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Fu, Wu et al. 2021, ApJS, 254, 6; Pang, Wu et al. 2025, ApJ, 980, 223;

Fu, Wu et al. 2022, ApJS, 261, 32; Pang, Wu et al. 2025, MNRAS, 540,2216
Fu, Wu et al. 2024, ApJS, 271, 54; Zhu, Wu et al. 2025, ApJS, in press
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2019; Fujimoto et al. 2022)
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(Risaliti & Lusso 2015, 2019; Risaliti
et al. 2023)

- WX EMRH Sandage-Loeb 1615
(Sandage 1962; Loeb 1998) H =M
=MIE 21 (QUBRICS; Cupani et al.
2022)
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DESIZﬁﬁEI’\B"éf'JZISMEE
_____ Representativesurveys | Numbers

The Bright Quasar Survey (BQS; Schmidt & Green, 1983) 114
The Large Bright Quasar Survey (LBQS; Hewett, Foltz, & Chaffee, 1995) 1,000
The 2dF Quasar Redshift Survey (2QZ; Croom et al. 2004) 23,338
The 7th data release of the SDSS Quasar Catalog (DR7Q; Schneider et al. 2010) 105,783
SDSS DR12Q (Paris et al. 2017) 297,301
SDSS DR14Q (Paris et al. 2018) 526,356
SDSS DR16Q (Lyke et al. 2020) (contains candidates that are not visually

inspected) 750,414

LAMOST Quasar Survey (Jin, Wu et al. 2023) 31,866

T s (Lyke et al. 2020)
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I Gaia DR3 ZEMRMMzEKEER
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BEARE
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sources per 0.2 mag bins
—
o
w

Purer quasar sample
Purer galaxy sample

2. = Full quasar sample
... Full galaxy sample

2.5 5.0 7.5

10.0

12.5

15.0

G magnitude

17.5

20.0

22.5

Module Selected  Featuring
sources parameters
gso_candidates 6649 162
DSC 5543896 6647511
QSOC 1834118 6375063
Vari-Classification 1035207 1122361
Vari-AGN 872 228 872 228
Surface brightness 925939 1084 2438
Gaia-CRF3 1614173 1614173

OA

N/A

2 803 225

Gaia Collaboration, Bailer-dJones et al. 2022
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QuaiattGaia DR3 K2R EREERGEEF S, EFRKTEE

Mag-proper motion

cut Color cuts
Quaia superset - Quaia sup%rset
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« NFGaiaBTEIEH—SIRAFERNERM
(Fu, Wu et al. 2021, ApJS)

[Ty

- RN / HRABEE
- SRBREEERF I HENNAE
« BRBEM L (CNN)U B Gaia XL LI

o« JIRFF FBCSSTM YR FLE 61T KA
2R ERERITTEM

Pimh

UGC redshift
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- @ Predictions with flags_gsoc =0

Constant predictions

O.Il O.I2 013 0.I5 1I 2I é éll 5l (IS
QSOC redshift

GDR3 QSOC redshift:

inconsistency between different models;

large scatters due to data from few passbands



. omerative SVYM
Mean-S hift K-Nn Decision Trees

DIMENSION REDUCTION
(generalization
-S
s

CLASSICAL
LEARNING

REINFORCEMENT
LEARNING

Genetic Q-Learnin

Algorithm BE
A3C
NEURAL
NETS AND
DEEP LEARNING
/

eeeeeeeee

GRU

https://vas3k.com/blog/machine_learning/

Classification) Loaistic Regression
Linear Regression
Regression Polynomial
Regression
idge/Lasso
Re i

Random Forest

Py » 3
ON Je 7 2

PEKING UNIVERSITY

WEFS (ZGEEEFRL) NEREX.
k-NN. ZF#FmEHl. RERWSF

TEHEFS (JIGEHREARTRL)
k-meansZZ 7‘< TR IITF

SRESNNCW

S£RFS] . @I {ERbagging, boosting%F
SRTTE, AE—HIONESETUN, b
FHENTUNRRES ("BHEEE") | W

Random Forest, XGBoost, LightGBMZ£




RERWHIERF I X

FFS . AEA T FEISREMNARE I8

£FE (boosting) . FSSAERI—5#1)1%:
FLal EoRfe (RETRRIESRZ). &/ A4

f5l7n. XGBoost, LightGBM, CatBoostZ

X% (bagging) . 355 S =3H A X EHAE

ZREE

5140 . Random Forest

T = Liang et al. 2020, Nat Hazards 104,
1923-1946.

ey e 7Y
5 .
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Density plot of GoodQSO sources (N4 =64)

. [ B V| R IR 300° 240° ~180°
v e | SRR KB

,fp; SBEVERAE AT

RIELIRR

| 50 90
Density [deg 2]

Input data:

=4R4. SDSS DR14Q (GoodQSO0) and DR15 galaxies
(GoodGal)

Output:

SEEEIE SR . GoodMockGPQ-PS1 and
GoodMockGal-PS1 NEFB2S5E Fu, Wy, et al. 2021

> L
i‘—' '-i
l§92

F'u ET AL.

GoodQS0
(SDSS DR14Q),

GoodGal
(SDSS Galaxy)

¥

Cormecting for
extinctions
(Planck dust map)

h

Assigning random
coordinates with
|b| = 20°

Adding new
extinctions
(Planck dust map)

|

(grizyp1) <
(22.0, 21.8, 21.5,
20.9, 19.7)

no
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SHk

ANSRIETH
HIE
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¥ At 7
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Cross-id

féoodMockGPC} PS1, Coso
GoodMﬂckGaI PS1
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67,723,473 Zevs”  PEKING UNIVERSITY

RER, ER., EERPDHEE

TWO_Step ClaSSIfICatIOn US|ng g:;cgg\g[lasri
PS1 & ALLWISE data

HEkREE ! 3,549,685
Feature selection: — Gaoncr —
g'r,r-i,i-Z,Z—y,g'W1 ,r—W1 ,i'W1 ,Z'W1 ,Y'W1 ,W1 - =S galactic object . Jlecs
W2 ,W2-W3,i-i_kron,z-z_kron. HGBEZ I 165,294

Classification 1: Star vs. extragalactic L/* Gelexy v, 50 W
|

(quasar + galaxy). l

Gaia log(fepg)z -4 Reject J
no

l yes

XGBoost photo-z
regressor

Classification 2: Galaxy vs. quasar.

Algorithm: XGBoost (Chen & Guestrin 2016). Hyper- [
parameter tuning tool: optuna (Akiba et al. 2019). .

candidates with

ooz /(160,946)

Fu, Wu, et al. 2021 .
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Estimation with XGBoost regression algorithm

5 | | | _— 5000f
Feature selection: ] 0 A 2 -
4l 8 S P o, i iaaaaaesnass Inasanas
g-r, r-i, i-z, z-y, g-W1, r-W1,
-W1, z-W1, y-W1, Wi-w2, ;° . vE
W2-WS3, i-i_kron, z-z_kron. 2 -
0.50 20f
1 g - 0.25 ool _
Root-mean-square error on o RMSeor=0n | | — L]
_ _ 0 1 2 3 c 3 1 2 3 4 0 5000
the validation set: 0.35; Gpe
Source number 160,946
Photo-z accuracy R_0.1:
the fraction of quasars with |Az| < 0.1, Photo-z range [0.016, 4.777]
where |Az| = |zspec — Zphot|/(1 + Zspec) Expected redshift 0, 5)
range ’

Sky coverage Ib|<20° , 6>-30°
Fu, Wu, et al. 2021 14
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RIEHE =EEHKK(2018-

GPQ candidates distribution

Y T TN

-20° - i 2 s Ke s 5 . . ‘
201 80° 120° 60° 0° 300° ,
I :
I
Fu, Wu et al. 2021, ApJS o
Telescope  Neawdizae Noso  Near  Neay  Nunknown  Min(z) Max(z) Min(ip))®  Max(ipy) QUASARS BEHIND THE GALACTIC PLANE FROM LAMOST DR10
LT 83 76 2 1 4 0.099  3.744 15.69 21.00 : e |
S . o m T B drd e e s ~ 1300 GPQs identified from LAMOST DR10!
MDMI13 31 28 2 0 1 0.069  2.337 15.80 18.15 0E R ;
P200 40 26 10 0 4 0.135  4.487 17.59 19.9
ANU23 13 13 0 0 0 0.794  2.112 16.74 18.43 20
Total 243 204 18 2 19 0.069  4.487 15.51 21.00 ©
° 10
04 GPQs identified g °
_ 0.6} 5
é :9; -10E
5 3
é\ 0.4r 20
=
502_ =30 Bty PRt T e e S ; ‘ .
n 360 300 240 120 60 0
Golactic Longitude
%075 [ 2 3 Huo, Fu, et al. 2025, ApJS 15

Redshift Fu, Wu et al. 2022, ApJS
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3. XGBoost5CatNorth/CatGlobe/QHSCEEHXAEE AN RS

REPREFERINESFS] 732

» XIRBIRLEE Gaia DR3 £ EMEIZINIEE
HIT=0k: BE, BER., XEHR

« &% XGBoost (Chen & Guestrin 2016),
R PRE IR R SRR R

- NIEMNEIRRZLINIREER . S
= E{Jl}” z]:\ E/H_LIJ.T:E
« LAMOST 8 EEXNEEEAR

« Gaia DR3 IfLEIEE#EAR (F “Golden
sample” )

- BEEEBARENSRIEER: REEEE b R SR
(@}E%%%E-E) EI%E ﬁi_f__—-E r—i[AB mag] i—z [AB mag]

« SDSS DR16Q 2. SDSS DR17 Gaia DR3 “Golden” EEHAEGZREHHEE
ERAER WIUAX DRSS, FETFTREINIIGENEEFER

r—i [AB mag]

i—z [AB mag]
z—y [AB mag]

16



I XGBoost & EIEE || 25

BIEEKIE (FeF+419M) : Gaia DRS3,
Pan-STARRS DR1, & CatWISE2020

YL g-r, 1-i, i-z, z-y, g-W1, r-W1, i-
Wl, Z—Wl, y-WI, Wl—Wz, GBP_GRP )
Ggp-G, G-Gyp, corrected BP/RP excess

factor (FE7X)

4325358 CLF_LVAC {FRHHA:

LAMOST VAC+EE2#fA. SDSSzE

BEMEREAR

4288 CLF_GDRS3 {FH#ZA: Gaia
%F;g'lﬁéﬁzt: SDSSEKEMRHER

ERUE L WKLY
0.9988H A E

FARDRKBEIERIEAFEER.,
pQSO mean>0.95 F)RHAIE HKE

VN (g AN

A=

1=

2]

BZEAT ({£Hoptuna)

Table 2. Default and Optimal Hyperparameter Settings for CLF_LVAC and CLF_GDR3 eta =

0.1, num_boost_round =100

Hyperparameter CLF_LVAC CLF_GDR3
Default Optimal Default Optimal
lambda 1 118 1 1.32
alpha 0 1.61 0 0.33
max_depth 6 9 6 9
gamma 0 071 0 0.18

grow_policy depthwise lossguide depthwise lossguide

min_child_weight 1 3 1 4
subsample 1 0.87 i 0.70
colsample_bytree 1 0.61 1 0.74
max_delta_step 0 5 0 8
Balanced accuracy 0.9972 0.9977 0.9973 0.9979
Precision (weighted) 0.9981 0.9985 0.9982 0.9985
Recall (weighted) 0.9981 0.9985 0.9982 0.9985
F1 (weighted) 0.9981 0.9985 0.9982 0.9985
MCC 0.9967 0.9973 0.9968 0.9975

True label

True label

GALAXY -

Qsof

STAR|

GALAXY -

STAR

£ GNT V% } g

e w ‘

“;E 5] L 5 J =
{598 PEKING UNIVERSITY

CLF_LVAC

Confusion matrix

250000

0.0025 0.0007
200000
0.0020 0.0002 150000
100000

0.0000 0.0001 50000
< o -
> & Nl
O’y ?
Predicted label
accuracy=0.9988; misclass=0.0012
Confusion matrix

j 250000

0.0027 0.0007
200000
150000

L 0.0019 0.0001
100000

0.0000 0.0001 50000
< o -
5 ¢

S 17

Predicted label
accuracy=0.9988; misclass=0.0012
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S THETEED:
?E : IR 'IE == /"5 }_

Probability density of zero proper motion (f ppo) :_."'-_-f'{_-'

/ 1 exp 1 ( i )2 201y o ( Yy
PM0O = xpd——— ([ =) — R
2100y 1 — p? 2(1 — p?) T Ty &y

X = pmra, y = pmdec

o, = pmra_error
o, = pmdec_error
p = pmra_pmdec_corr

Apply cut log (fppg) =— 4

to select GPQ candidates which can

» exclude >99.9% of the stars
* retain >99.8% of the quasars

I e 4. Tmae uo ° Initial QSO cand.
i : ' merena g " e _",E ° log_ fpm0< 4 |-

1570 -
1,075 1%

Loo.5fi

)l

> L
i‘—' '-i
l§92

¥ At 7
PEKING UNIVERSITY

Stellar locus
revealed

WRMNBET
FIHEHEER)

LVAC PLUS stars
GDR3_PLUS stars

S
o
-

SDSS DR16Q 199.61%

i |galaxies
1 SDSS DR17 galaxies

i 1 — 4 199.85%

L~ log(femo) = — Iquasars

1

1

1

1

-

99.96% LVAC_PLUS
99.94% GDR3_PLUS

Probability density
S
B~

S S
N}
—

0.0135" ~10 =5

(FU, Wu et al. 2021, ApJS) log(fpmo)
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CatNorth B A EMR EZAE X

(a) CatNorth (G <21.0) N=1,545,514 (b) CatNorth (G<20.5) N=1,148,821

¢« 3N KX (%Pan-
STARRSZ = KX R
i) )

N Il - Il : ’
;j\:" 5475' g/l\»? 1 50 100 I 50 100

Density (deg™?) Density (deg™?)
FAARXMEESEER y

(¢) Quaia (G <20.5) N=1,295,502 (d) Quaia x PS1 x CatWISE2020 (G <20.5) N=1,020,271
EbQuaiajRz B £ %

]
1 50 100 1 50 100
Density (deg™?)

Density (deg™?) 19
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AN g |
MFETFEHNERMFZEIIER + (Ko PR TGEEFEIE I BCNNRE
* WAL R (RiFE)

« CatNorth&E[154 75 %4 Table 3

); E Scores of All Photometric Redshift Regression Models (XGBoost, TabNet, FT-Transformer, and the Ensemble Model), and the Spectroscopic Redshift Regression
Model (RegNet) on the Validation Sets

° %ﬁﬂj@%ﬂ @?EXG BOOSt, Photo-z Models

Gaia BP/RP Spec-z Model

N J%F 4 < 1;‘"‘ J:FIJ) Model XGBoost TabNet FT-Transformer Ensemble RegNet
TabNet (/7k <~ Q\H%d: L Metric RMSE Smooth L1 Smooth L1 MNSE
7S
FT-Transformer (REFE>S o
*—H- ) RMSE 0.2734 0.2685 0.2723 0.2618 0.1427
% ) ONMAD 0.0351 0.0303 0.0307 0.0294 0.0304

- TR RTNG oo 2 o 2
&%

(a) CatNorth Zph Vahdatlon 5 (b) CatNorth Zxp_nn Vahda‘uon (c) CatNorth Zph to Zxp_nn

5 5
N=90,796 N=17,599 - N=289,100
° CNN%%%%&?I*; RMSE = 0.2618 5 | S RMSE = 0.1427 RMSE = 0.1691 2
_ AL onmap = 0.0204 g 1| r 10 4F oxmap =0.0304 ] 4 onmap = 00358 - oan o 10
89100 H B /A FGaia fe=92% £=25% : 48% -
BP/RP¢ it #)E | o g
» KIS EI4000-10000A, 2); o’ 2y 2 10
XHE([E]fR20A, FFRICIL 1} 1
3',-\,-\ A el I - y Y b
E MNSE_—Z(Z' ) S N SR e e L e s R M s S s S S 1
1+ z Zspec Zspec Zxp_nn



CatNorth ZI#5 Gaia/Quaia ZIFXJLL:
CatNorth EERRIEZLIZIALLE, SIKER)

 AZ =log(1 + zpred) - log(1 + ztrue)5 (d) SDSS - Gaia
‘N=286,107 - . Il
« AZ =log Atrue — log Afalse RMSE=099 -
A awiap = 0.0073 &
—— Gala —— Quaia —— CatNorth ;
. aia | ' 'Qluala = ¢ a' or zp'h 3 102
]_0 T T T T T %
= S I 7
v FFSF NI )
106 » € & o & & < & E 101
s 3 > FF 5]
105 § 5 § S $ 51‘3’) 5 3 0
N B ) > ..N @ I~ o~ E L
F 557 § §5 & O~ 1 3 3 4 510
g 5 5 N 2 55 5 ZGaia
<~ ~ ~ &
104_ $ g’ o O @) @) g’ §0 i
| P | | 5 (g) SDSS - Quaia
L = N=1286,107 0
3| ! o RMSE = 0.2757-
10 : bl gl YR .
2
10%F %3- 10
a
G
| 2t
10} | ; 10'
| | Iy
100 : 1 : 1 :n J .- . 0
~06 —04  —02 0.0 0.2 0.4 0.6 O 53 10

Logarithmic redshift error, AZ

CatNorth2T #% 2R EHE RS

(e) CatNorth zpy, - Gaia

5 . .
N=1015455 |

RMSE = 1.083 - o e

ST . 10

o 2l 107

: | 203

e 10°

ZGaia
(h) CatNorth zp, - Quaia

N=1,015455 .
RMSE =0.2355 . - " g 3
4} onmiip = 0:0E94 {10
| g 107
g S 10'

N

Zxp_nn

\S]

o

W
T

(f) CatNorth zyp o, - Gaia

N=87370

RMSE =0.3147
[ onmap = 0.0319
=39 %.,

ZGaia

(1) CatNorth zxp_nn - Quaia
N=87370 L
RMSE = 0.1666
[ onmap = 0.0337

ez ) ¥
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ICatNorthX)”uiﬂUiIE‘ SRR S

A \ — .ﬁ.
Eﬂ EHCT 2*%17_@%%% 1501  J173552.83+521338.0 z=0.000 Star J174511.50+271706.4 z=0.129 QSO
50 1
HLIEEIEIA (2023-08- M - Ml n
16): 501
200 - J193708.21+660821.4 z=0.070 QSO 50 J173106.86+301750.7 z=0.129 QSO
G<20.5 | K ] |

« 7 CatNorthth {H &l

100{  J184850.27+284614.4 z=0.102 Q 1015216.77+314301.5 z=1.209 QSO
A Quaia H 1001
. 50 i —M

J213325.714232305.5 z=0.102 QSO

- TR A
50 : 5 2=0.
Similar accuracy with

Quaia 4017 J151335.79+772052.9 2=0.125 QSO |} 1212319.53+254131.3 z=1.243 QSO?

Much higher 20 1
completeness!

Flux [10~17 erg s~! em™2 A™]

4000 5000 6000 7000

Wavelength [A] BRI ER
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CatNorthXg ik

P 2 16>|<$|]N_\5::
2. 4K EBim R Ik
NG (2023—
2024, ongoing):

27T 1NE: 221 EE
K, STNEEEMR

REMIBIANINERE
31.5%

100

50

100

25

50

25

$ cmz))

owpx S0

17 ergl(

A0
g

500

100

200

100

75
50

25

B RS

J0026+4207 z=3.735

JO15143515 z=3.55

JO323+3607 z=3.46

MWWMMMWM«MWWWW

JO717+0207 z=3.205

JO61443932 2=2.53

JO541+1259 2=2.272

JOT06+2752 z=2.187

J0641+5112 z=2.15

JO727+0738 2=2.149
JO133+3035 z—0.785
J0226+1109 z—0.718
5000 6000 °'700() 8000
Wavelength[A]

200

200

- N
& &L

o

Flux (10"7e}'g/(Av, s cm?))
2]
]
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=
S
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250
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1000
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.

1093343144 7=0.125

J121141052 z=0.122

J1132+1613 z=0.116

10926+0314 z=0.115

1062446651 z=0.111

J1337+2423 z=0.108

J10104+0612 z=0.098

1134643322 z=0.083

N I N

SV, S——

J0113+0427 7z=0.059

1163543054 z=0.055

S D

J0638+3959 z=0.038

5000 6000 7000 8000
Wavelength[A]
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| RN HEE

BEZIMKK, LU HRERXBE. Onken et al. 2024

« Gaia DR3, CatWISE2020 + e i w = | PASA, 41, e061
AlIWISE e

° 'ﬂ'Jl_llJ\/:
« SkyMapper Southern Sky Survey
(SMSS)DR4. FEEEZR K
(6<0° ) , #PPEZEZEO<16" ; EH
griziK %
« {5/ NSC (NOIRLab Source Catalog)
DR2Z#aiR K rIgrizZiE (Tikik)

« ITZT 5.
. VISTA X (VHS, VIKING, VMC, VW),
EELJFIKSIE EX

» (FH2MASSE EkEIE (2T
2MASSZE|VISTAR 2 &4kt )

SMSS DR4EZ 4%
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B ARFE: W, g-rr—ii-z,i-J,Jd-K,i-W1,z-W1,J - W1,
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N 2 ;::5 I%E.ISNGX;[;NIJVE‘RS%
CatSouth/CatGlobe X ERKREX ”

(Fu, Wu +2025 ApJS, arXiv:2503.14141)
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https://arxiv.org/abs/2503.14141
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CatGlobe #15

Euclid Q156151E

A

N

Euclid Q1A Y63 A E AKX ~RE
Credits: Esa/Euclid/Euclid Consortium/Nasa;
Esa/Gaia/Dpac; Esa/Planck Collaboration
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I QHSC: Subaru/HSC B,

Zhu, Wu, et al. 2025, ApJS, in press

(QHSC Paper) (QHSC Catalog)
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4, PlEEFI S CSSTEREMIKX

CSST X itxl

o MR X1 :
« Wide field survey: 17,500 deg? (~26%)
« Deep field survey: 400 deg?(~275)
» Ultra-deep field survey (TBD): 9 deg?

+ CSSTEREMRUXKEFE ETHuSEXEBRIE
FHEEE L TENEIEAREER!
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3N T

1.7 million quasars in my = 18~22mag, z = 0~5
Spectra extraction rate | »99% due to deep image data

Quasar with spectra

S . 1o, 10-20% in galaxy cluster fields
Contamination rate: ~107% ~5% in deep field (check by 3D-HST data)

Successful classified >99% from CNN confusion matrix

Quasar sample from CSST: ~1.5 million

Previous known quasars A SDSS, DESTI EDR, CatNorth..

New Quasar sample: ~0.9 million
Pang, Wu et al. 2025, ApJ, 980, 223
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Select quasars from HST grism data

BIC: Bayesian Information Criterion
BIC-ratio diagram

3D-HST
Catalog

Y
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quasar templates improve the fitting

Pang, Wu, Fu et al. 2025, MNRAS
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Transmission

AT
High-z quasars in CSST (a few thousands z>6 quasars)
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