white dwarf – neutron star binaries
r double white dwarfs at separations < 1–4 au are important for
ra vitational wa ve searches (see e.g. Korol et al. 2022 ). In particular,
he tightest binaries can be detected at 0.1–10 mHz with the Laser
nterferometer Space Antenna (LISA; Amaro-Seoane et al. 2017 ). 

We keep for a future work a more detailed characterization of the
ources of this expandable search. This will benefit from updated
arameters provided by the next Gaia Data Releases, in particular
NRAS 524, 5658–5707 (2023) 
istance and binary parameters. For some of the sources, it would
e interesting to confirm whether these have power-law emission (at
0 0 –10 1 μJy flux level), and whether it is pulsed and relates to pulsars
nd neutron stars. In the af firmati ve case, it would be interesting to
etermine how their ultraviolet–optical–infrared emission relates to
adio emission, the magnetic field, and spin-down emission flux (see
.g. Strader et al. 2016 ). Some of the sources with near and mid-
nfrared excesses could be investigated in relation to the possible
xistence of an extended pulsar wind nebula or a resolved supernova
allback disc (as considered for the RX J0806.4 −4123 neutron star,
osselt et al. 2018 ) or discs of other types, which could be detected
nd resolved more easily because the sources have nearer distances.
ecause neutron stars have very high gravitational fields and are
lmost point-like with just 20–30 km in size, these can enable high
y-by velocities and potentially ‘heat up’ orbital material shared
ith their stellar companions. Other indirect observational signatures
f neutron stars, for example related to beam sweeping on orbital
aterial (Mottez, Zarka & Voisin 2020 ), could occur. 

 C O N C L U S I O N S  

hese results are from a search for neutron stars among Gaia broad-
ptical sources, based on magnitudes and colours derived from
bserv ations of kno wn neutron stars and scaled to distances of the
olar neighbourhood. Most nearby neutron stars are expected to be
ld and practically invisible electromagnetically, assuming rapid and
nreversed dimming. These would only rev eal themselv es again,
ither as recycled pulsars or through interactions with companion
tars and circumstellar material. In both cases, it is their – past
r present – interactions with companions that would render these
isible electromagnetically again. 
Neutron stars with stellar companions can be divided into three

ate gories: non-interacting, weakly interacting, and intensiv ely in-
eracting. The intensively interacting neutron stars appear to have
lready been identified among the accreting low-mass X-ray binaries
nd are few ( ∼200) and relatively distant ( ∼kpcs; Liu et al. 2007 ).
hus, the nearest neutron stars, which amount to 1000–2000 within
00 pc, would be weakly interacting or non interacting, isolated. The
nes that can be found electromagnetically are probably those that
ere recycled in the past by a companion and are now (millisecond)
ulsars and those that are presently weakly interacting with stellar
ompanions and orbital material, through irradiation, particle winds,
agnetic fields, and gravitation. 
Because the sources are searched in a photometric region of faint

nd blue sources that is in common with white dwarfs, visible com-
anions are likely to be white dwarfs. This is also in confluence with
ost known pulsars in binaries having white dwarf companions. The

resent, Gaia DR3 measurements of the faint sources are single-star
olutions and do not permit us to infer the masses of the components
nd the orbital elements yet. Ho we ver, these measurements can give
ndications of binarity. With the complement of ultraviolet, optical,
nfrared fluxes, we do identify sources with two-component profiles
such as UV3, UV4, UV7, UV8, and UV10), inv olving power -law-
r thermal emissions, with small thermal radii. 
Further work is required to confirm that these sources hold

ery compact objects. In particular, the confirmation of the source
mission profiles, multiplicity, and component masses, searches of
hanges in electromagnetic fluxes and properties over time, and
he elucidation of the astrophysical processes involved are required.
ulses or modulations of periods shorter than a few seconds could
int at neutron stars. 



Search of nearby resolved neutron stars 5697 

A

T

a
R
S

d  

(
C

A

a  

m

c
2

p
2
1

(  

c
.
p
i

 

N
L
A
N

 

/

a
(

c
e  

A

(  

L
o
A

t  

s
8

/
(
a

c

a
a  

c
P
l
B
M
R
n
a
(

D

N

R

A
A
A
A
A
A
A
A
A
A
A  

A  

A
A
A  

A
A
A
A  

B  

B
B  

B  

B
B
B
B
B
B
B
B
B  

B
B
B
B  

B
B  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/5658/7158697 by M
PI G

ravitational Physics user on 08 August 2023
C K N OW L E D G E M E N T S  

his research has made use of: 

(i) the SkyView image service (McGlynn, Scollick & White 1998 ) 
nd data provided by the High Energy Astrophysics Science Archive 
esearch Centre (HEASARC), which is a service of the Astrophysics 
cience Division at NASA/GSFC. 
(ii) the Aladin Sky Atlas (Bonnarel et al. 2000 ), SIMBAD 

ata base (Wenger et al. 2000 ), and VizieR catalogue access tool
Ochsenbein, Bauer & Marcout 2000 , DOI: 10.26093/cds/vizier), 
DS, Strasbourg, France. 
(iii) the SAOIMAGEDS9 software, developed by the Smithsonian 

strophysical Observatory (Joye & Mandel 2003 ). 
(iv) the IRAF software (Tody 1986 , 1993 ). 
(v) the NUMPY (Harris et al. 2020 ), MATPLOTLIB (Hunter 2007 ), 

nd SCIPY (Virtanen et al. 2020 ) packages in the PYTHON program-
ing language ( https:// www.python.org/ ). 
(vi) ASTROPY ( http://www .astropy .org ), a community-developed 

ore PYTHON package for Astronomy (Astropy Collaboration 2013 , 
018 ). 
(vii) the TOPCAT and STILTS softwares (Taylor 2005 , 2006 ). 
(viii) data, tools, or materials developed as part of the EXPLORE 

roject that has received funding from the European Union’s Horizon 
020 research and innovation programme under grant agreement No. 
01004214. 
(ix) data from the European Space Agency (ESA) mission Gaia 

 ht tps://www.cosmos.esa.int /gaia ), processed by the Gaia Data Pro-
essing and Analysis Consortium (DPAC; https://www.cosmos.esa 
int /web/gaia/dpac/consort ium ). Funding for the DPAC has been 
rovided by national institutions, in particular the institutions partic- 
pating in the Gaia Multilateral Agreement. 

(x) services or data provided by the Astro Data Lab at NSF’s
ational Optical-Infrared Astronomy Research Laboratory. NOIR- 
ab is operated by the Association of Universities for Research in 
stronomy (AURA), Inc. under a cooperative agreement with the 
ational Science Foundation. 
(xi) services or data of the DESI Le gac y Imaging Surv e ys ( https:

/www.legac ysurve y.org/acknowledgment). 
(xii) the WFCAM Science Archive (WSA) holding the image 

nd catalogue data products generated by the Wide Field Camera 
WFCAM) on the United Kingdom Infrared Telescope (UKIRT). 

(xiii) the VISTA Science Archive (VSA) holding the image and 
atalogue data products generated by the VISTA InfraRed CAM- 
ra (VIRCAM) on the Visible and Infrared Surv e y Telescope for
stronomy (VISTA). 
(xiv) data products from the Wide-field Infrared Surv e y Explorer 

 WISE ), which is a joint project of the University of California,
os Angeles, and the Jet Propulsion Laboratory/California Institute 
f Technology, funded by the National Aeronautics and Space 
dministration. 
(xv) NASA’s Astrophysics Data System Bibliographic Services. 
(xvi) the SVO Filter Profile Service ( ht tp://svo2.cab.int a-csic.es/ 

heory/fps/; Rodrigo, Solano & Bayo 2012 ; Rodrigo & Solano 2020 )
upported from the Spanish MINECO through grant AYA2017- 
4089. 

The author expresses his appreciation to the Stack Exchange ( https: 
/ stackexchange.com/ sites# ) Q&A platform, askers, and answerers 
e.g. ProfRob), for providing useful community inputs and hints for 
pproaching and understanding topics. 

The author thanks the anonymous referee and the editors for 
onstructive comments that helped to improve the paper. The author 
cknowledges the useful suggestion and idea by the referee to explicit 
ll the crossmatch separations of the sources, for a more precise
ounterpart and SED analysis. The author thanks Maria Alessandra 
apa, as well as Anjana Ashok, Banafsheh Beheshtipour, Maximil- 

ian Bensch, Pep Blai Covas Vidal, Vladimir Dergachev, Heinz- 
ernd Eggenstein, Liudmila Fesik, Prasanna Mohan Joshi, Bernd 
achenschalk, Thorben Menne, Jing Ming, Gianluca Pagliaro, 
einhard Prix, Gabriele Richardson, Avneet Singh, Benjamin Stelt- 
er, Yuanhao Zhang, Badri Krishnan, and Bruce Allen, for valu- 
ble exchanges. With funding from the Max-Planck-Gesellschaft 
M.FE.A.QOP10004). 

ATA  AVAI LABI LI TY  

o new data were generated or analysed in support of this research. 

EFERENCES  

bbott R. et al., 2021a, ApJ , 921, 80 
bbott R. et al., 2021b, ApJ , 922, 71 
bbott R. et al., 2022a, Phys. Rev. D , 105, 082005 
bbott R. et al., 2022b, Phys. Rev. D , 106, 062002 
bbott R. et al., 2022c, Phys. Rev. D , 106, 102008 
bbott R. et al., 2022d, ApJ , 932, 133 
bbott R. et al., 2022e, ApJ , 935, 1 
bbott T. M. C. et al., 2018, ApJS , 239, 18 
bdollahi S. et al., 2022, ApJS , 260, 53 
lbareti F. D. et al., 2017, ApJS , 233, 25 
lpar M. A. , Cheng A. F., Ruderman M. A., Shaham J., 1982, Nature , 300,

728 
lthaus L. G. , Camisassa M. E., Torres S., Battich T., C ́orsico A. H., Rebassa-

Mansergas A., Raddi R., 2022, A&A , 668, A58 
maro-Seoane P. et al., 2017, preprint ( arXiv:1702.00786 ) 
ndrews J. J. , Breivik K., Chatterjee S., 2019, ApJ , 886, 68 
pps K. , Smart R. L., Silvotti R., 2021, Res. Notes Am. Astron. Soc. , 5,

229 
shok A. et al., 2021, ApJ , 923, 85 
stropy Collaboration , 2013, A&A , 558, A33 
stropy Collaboration , 2018, AJ , 156, 123 
thanasiadis T. M. , Berezina M., Antoniadis J., Champion D. J., Cruces M.,

Spitler L., Kramer M., 2021, MNRAS , 505, 4981 
ailer-Jones C. A. L. , Rybizki J., Fouesneau M., Demleitner M., Andrae R.,

2021, AJ , 161, 147 
ailes M. et al., 1997, ApJ , 481, 386 
ecker W. 2009, Astrophysics and Space Science Library, Vol. 357, Neutron

Stars and Pulsars. Springer, Berlin, p. 697 
eck er W. , Weissk opf M. C., Tennant A. F., Jessner A., Dyks J., Harding A.

K., Zhang S. N., 2004, ApJ , 615, 908 
 ́edard A. , Bergeron P., Brassard P., Fontaine G., 2020, ApJ , 901, 93 
 ́edard A. , Bergeron P., Brassard P., 2022, ApJ , 930, 8 
est W. M. J. et al., 2018, ApJS , 234, 1 
eznogov M. V. , Potekhin A. Y., Yakovlev D. G., 2021, Phys. Rep. , 919, 1 
hattacharya D. , van den Heuvel E. P. J., 1991, Phys. Rep. , 203, 1 
ianchi L. , Shiao B., Thilker D., 2017, ApJS , 230, 24 
laes O. , Madau P., 1993, ApJ , 403, 690 
louin S. , Dufour P., 2019, MNRAS , 490, 4166 
oller T. , Freyberg M. J., Tr ̈umper J., Haberl F., Voges W., Nandra K., 2016,

A&A , 588, A103 
onavita M. et al., 2022, MNRAS , 513, 5588 
onnarel F. et al., 2000, A&AS , 143, 33 
owler B. P. et al., 2019, ApJ , 877, 60 
randt G. M. , Michalik D., Brandt T. D., Li Y., Dupuy T. J., Zeng Y., 2021,

AJ , 162, 230 
runner H. et al., 2022, A&A , 661, A1 
urwitz V. , Haberl F., Neuh ̈auser R., Predehl P., Tr ̈umper J., Zavlin V. E.,

2003, A&A , 399, 1109 
MNRAS 524, 5658–5707 (2023) 

https://www.python.org/
http://www.astropy.org
https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.legacysurvey.org/acknowledgment
http://svo2.cab.inta-csic.es/theory/fps/
https://stackexchange.com/sites
http://dx.doi.org/10.3847/1538-4357/ac17ea
http://dx.doi.org/10.3847/1538-4357/ac0d52
http://dx.doi.org/10.1103/PhysRevD.105.082005
http://dx.doi.org/10.1103/PhysRevD.106.062002
http://dx.doi.org/10.1103/PhysRevD.106.102008
http://dx.doi.org/10.3847/1538-4357/ac6ad0
http://dx.doi.org/10.3847/1538-4357/ac6acf
http://dx.doi.org/10.3847/1538-4365/aae9f0
http://dx.doi.org/10.3847/1538-4365/ac6751
http://dx.doi.org/10.3847/1538-4365/aa8992
http://dx.doi.org/10.1038/300728a0
http://dx.doi.org/10.1051/0004-6361/202244604
http://arxiv.org/abs/1702.00786
http://dx.doi.org/10.3847/1538-4357/ab441f
http://dx.doi.org/10.3847/2515-5172/ac2df2
http://dx.doi.org/10.3847/1538-4357/ac2582
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.1093/mnras/stab1580
http://dx.doi.org/10.3847/1538-3881/abd806
http://dx.doi.org/10.1086/304041
http://dx.doi.org/10.1086/424498
http://dx.doi.org/10.3847/1538-4357/abafbe
http://dx.doi.org/10.3847/1538-4357/ac609d
http://dx.doi.org/10.3847/1538-4365/aa9982
http://dx.doi.org/10.1016/j.physrep.2021.03.004
http://dx.doi.org/10.1016/0370-1573(91)90064-S
http://dx.doi.org/10.3847/1538-4365/aa7053
http://dx.doi.org/10.1086/172240
http://dx.doi.org/10.1093/mnras/stz2915
http://dx.doi.org/10.1051/0004-6361/201525648
http://dx.doi.org/10.1093/mnras/stac1250
http://dx.doi.org/10.1051/aas:2000331
http://dx.doi.org/10.3847/1538-4357/ab1018
http://dx.doi.org/10.3847/1538-3881/ac12d0
http://dx.doi.org/10.1051/0004-6361/202141266
http://dx.doi.org/10.1051/0004-6361:20021747


5698 G. Bihain 

M

B
C
C
C
C
C
C
C  

C
D
D
D  

D
D  

 

 

D  

D
E
E  

E
E
E  

 

E
E
F
F
G
G
G
G
G
G
G
G
G  

G
H
H
H
H  

H
H
H
J
J  

 

K  

K  

K
K
K
K  

K  

K
K
K  

K  

K
L  

L  

 

 

L
L
L
L
L
M  

M  

M  

M
M
M
M  

M
M
M  

 

M  

M
M
M  

M
M  

M
M
M  

M
M
N
N
N
O
O
O
P
P  

P
P
P
P  

P  

P  

R
R  

R
R  

R

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/5658/7158697 by M
PI G

ravitational Physics user on 08 August 2023
uschauer R. , Benford G., 1976, MNRAS , 177, 109 
aiazzo I. et al., 2021, Nature , 595, 39 
asagrande L. , VandenBerg D. A., 2018, MNRAS , 479, L102 
hambers K. C. et al., 2016, preprint ( arXiv:1612.05560 ) 
hisholm J. R. , Dodelson S., Kolb E. W., 2003, ApJ , 596, 437 
ioni M. R. L. et al., 2011, A&A , 527, A116 
olla G. et al., 1972, A&AS, 7, 1 
ondon J. J. , Cotton W . D., Greisen E. W ., Yin Q. F., Perley R. A., Taylor G.

B., Broderick J. J., 1998, AJ , 115, 1693 
ovas P. B. , Papa M. A., Prix R., Owen B. J., 2022, ApJ , 929, L19 
ergachev V. , Papa M. A., 2023, Phys. Rev. X , 13, 021020 
ey A. et al., 2019, AJ , 157, 168 
odson R. , Legge D., Reynolds J. E., McCulloch P. M., 2003, ApJ , 596, 1137
rake A. J. et al., 2017, MNRAS , 469, 3688 
ufour P. , Blouin S., Coutu S., Fortin-Archambault M., Thibeault C.,

Bergeron P., Fontaine G., 2017, in Tremblay P. E., Gaensicke B., Marsh
T., eds, ASP Conf. Ser. Vol. 509, 20th European White Dwarf Workshop,
Astron. Soc. Pac., San Francisco, p. 3 

urant M. , Kargaltsev O., P avlo v G. G., Kowalski P. M., Posselt B., van
Kerkwijk M. H., Kaplan D. L., 2012, ApJ , 746, 6 

ye S. et al., 2018, MNRAS , 473, 5113 
delson R. , Malkan M., 2012, ApJ , 751, 52 
dge A. , Sutherland W., K uijken K., Driv er S., McMahon R., Eales S.,

Emerson J. P., 2013, The Messenger, 154, 32 
l-Badry K. , Rix H.-W., 2018, MNRAS , 480, 4884 
l-Badry K. , Rix H.-W., Heintz T. M., 2021, MNRAS , 506, 2269 
lms A. K. , Tremblay P.-E., G ̈ansicke B. T., Koester D., Hollands M. A.,

Gentile Fusillo N. P., Cunningham T., Apps K., 2022, MNRAS , 517,
4557 

noto T. , Kisaka S., Shibata S., 2019, Rep. Prog. Phys. , 82, 106901 
vans I. N. et al., 2010, ApJS , 189, 37 
abricius C. et al., 2021, A&A , 649, A5 
ischer D. A. , Marcy G. W., 1992, ApJ , 396, 178 
aia Collaboration , 2016, A&A , 595, A1 
aia Collaboration , 2021a, A&A , 649, A1 
aia Collaboration , 2021b, A&A , 649, A6 
aia Collaboration , 2022, preprint ( arXiv:2206.05595 ) 
ates E. et al., 2004, ApJ , 612, L129 
entile Fusillo N. P. et al., 2019, MNRAS , 482, 4570 
entile Fusillo N. P. et al., 2021, MNRAS , 508, 3877 
iammichele N. , Bergeron P., Dufour P., 2012, ApJS , 199, 29 
onz ́alez-Caniulef D. , Guillot S., Reisenegger A., 2019, MNRAS , 490, 5848
onz ́alez-Fern ́andez C. et al., 2018, MNRAS , 474, 5459 
amaguchi K. , Nagata N., Yanagi K., 2019, Phys. Lett. B , 795, 484 
arris C. R. et al., 2020, Nature , 585, 357 
artman Z. D. , L ́epine S., 2020, ApJS , 247, 66 
ollands M. A. , Tremblay P. E., G ̈ansicke B. T., Koester D., 2022, MNRAS ,

511, 71 
ughes A. C. N. , Bailer-Jones C. A. L., Jamal S., 2022, A&A , 668, A99 
unter J. D. , 2007, Comput. Sci. Eng. , 9, 90 
urley-Walker N. et al., 2022, Nature , 601, 526 

ohnson J. A. , 2019, Science , 363, 474 
oye W. A. , Mandel E., 2003, in Payne H. E., Jedrzejewski R. I., Hook R. N.,

eds, ASP Conf. Ser. Vol. 295, Astronomical Data Analysis Software and
Systems XII. Astron. Soc. Pac., San Francisco, p. 489 

aiser B. C. , Clemens J. C., Blouin S., Dufour P., Hegedus R. J., Reding J.
S., B ́edard A., 2021, Science , 371, 168 

aplan D. L. , Kamble A., van Kerkwijk M. H., Ho W. C. G., 2011, ApJ , 736,
117 

argaltsev O. , P avlo v G. G., Romani R. W., 2004, ApJ , 602, 327 
epler S. O. et al., 2016, MNRAS , 455, 3413 
hramtsov V. , Akhmetov V., Fedorov P., 2020, A&A , 644, A69 
hramtsov V. , Spiniello C., Agnello A., Sergeyev A., 2021, A&A , 651, A69
ilic M. , Bergeron P., Kosakowski A., Brown W. R., Ag ̈ueros M. A., Blouin

S., 2020, ApJ , 898, 84 
ilic M. , Bergeron P., Blouin S., B ́edard A., 2021, MNRAS , 503, 5397 
imura S. S. , Kashiyama K., Hotokezaka K., 2021, ApJ , 922, L15 
orol V. , Hallakoun N., Toonen S., Karnesis N., 2022, MNRAS , 511,

5936 
NRAS 524, 5658–5707 (2023) 
uniyoshi M. , Verbiest J. P. W., Lee K. J., Adebahr B., Kramer M., Noutsos
A., 2015, MNRAS , 453, 828 

uzmin A. D. , Losovsky B. Y., 2001, A&A , 368, 230 
ane W. M. , Cotton W. D., van Velzen S., Clarke T. E., Kassim N. E.,

Helmboldt J. F., Lazio T. J. W., Cohen A. S., 2014, MNRAS , 440, 327 
asker B. M. , Doggett J., McLean B., Sturch C., Djorgovski S., de Carvalho

R. R., Reid I. N., 1996, in Jacoby G. H., Barnes J., eds, ASP Conf. Ser.
Vol. 101, Astronomical Data Analysis Software and Systems V. Astron.
Soc. Pac., San Francisco, p. 88 

awrence A. et al., 2007, MNRAS , 379, 1599 
eggett S. K. et al., 2018, ApJS , 239, 26 
 ́epine S. , Shara M. M., 2005, AJ , 129, 1483 
iu Q. Z. , van Paradijs J., van den Heuvel E. P. J., 2007, A&A , 469, 807 
orimer D. R. , 2008, Living Rev. Relativ. , 11, 8 
accacaro T. , Gioia I. M., Wolter A., Zamorani G., Stocke J. T., 1988, ApJ ,

326, 680 
agaudda E. , Stelzer B., Raetz S., Klutsch A., Salvato M., Wolf J., 2022,

A&A , 661, A29 
ain R. , Lin R., van Kerkwijk M. H., Pen U.-L., Rudnitskii A. G., Popov M.

V., Soglasnov V. A., Lyutikov M., 2021, ApJ , 915, 65 
anchester R. N. , Hobbs G. B., Teoh A., Hobbs M., 2005, AJ , 129, 1993 
aoz D. , Ofek E. O., Shemi A., 1997, MNRAS , 287, 293 
arocco F. et al., 2021, ApJS , 253, 8 
arrese P. M. , Marinoni S., Fabrizio M., Altavilla G., 2019, A&A , 621,

A144 
arsh T. R. et al., 2016, Nature , 537, 374 
cCleery J. et al., 2020, MNRAS , 499, 1890 
cGlynn T. , Scollick K., White N., 1998, in McLean B. J., Golombek D. A.,

Hayes J. J. E., Payne H. E., eds, Proc. IAU Symp. Vol. 179 , New Horizons
from Multi-Wavelength Sky Surveys . Springer, Dordrecht, p. 465 

cMahon R. G. , Banerji M., Gonzalez E., Koposov S. E., Bejar V. J., Lodieu
N., Rebolo R., VHS Collaboration 2013, The Messenger, 154, 35 

elrose D. B. , Rafat M. Z., Mastrano A., 2021, MNRAS , 500, 4530 
essineo M. , Brown A. G. A., 2019, AJ , 158, 20 
ignani R. P. , De Luca A., Caraveo P. A., Becker W., 2002, ApJ , 580, L147
ignani R. P. , P avlo v G. G., Kargaltsev O., 2010, ApJ , 720, 1635 
ignani R. P. , De Luca A., Hummel W., Zajczyk A., Rudak B., Kanbach G.,

Sło wiko wska A., 2012, A&A , 544, A100 
ignani R. P. et al., 2013, MNRAS , 429, 3517 
ignani R. P. et al., 2019, ApJ , 871, 246 
ing J. , Papa M. A., Eggenstein H. B., Machenschalk B., Steltner B., Prix

R., Allen B., Behnke O., 2022, ApJ , 925, 8 
inniti D. et al., 2010, New Astron. , 15, 433 
ottez F. , Zarka P., Voisin G., 2020, A&A , 644, A145 
idever D. L. et al., 2021, AJ , 161, 192 
ieder L. , Allen B., Clark C. J., Pletsch H. J., 2020a, ApJ , 901, 156 
ieder L. et al., 2020b, ApJ , 902, L46 
’Connor P. , Golden A., Shearer A., 2005, ApJ , 631, 471 
chsenbein F. , Bauer P., Marcout J., 2000, A&AS , 143, 23 
fek E. O. , Frail D. A., 2011, ApJ , 737, 45 
age D. , Geppert U., Weber F., 2006, Nucl. Phys. A , 777, 497 
agliaro G. , Alessandra Papa M., Ming J., Lian J., Tsuna D., Maraston C.,

Thomas D., 2023, preprint ( arXiv:2303.04714 ) 
alomba C. , 2005, MNRAS , 359, 1150 
arsons S. G. et al., 2017, MNRAS , 470, 4473 
atruno A. , Kama M., 2017, A&A , 608, A147 
 avlo v G. G. , Rangelov B., Kargaltsev O., Reisenegger A., Guillot S., Reyes

C., 2017, ApJ , 850, 79 
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PPENDI X  A :  F U RTH E R  DETA I LS  O N  T H E  M G 

 1 6  SAMPLE,  T H E  COLOUR-SELECTED  

UBSAMPLE,  A N D  PR  O B  ABLE  WHI TE-DWA RF  

HOTOMETRI C  CANDI DATES  

or the 75 073 sources in the M G > 16 sample, the relative flux
ncertainties (1/ snr flux ) at G band are lesser than 10 per cent, and for
ost of the 58 135 and 58 656 sources with G BP and G RP photometry,

he uncertainties are lesser than 30 per cent and 20 per cent, that is 0.3
nd 0.2 mag [magnitude uncertainty ≈2.5log (1 ± 1/ snr flux )]. These
ncertainties reflect the minimum numbers of observations for the 
andpasses required for the Gaia (E)DR3 catalogue: phot g n obs
10, phot bp n obs ≥2, and phot rp n obs ≥2, for G , G BP ,

nd G RP , respectively. The maximum apparent magnitudes at G BP , G ,
nd G RP in the sample are 24.5, 21.4, and 22.3 mag (sources without
arallax in the whole Gaia catalogue can have values as high as
5.3, 23.0, and 24.7 mag), whereas the mean apparent magnitudes 
re of 21, 20.5, and 19 mag, respectively. The maximum absolute
agnitudes are of 23.3, 21.7, and 20.0 mag using either the inverse

arallax or the d 50 distance. The implied intrinsic limits are shown
y the lower grey dotted lines in Fig. 3 . The absolute magnitude
ifference between the former and latter distance methods is al w ays
maller than + 0.8 mag (distance factor lesser than 1.5), with zero
ifference at snr π > 10, and an increasing difference towards M G =
6 mag for snr π < 5–10. For our search, these differences are not
ignificant. 

In the colour-selected subsample, two sources have very blue G BP 

G colours of −2.7 mag and are not shown in Fig. 3 . These also
ave the highest value of 8 in the subsample, of the corrected colour-
xcess factor ( phot bp rp excess factor corrected ). The
actor is defined as the sum of the G BP and G RP -band fluxes divided
y the G -band flux, corrected by a colour function. For an isolated
tellar point source, it is expected to be close to zero, with positive
alues when the source has more flux at G BP and G RP bands than at G
and, and vice versa, for negative values (Riello et al. 2021 ). The G -
and flux is obtained from profile fitting in a relatively small field, of
.35 × 2.1 arcsec 2 for faint sources, and the G BP and G RP band fluxes
re sums in an aperture of 3.5 × 2.1 arcsec 2 , thus any high excess
 actor w ould indicate contamination from a nearby source. Gaia DR3
661504581157717120 ( G = 20.7, G − G RP = 0.5 mag) is in a dense
eld of the Large Magellanic Cloud, clearly visible as a relatively
MNRAS 524, 5658–5707 (2023) 
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Figure B1. SEDs of three white-dwarf sources with griz -band flux profiles 
that are: ( top panel ) very curved (‘DC1’), ( middle panel ) curved-up (large 
αν errors), peaking at gr bands, and with significantly suppressed u -band 
flux (Gaia DR3 1505825635741455872), ( bottom panel ) straight-up with an 
apparent i -band flux excess (Gaia DR3 283928743068277376). Same as in 
Fig. 10 . 
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lue source in ugriz -band stack images of NOIRLab. It blends with
 star 2.2 arcsec south and of G = 18.6 mag. It corresponds to NSC
R2 189095 13039 with u − g = 21.235–21.219 = 0.02 mag (only
g -band photometry are available) and the blending, redder star is
SC DR2 189095 10634, with u − g = 20.643 − 18.854 = 1.79,
 − r = 0.49, r − i = 0.26, and i − z = 0.10 mag. Gaia DR3
853004242120032256 ( G = 21.0, G − G RP = 0.8 mag) is in the
alactic plane at ( l , b ) = (313.17, −3.70) ◦. It is clearly visible in

mages of the DECam Plane Surv e y (DECaPS) DR1 (Schlafly et al.
018 ), where it appears almost as red as its nearest and brighter
aia neighbour 2.4 arcsec north. In fact, it consists of a 0.65 arcsec

eparation blend of grizY -band DECaPS 1028228089934061633
 i = 20.3 mag) and iz -band DECaPS 1028228089938032219 ( i =
1.2 mag), which have red colours. Thus the unusually blue G BP − G 

olours of the two Gaia sources and their very high colour-excess
actors are probably caused by their faintness compared to sources
lending within arcsec. The remaining of the 2464 sources have
orrected colour-excess factors in the range −0.6–1.6 and peaking at
.1. There is also a flux bias towards greater values (o v erestimating
he flux) at low fluxes close to the minimum thresholding in Gaia
R3, and it affects mostly the G BP band for red sources (Fabricius

t al. 2021 ; Riello et al. 2021 ). The flux bias is negligible for input
 BP and G RP -band magnitudes that are less faint than about 20.5 and
0.0 mag (Fabricius et al. 2021 ). This bias implies that in our colour
election of faint sources we may have taken in sources that are in
act redder than their colour values in the catalogue, as for example,
C1–RC5 (Appendix D ). 
Regarding known probable white-dwarf photometric candidates

mong the sources of the colour-selected subsample, there are (i)
13 with P WD > 0.5 in GCNS and (ii) 72 with P WD ≤ 0.5 in GCNS
ut P WD > 0.5 in Gentile Fusillo et al. ( 2021 , 71 sources) or Gentile
usillo et al. ( 2019 , Gaia DR3 1781440902671450880). Also, there
re 35 in the 100 pc white-dwarf candidate sample of Torres et al.
 2019 ), of which two are not in the previous three references and
3 are with P WD > 0.5 in GCNS. GCNS and non-GCNS probable
hite-dwarf photometric candidates are represented by yellow and
range small squares in Fig. 3 and have M G < 17.7 mag. Three of the
ormer are identified as resolved multiple systems in GCNS. These
re bound wide binaries and indicated by red circles. Gaia DR3
570574230528214400 ( M G = 16.0, G BP − G = 0.7 mag) is part of
 double white dwarf binary of separation of 128 au, with Gaia DR3
570574260593313152 ( M G = 15.5) as the brighter component;
t was previously identified as an unresolved large proper-motion
tar in the catalogue of L ́epine & Shara ( 2005 ). Gaia DR3
476576831314323456 ( M G = 16.0, G BP − G = 0.5 mag) is part of
 double white dwarf binary of separation of 824 au, with Gaia DR3
476576831311990144 ( M G = 15.5) as the brighter component;
oth components were previously identified individually as white
warf photometric candidates in the catalogue of Gentile Fusillo
t al. ( 2019 ). Gaia DR3 6178573689547383168 ( M G = 16.5, G BP 

G = −0.1 mag) is part of a white-dwarf–main-sequence binary
f separation of 2754 au, with Gaia DR3 6178573792627114496
 M G = 7.7, photometric spectral type ∼ K6V) as the brighter
omponent; the components were previously identified as a wide
inary in the catalogue of Hartman & L ́epine ( 2020 ). In total, there are
43 sources with P WD > 0.5 in Gentile Fusillo et al. ( 2021 ): these have
 V mean extinctions of 0.01–0.09 mag, d 50 distances of 32–104 pc,
 WD of 0.91–1.00, snr π of 3.4–166, M G of 16.0–17.6 mag, numbers
f Gaia DR3 sources in their respective constant-area surrounding
elds of 30–11 355 ( DENSITY parameter), H-atmosphere T eff of
734–6958 K (78 sources), He-atmosphere T eff of 3956–7785 K (84
ources), and proper motions of 1.8–2354 mas yr −1 . 
NRAS 524, 5658–5707 (2023) 
PPENDI X  B:  SEDS  O F  T H R E E  N E A R B Y  

H I T E - DWA R F  S O U R C E S  

he SEDs of three large proper-motion (285–520 mas yr −1 ), nearby
 d 50 = 34–37 pc) white-dwarf sources, are shown in Fig. B1 . Gaia
R3 3905335598144227200 (SDSS J122048.65 + 091412.1; ‘DC1’)

s a DC white dwarf of very cool- and mixed H/He atmosphere (Gates
t al. 2004 ). Its SED diverges from that of a blackbody and from
hose of theoretical white dwarf pure H and He atmospheres. The flux
uppression at iz bands, producing bluer colours relative to the r band
i.e. r − i and r − z), is caused by H 2 pressure-induced absorption;
his absorption is greater in white dwarf H atmospheres that are cooler
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Figure C1. Sequence of DSS2- (1995–1996), SDSS- (2005), and DECaLS (2015–2017-epoch) colour images showing that P18 is comoving with the brighter 
and redder star, Gaia DR3 3948582104883968384. The small green squares indicate the Gaia DR3 positions at epoch 2016.0, and the red arrows indicate the 
proper motions, magnified to show their equality. 
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Table C1. Astrometry of the proper motion stellar binary of P18. 

Parameter Component A Component B 

Gaia DR3 3948582104883237632 3948582104883968384 
pm RA (mas yr −1 ) −88.586 ± 2.108 −90.558 ± 0.044 
pm Dec (mas yr −1 ) −15.676 ± 1.150 −15.720 ± 0.035 
Plx (mas) (13.53 ± 1.72) 5.882 ± 0.041 
RA ICRS ( ◦) 187.59980167314257 187.60021864187 
Dec ICRS ( ◦) 18.886339386336545 18.88492845292 
Epoch (yr) 2016.0 2016.0 
G (mag) 20.781 ± 0.014 15.694 ± 0.003 
G BP (mag) 21.021 ± 0.193 16.995 ± 0.005 
G RP (mag) 19.873 ± 0.153 14.565 ± 0.004 
ρ (arcsec), PA (deg) 5.274, 164.4 
a proj (au) at 168 pc 886 

NSC DR2 
RA J2000 ( ◦) 187.599795417444 187.60020211637547 
Dec J2000 ( ◦) 18.8863284791447 18.884931674173455 
Epoch (yr) 2016.5714 2016.7941 
ρ (arcsec), PA (deg) 5.216, 164.6 

PS1 DR1 
RA J2000 ( ◦) 187.599828930 187.600258740 
Dec J2000 ( ◦) 18.886344310 18.884933650 
Epoch (yr) 2011.5613 2011.8995 
ρ (arcsec), PA (deg) 5.285, 163.9 

SDSS DR 13 
RA ICRS ( ◦) 187.600089120098 187.600512478144 
Dec ICRS ( ◦) 18.8863672307873 18.8849507640562 
Epoch (yr) 2005.3562 2005.3562 
ρ (arcsec), PA (deg) 5.299, 164.2 

Gaia -SDSS 
pm RA (mas yr −1 ) −92.0 ± 1.6 −94.0 ± 0.1 
pm Dec (mas yr −1 ) −9.4 ± 1.9 −7.5 ± 0.1 
NSC-SDSS 
pm RA (mas yr −1 ) −89.2 ± 1.7 −92.4 ± 0.3 
pm Dec (mas yr −1 ) −12.4 ± 2.0 −6.0 ± 0.6 
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r richer in helium. The DC white dwarf has a mixed atmosphere of
 (H)/ N (He) = 10 −1.22 and T eff = 3531 ± 37 K (Leggett et al. 2018 ).
aia DR3 1505825635741455872 (SDSS J140324.67 + 453332.7) 

s a DC white dwarf with a griz -band flux profile that is blue,
urved (large αν errors), peaking at gr bands, and with significantly 
uppressed u -band flux. 

Gaia DR3 283928743068277376 is a probable white dwarf 
andidate based on Gaia photometry and astrometry (Gentile Fusillo 
t al. 2019 , 2021 ; GCNS). It is spectroscopically unconfirmed and
oted as having peculiar Gaia and PS1 colours (McCleery et al. 
020 ). The SED in Fig. B1 indicates that it is very blue ( αν = −1.5)
nd has a peculiar i -band flux excess. The later probably stems from
ontamination by the glare of the bright and very small proper motion
aia DR3 283928678644413824 star ( G = 16.48 mag, 2.6 mas yr −1 ).

n PS1, the glare contamination is strongest redwards and at the 
 -band epoch (2013.8), when the separation of the sources is of
.0 arcsec. (At the later Gaia 2016.0 epoch, it is even closer, of
.8 arcsec.) At epoch 2005.0, in ugriz -band images at the border of
he SDSS DR9 surv e y (where no catalogue photometry is available),
he white dwarf source is farther at 5.4 arcsec and well isolated. Its
DSS ri -band counts compared to other sources with PS1 magnitudes 

ndicate fluxes consistent with a relatively straight griz -band profile. 

PPEN D IX  C :  A  L A R G E  PROPER-MOTION- ,  
9 0 0  AU -WID E,  WHITE-DWARF–M-  
YPE- DWARF  BINARY  

aia DR3 3948582104883237632 (P18; αν = 1.6) is located 5.3 arc- 
ec north of a 5 mag brighter star, Gaia DR3 3948582104883968384 
 G = 15.69 mag). The two objects share the same Gaia proper
otion of ( −90.6, −15.7) within 2 mas yr −1 . We corroborated

his independently by measuring their Gaia –SDSS and NSC-SDSS 

roper motions, assuming the source nominal coordinates in the 
atalogues (Table C1 ). The agreement between the declination 
omponents of the proper motions is corroborated less well, possibly 
ecause the PSFs of these sources blend along the declination. The 
isplacement o v er time of the stellar binary can be seen in the surv e y
olour images of Fig. C1 , from the Second Digitized Sky Survey
DSS2, Lasker et al. 1996 ; blue epoch 1995.2 and red epoch 1996.4)
o SDSS DR9 (epoch 2005.4) to the Dark Energy Camera Le gac y
urv e y (DECaLS; Dey et al. 2019 ) DR5 (epoch 2015–2017), and
elative to the Gaia DR3 2016.0 positions. Possibly because of 
he glare of the bright star, the candidate has slightly larger than
sual PS1 griz -band uncertainties (0.10, 0.08, 0.06, and 0.08 mag,
espectiv ely), its SDSS PSF magnitudes hav e unrealistic errors (we
MNRAS 524, 5658–5707 (2023) 
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onsidered its SDSS model magnitudes instead), and its parallax
and d 50 = 79 pc) disagrees significantly with that of the bright star.
he parallax of the later is more accurate and implies a distance
f about 168 ± 1 pc (from the Gaia (E)DR3 distance catalogue of
ailer-Jones et al. 2021 ) and thereby a tangential velocity of v t =
3 km s −1 . At the larger distance, the G -band absolute magnitude of
18 becomes M G = 20.78 + 5 × log (5.8817) − 10 = 14.63 mag,
hich remains well below the stellar main sequence. The G BP − G =
.30, G − G RP = 1.13, and M G = 9.54 mag of the bright star indicate
onsistently an M2.5V spectral type, corresponding to an ef fecti ve
emperature of 3500 K and a mass of 0.40 M �, based on the MSC
ompilation. At 168 pc, the binary would have a projected physical
eparation of 886 au. The probability of chance alignment at this
rojected physical separation is likely to be less than 0.1 per cent,
specially in this sparse stellar field well abo v e the direction of the
alactic plane, and it is near the peak ( ∼1000 au) of the distribution
f separations of low-mass stellar wide binaries (El-Badry & Rix
018 ; El-Badry et al. 2021 ; Gaia Collaboration 2021b ). Assuming a
ass of 0.40 M � for each component, and multiplying the physical

eparation by 1.26 to account statistically for inclination angle and
ccentricity of binary orbits (Fischer & Marcy 1992 ), the binary
ould have an orbital period of 4.2 × 10 4 yr. 

PPENDIX  D :  R E D - C O L O U R  DWARFS  

he five sources with the reddest PS1-, SDSS and
SC griz -band slopes, independent of slope uncertainty,

re Gaia DR3 900742499823605632 (RC1), Gaia DR3
389594118549228416 (RC2), Gaia DR3 4780916942594976768
RC3), Gaia DR3 3618788707439181440 (RC4), and Gaia DR3
906188219358053248 (RC5). These are listed in Table D1 . Their
arameters and photometry are listed in Tables 8 , E3 , and E4 , and
heir SEDs are shown in Fig. G6 (available as online supplementary

aterial). 
In the M G versus G − G RP colour–absolute magnitude diagram

f Fig. F2 (available as online supplementary material), these have
olours close to 0.9 mag, as red as the DQpec white dwarf LHS 2229
 Gaia DR3 740483560857296768, flagged ‘DQpec’). DQ white
NRAS 524, 5658–5707 (2023) 

Table D1. Red-colour dwarfs. 

Flag Plx μα∗ μδ G BP − G G − RP g − r 
(mas) (mas yr −1 ) (mag) (mag) (mag) (mag)

RC1 11.1 ± 2.9 − 4 .5 − 15 .6 20.82 0.44 ± 0.42 0.80 ± 0.22 1.73 
RC2 10.8 ± 2.8 − 9 .0 − 9 .9 20.94 0.36 ± 0.29 0.78 ± 0.13 1.76 
RC3 11.1 ± 2.6 29 .2 − 28 .4 20.90 0.57 ± 0.39 0.89 ± 0.14 1.46 
RC4 14.6 ± 3.0 − 8 .8 10 .4 20.86 0.56 ± 0.42 0.86 ± 0.17 1.49 
RC5 10.7 ± 2.0 53 .8 − 19 .0 20.88 0.48 ± 0.42 0.88 ± 0.14 1.65 

Proper motion component errors are of 1.3–2.7 mas yr −1 . The griz-band photometric (P)
warfs have atmospheres enriched in carbon, and the peculiar DQ
HS 2229 has very strong shifted C 2 Swan bands in the blue optical

see Giammichele, Bergeron & Dufour 2012 ), affecting mostly the
 band. Because of this, in the SED of LHS 2229, we fitted only the
iz bands (Figs 11 , G3, and G6). Ho we ver, at the optical–infrared,
he five sources are much redder than LHS 2229, as seen at the G

J , i − z and i − J (Figs F4, F5, and F6), r − i (Fig. F7), r − J
Figs F16 and F17), z − J (Fig. F12), and i − W 1 colours (Fig. F15).
n fact, their colours are those of early M-type dwarfs. Considering
he increasing number of sources towards the G − G RP selection
oundary (Fig. 3 ), similar red-colour sources could probably be
ound beyond the boundary, some of these merging with the ML-
ype dwarf sequence. 

From least-square fitting with main-sequence dwarf photometry
f the MSC compilation, we obtain the following spectral types:
C1 (M4V), RC2 (M4.5V), RC3 (M4.5V), RC4 (M5V), and RC5

M5.5V). Because the sources are under the main sequence (3–4 mag
nder in the M G versus i − z diagram of Fig. 19 ), these could be
f low-metallicity and subdwarfs. However, the J − K versus i − J
olours of RC3, RC4, and RC5 o v erlap with the main sequence and
o not suggest extreme- or ultra-subdwarf M types, which have less
ed J − K colours (fig. 1 of Zhang et al. 2017 ). Their J − K versus
 − W 2 and J − H versus z − J colours also o v erlap with the main
equence (fig. 18 of Zhang et al. 2018 ). Interestingly, the red-colour
ources are located towards sparse stellar regions out of the direction
f the Galactic plane (Section 4.1 ), and their Gaia photoastrometric
arameters do not appear to indicate binarity. Ho we ver, their snr π are
ow, of 4–5, and their visibility periods used are of about
0, suggesting that their distances could be larger. We note that RC1
as no HK s -band measurements and has a less coincidental mid-
nfrared counterpart, located 1.73 arcsec west. Supposing that RC1
s in fact relatively faint in the near and mid-infrared, then it could
ither be (i) an M-type subdwarf or (ii) a white dwarf cooler than
250 K, such as the few ultra-cool white dwarfs known (McCleery
t al. 2020 ). Finally, we note that RC3 and RC5 have large proper
otions of 41–57 mas yr −1 . 
r − i i − z P z − J J − H J − K s J − W 1 W 1 − W 2 
 (mag) (mag) (mag) (mag) (mag) (mag) (mag) 

1.28 0.74 3 1.25 – – (1 .18) (0 .18) 
1.43 0.77 3 1.67 – – 0 .98 − 0 .13 
1.60 0.69 2 1.53 0.48 0.75 1 .10 − 0 .44 
1.66 0.71 2 1.64 0.38 0.82 1 .02 0 .03 
2.15 0.88 2 1.64 – 0.71 0 .92 0 .01 

 colours are from 2– NSC and 3– SDSS. 

 Physics user on 08 August 2023
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