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ABSTRACT

For ultra-luminous X-ray sources with X-ray luminosity exceeding 10739 erg/s, there have
been many astronomical observation examples, but the formation mechanism and population
composition have not yet been determined. In recent years, related research on different ultra-
luminous X-ray sources has gradually drawn attention. it is now generally believed that it is
the strong X-ray radiation caused by the accretion in the binary star system. The Roche lobe
accretion is considered to be the main way to form the extremely bright X-ray source. However,
it was found that the wind accretion model also works under certain conditions which can
reach the standard of extremely bright X-ray source.

In this paper, based on the EI Mellah numerical simulation of the Roche lobe wind accretion
model, using the stellar synthesis method, combined with the BSE and MESA stellar evolution
software, the predicted companion star masses-Orbital period distribution and effective
temperature-Optical luminosity distribution are given under different wind accretion
efficiencies and metallic abundance conditions,. Combining the observation data of the
extremely bright source NGC 7793 P13 and PULX NGC 300 ULX-1, it is predicted that these
sources can form an extremely bright X-ray source under the Roche lobe wind accretion. And
the zero-age main sequence stars of the long-period binary system are relatively small, while
the short-period systems are mainly distributed on the He burning companion stars produced
by the common envelope.

In this paper, the X-ray luminosity function of the ultra-luminous X-ray sources is simulated
for ring galaxies, which is basically consistent with the observation luminosity function of
several ring galaxies. Among them, the black hole Roche lobe system still occupies the main
part. Its high material transmission rate and stable material transmission efficiency make it
easier to reach the conditions of ultra-luminous X-ray sources, and the neutron star Roche lobe
accretion occupy at high luminosity. It is the anisotropic radiation caused by its high beaming,
and the Roche lobe wind accretion system also contributes to a part of it. The companion stars
of most ultra-luminous X-ray sources are dominated by hydrogen combustion and are in the
early stages of evolution.

KEY WORDS: X-ray binaries; Stellar evolution; Ultraluminous X-ray sources; Neutron star; Black hole
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1.1 BJRG BI5iE R

BJEA I (Evolution Population Synthesis, EPS) & 54| HBIM B & HITE B E A A Y,
MR BT 48 ) L A 2 T A B A W] 46 )i &2 pR B (Initial Mass Function, IMF) 28444, X H bR 2%
AT FHOC AR 3G, BT 7R filan A S rh B bR B I AR X 546 (Ultra-luminous X-
ray Source, ULX) Bl, FrRHBMFHEREAHIEE M, fEENRE, SRS ASCRH 7R
R VAL AT ol 3R A T R R AU

1.1.1 BSE

HH SRS J. Hurly £E 2002 FHF R AR E K AE (Binary Stellar Evolution, BSE)
431, FEEN R G OTE, $eft T —MEmaE /NS o W RS BER S LT, THRR TR, T
EREIE), w] AT E AT E I R AR T O, S0 T BANME R P, g 7 B Ak
PRI REEALER AR, Wl 1-1. ZAEFTHER AR L T R e 2 AR (B RN A Em
MESA) g5 R A ZEA I 5%, W] WK1 . 152 M TR F 72 (Zero Age Main Sequence,
ZAMS) Hih, & EFH B (Main Sequence), #45r ] Re& I E R, e &It o B I&EK,
S 40 R o B 0 ol B3 4 B 1 9% 22 (White Dwarf), H1§ & (Neutron Star, NS) PA A 27l (Black Hole,
BH). T HBERER/DN, R RERERIR, B UAEAR S RTEEZ M. FERR
AT AR A ) AR R FE IR UL b T2 . kA, BSE WA T EE R A AR, fER AR
PIALEL, A H ZHRGeF 2] He B, BT @&BFERERAE, HREEA RAZBRE I BT AL E,
RS WA RAZE R, Hoxh 7 BB s 10 B3, X — e e s s et —
PAARN7

EERHERE BRI, BT HREBEAR A WA, BB, WA, AdLEE
B, SURIFG, HH R RN A ) E R SR FEE SR AR P b e ARSCHAEA B3R
FSUREAIARFE, IF HARTE LI 25 FE S B B i A,k — P 5838 1 E 2 AL ) 5N F2 1t
Fo

Hi2&, HTEFIF AR, MaBRMAECSHIRZAE, WA 1 5 AT S E R A
PALEEE R, FTLARAVEN X 2 A Resgma il X 2RI s TR S hcA, Bk cish 3
7 R AR, 8 A IR DL R A S Z A SE 2N T, SRR X —— 4

@ J. Hurly F{E 2 EAAFEFIEMAT A A TR T HALFERR . hitp://astronomy.swin.edu.au/~jhurley/binary.html
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core H- shell H-burning core He-  shell He- double remnant
burning —— burning burning shell burning

i —®— jrreversible evolutionary change
K - ---= path only possible with mass loss

- path only possible with mass gain
—= - = reversible path with mass gain/loss

MqMEC

0 = main sequence M < 0.7 Mg
1= main sequence M > 0.7 Mg
2 = Herstzsprung gap / subgiant

3 = first-ascent red giant 7 = naked helium main sequence 12 = oxygen/neon white dwarf
4 = horizontal branch / helium-burning giant 8 = naked helium (sub) giant 13 = neutron star

5 = early asymptotic giant / red supergiant 10 = helium white dwarf 14 = black hole

6 = thermally pulsating asymptotic giant 11 = carbon/oxygen white dwarf 15 = no stellar remnant

1-1 EMEEFRERVENEERARMEL I IEFHEREAERERE"
1.1.2 MESA
FFIE#AF MESA (Modules for Experiments in Stellar Astrophysics) @& 2 NG FITHHE R AA
WA I N8, FFARYE BR it et R4 . MESA 1 A—MHEL T BSE BT
TEE W TR, HEEREAR EP, S E RS8R T EEE AN, PN T2
RN, Bl EREY, BAE, SR, BEIRG R. BOR IS R A A
et HOG T B AR T4 8 = BRI AR Re A

1.2 ULX BB 783t g

Wese X BF26J8  (Ultra-luminous X-ray Source, ULX) 1ERN—Ff sCRAT, JEAZT) X SHLLVRE, 7T
LLIARN10%%erg /s BI5EE, IEREA FINENTERE RGtH, TR 7 RE MRS, R Rt
KE WA R BRIV FE X FLEaS . BOVHE X $E gl 1+ 2 H 2 BRI 52 T
SCRE, AT SEAER G 12 Ryl EEXTARSE X BT IR PR A SO AE 2 07 T R I, filn X
A, NS X S S b bk AR BRI, OGS B BRI, R T IR AR AL,
S BRI T . AR SCNE RGN, DL USSR R B AT R 7T

1.2.1 ULX F gt it
A X A O 2 B R A XS 2R BT, I R T L A 2 B R S B

© HARACHS R N ESH A 44 7] L2 L MESA B :  http://mesa.sourceforge.net/, FH5% i i 3z 5% Flie Hr i AL ] DA 2
UL MESA #L[X: http://cococubed.asu.edu/mesa_market/.
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1 %t

X X RIS T CE BN . B S, Swartz 7E 2011 SEEFXFFEES MM 14.5Mpe BLN
127 5T X BHERIRTE 0.3-10.0keV FIFEEERET T 401t TAE, WA AT BLE AR X B2 ECH A1
TH B B % (Star Forming Rate, SFR) A 1ELGICREY, phah, fhidx; X 554 176 R EuHEAT THE

ST ERAEMEAAN(> Ly,) = CLy%exp (—Ly/Lc), TESCRE I TARSCHLA RECHE TR
HrEG . )5 Song Wang fR#E Chandra/ACIS [ 587 W 25 S 4h 7 7EAS [ 1) 2 R A A 1)
AR, W XA TR B I AR AR AR UL 45 RO R 3R EE T 343 MAFRELME R, A
RYEE R AT T 02K ARGk g GEAT 7 VR i, JF Bt 7N D
FE R DL KRB 45 R . RIEM e Tl X HERIRIIS T 7T /2 Kovlakas &5 ANEAT 00, i
IR 1 Chandra Source Catalog 2.0 # A3 BARHE 2480 5= Btk 10 B RFEKAT T St
TAE, HAaHE T 629 Mlse X B4k, 309 ME 40Mpe LNHIE R, 4 17 #r ERG % C
B PSR W KRR X SRR, IHFPERIZ th T P49 2 N ULX R50H 90.457888 x ——— +

Mgyr—1
3.3f§;§x;\:—é, PAS O &g F 0, fER TR, B RBMEZANRHMEHAT T IER NS0, T
L 2R A 34T R T B

1.2.2 &% ULX R E T 7T
FER ST X STERUEAE — RIS, USSR E, b E R — BN i &5 i & B
(Intermediate-mass Black Hole, IMBH), J& >Rt 2 7] ¢ MER AR AL (P R B, Bl X 2R IR AE R IA

B TSI WA AT REAEAER . B MK E SRR X IR B0, i AR
56 X FHERIEREUE S, AT B A BIh T A b

X T#E X SRR BIRG IT R A2 . R FEMSE X SEIRENIRE KBS, Shao
Yong Sl X o A 1) e VR I A RS R HE AT T B RS A, R BSE A1 MESA #H
giam, Sl T IR NIESERDCE RS, AR TERME T S%. RRgK,
Wiktorowicz 55 AN F1E B A AT StarTrackUMHEAT 1 B9 VEAN I B IGR G ARAEL TAEDS 100, ARFE T
Beaming 14!, P& A IERAE ULX HEZmZS H T AHRIE AL 18], BLR AL 12, o X
PRI R TER G, HORge W T AW UG 2 s UIE A B O 28 S AR A, G SR B S T H Rl Rk Y,
T3 gk BRI 38 5 [ [ 5 02 (K 5% . Shao Yong 7E 2019 fE45 H T 4% vh 7 B X B 265
I AT U7, FEEN T RIE T 58 A A EH A He B 5 HADF R R 20, FHHAEN 7 BAARm
IR &7 EO DL R AR R RS IE 2 8 BE0 T RURRR (R BEAR B ST A AT 1 A A D¢ ARSI, (B
SRR BAE RN, FRATSAE N 0 BRI
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2.1 W8 A MR AR

A TERARAE XU RGP At A — B P S BRI, RO T R e MR AR AL
MRAR R AR T KR AR R 25 5 v o AT AT 7 LB, BIDUUR FR G046 35 1T A ERTE 32 i
BALEAMAS, R —ADTTT RIS B, TSR, TR A0 RO SR —hd B H R Horp
FATRM T Eggleton ££ 1983 R4 H 8 A M FAR A TH 55 22 30090

2
Ry 0.49q3
a

2-D

B 2 1
0.6g3 + In (1 + q3>

Heorg WA E L (MassRatio), aeXEZ RIS, R ATHE B S AETRER. A
FRAL T R POE Y A A TR TE , IR BOZATLHI AR A DA R A2 R 43 s XS 2= A= 1 = L L A
TEJG SCHR AT B AR HT

2.1.1 Beaming /Y

King 7£ 2008 FH2HH T Beaming 5B MRRE 5 7] 5 M 11 A IRIRR RO, USRS “ 58l 7%
TSR, JEHAE AR BRI A BRI A B S T AR R T S . AT A
beaming H Y (14 i 3 DA S K B (A5 Y o LA F) T B

f#E Shakura £ Syunyaev 7E 1973 4F4& H 1) 5¢ T8 A TRIAR M B HE S

_27TM
sph — TM_E N
e Roph—F2& AL R b o YO B T W BE I (ARFAE K S s M—— R ITAL % Mp—
—EE TR YRR R Schwarzschild 4%, AR, = 26M,/c? = 3 X 10°m,
HAT.
eV AL L AR, 7E Schwarzschild 4% ARSI B AR S L 22 AR Ko % T4 )
XA, AR IRFE IR 2 THOGE TR, X T WER, T4 e, Yo Ean 752 T
FEBATHRI AR A2 LA — PSR IR T LR RFAE AT AR A, X — XOORE X S &g 2 DL R A3

Ly.=Lg|1+1 M 2-3

acc E[ +n<M_E>] (')

R Lyoe——SEFRBEY X B 2006 . an 25 [E 2 & m S AR pLs, ABAEMME B R, X

R B R I AVHE T AR S 1, A e B FE B 1% e LL— > Beaming 2%b, HA11/b > 1. M
FE) R, T 20 3 B = B Ry

L=lEl 4y M 2-4

—7[ ¥ "(E)] -

£ X Beaming REHUE, £ Wiktorowicz 55 N 2019 - IR G AL 45 H T 50 i 11
JE XS b= Pyp(0) =1—cos 6 /2. HAGZIBHR IS BT M B R/, MEBIK, beaming HLR

(22)

4



2 B

AR o AR PR LA IR e SR A B2 i T A R i R b 2o B BRI R ORI . King 58 A H7E
—HYZREHR FRERZE . King Ml Puchnarewicz & 2002 EHR 5 22 i Ur Ab 1) SRR 2T, 49
T B REEE ) LA B X FEARST AR (2-1):

- 12 -
Lo = 2.3 X 1044T0_fkevmergs 1 (2-5)

e Lypp—F T & ) FPEAR S TR RO & 7 2R BRI R —— B X L
MR TSR Le R LL] s p——R RS & ml R A S v S5 ) w22 (RIS (AR 7 [a) S5 51
A ED); r—— 2 LL Schwarzschild =124 $L47 1 B ARAR ST 2 4%2r = R/R;.

EAGERIEM R T, BRI X HRIERDCEE, 222 &R —4: (D
1> 1, BPERRT 2400 F R BTE, X 25N 52 TR, X MR AR s SR IR 52 T 1R AR
AR MEAE R A I TR], 5 000 380 AR RS (A5 X S ZRUR IR ISR IEASAH s (2) £E/NT Schwarzschild
FpNE AR, Blr<1; (3) pb <1, RIHERBIAIRIERSTS .

R T HEIECL B, 75 BRSSO IIE SRR Ui« AR Feng Al Kaaret 75 2007 4FXJ R X 4k
TR B PR AR S RO A3 BT 22, AT E AT T NGC 1313 X2 WOBHERHIE, 5 73K X ST26A0
MWL TAIIR RLgore < T, n = —3.1 4+ 0.5, XMFRK R T — 58 M6 EMRE AR R Wl
REXANRRZGEANT ERX, 21535 Beaming R A BRI F 2 LIBERNRXAD «
T4 "r=2~T0% 2 J53K, 7F 2008 4F Kajava Al Poutanen ¥ J& 1 iX /MW &5 &, 4T HLA T 856 NGC
1313 X2 fE N HI LM X BTERIR, 40 T 80 X B 2R Be o RS v I A A, B R
HT X 5O A BIPH AR UES x 103% erg s™1. e A 145 H O BT IR X 5 2 B AL
MEEFR N Lgore = 7 X 1010T fovergs ™o HTy ey LA 0.1KeV N HAL FIHRE . 75 B B 12X Fl
X SRR OC F ] REAE HAR B S R B L P AU ) X S 2 32 BB X S ZRAN [FIRR BE s ), (24
& E RS2 AT, R R R BRI B T, FECFIp B E ISR, FRATE
TR &R KN Beaming REUFIFA12 K &K .

bRy, R (2-5), WATATLLEUSElr = 27M /4AMer, bt B 1E S
Repn FTEEA, 8 15 00 T AT LAY 1 A SRATHR X 2RI B2 AN & 24 30 AZIEE T 5,
BTATRT LUK AG 2]

b~—x (2-6)

X x = P /pr?——J M EREMA RN R, m——WRf R 5% T Iy Ems 2 t.
AT X RUR I R ST X AL 45 H ) Beaming (K7 SE R RIS A2, 0 09)m SRR BG4
WE TR g T AR A O E R TR BT T AE o 5 22 0 R A B AL, A DA D9 B Ak 14T Beaming A5
R . BEAh, King 3 ALEJESABTHE iz AR R AN op 3 2 _E N 5 B 5 AT BURFAE
720, 7870 RAIE T Beaming FRAUN AR X LRI TTIR,  FRATERHE A IIRAR) X L4
SEREE, LT AR, JRATRERS I SIS X YR A AL A

2.1.2 X S THAE
ERRHA R R, AR T T B A A A — e 2 2R TS V6 A T R
Ee, BT T ORI R SR, TN R (0% T B BT

1 M, erg
Lpgg = 2.6 X 1038 —— ——=[—=
Fdd 1+XMgls

2-7)
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s My = WARRARII IR s Mo—— KBHIBUE; X—— MBI P IS FEL . SRR
J X SR RE R, BATRDUNq = Lpaa/nc? KWHE Z T W N RFIA R, Hh®ATRA
B EGE F R RE R e LRy = 0.1, XML R AT RE 2 BEE AP A, ARk mT Bhitt— 2Dy
RAJE FE LRI L by =5 5 T PRS0

SFRABIEZ T E R, AR T Ly = nMc2RiHE0E, R E B0kt
FER N o Tt th 2 A HAt S R o b SR (R R4 o Tt 52 T W B ROYR, PRI S
TERRSE X SRR o5 AL, BT DARRATISR T BUAE AR A b X S a0t 7 3 22 i IR Py ke
BEATHT AL Ak R

L m m
—Edd (1 + 1n< : )) —>1
L — b MEgqa MEgqa
arp Lggg ™ i

(2-8)

b mEdd mEdd

HA Loy, FMINENH X LT

2.2 AR

2.2.1 fE45 BHL KR A5 77

A& 5 ) KR AR A TR LA | #052& SR A H53d (Bondi-Hoyle-Lyttleton, BHL) #)J5i W AR YRS, X
T % ) [0 2 F 42 ot W RH 0 5 B0 T 4% o B2 IR 6 TS AU P A 25t XU R Py 0 0000 7 Ji A o i A Y
FERH T ES EXIRAR B 1 E R RS B R AR AR B L, BT R

BHL %t [ 5 A R )i A& 4% (mass accretion rate) B L~ X ERIR:

M BHL = T[R]gHLUrelp- (2-9)

XF: Ry, ——BBURIIRARAR, HRpy, = 2GM./vighth, ZRFPEARME T 2 iR fE 4
RZHGOUT R, BHERFERAIEIRE I v — S RANECE R AR ARG, 7T L &

ARV = /vﬁ +v2gat, Hobv, = v [q/(1 + @ VEARIURIZ BN KRR L vp——FERIAT

R, 5 A G B Y B m] WL S5 2 1) FoA S R S B B /N s po——1E 3 AT I KURAR 1 25 2

TR AR 2 R AR 5 1) [RI PR MR B 2% A, AE SR AR R, 2% 2 e PR B SR PRI/ 21 o 31X

TR BCAL S AR AN BEAT & TR 8 1 KURAR I A, JG H 2 AE XU ot & LU AR 22 K i, thtnrh FE 5 E A,

PR 550 2 ot B /N 2P R o AR, IXOPRE AR Al A T RO 2 [ N TE A B B TR AR A o

T PEFRRFAE X0 % ) S 1t 2 S BURZS X B S I AR BRI A S 32 T Ol Bk 52 T W0 FE
w4, AR AL B TR R%E (the fraction of wind captured):

A+q9/¢

3
n(1—fOP[1+ A+ q)(A - fEF /]2
R pppL——Mpp /MR- AR R, B 358 LI 8] Py W AR 2 (YR 5 B R 2 o i &
2, — s N AR KA ERE; ¢ FESHENREN, A Chgt At d L, B
ANHER, E——NEHqFRK, BEEREAEESPIERRZ, HPgAalEan iz i
Eggleton TR AN n——v [Vop,» e 1LTHE (terminal speed) SHUEHE 2 L, HTHE
MERFFWNIES E. BRI BRI g, 152 XAEIE A ENAAHTAERAZRHE,
SR S SEBRIE AR ZE AN K. (HAE, R IE R KRR, S XRIEENE, X Fh 2RSS0 B X

HUBHL = (2-10)



2 B

TRERE G A= 5 LRI A B R Z .

2.2.2 & ) Fe 4 1) AR AR A Y

1) S IR XS R AT 5, 1 %62 i Mohamed, S #1 Podsiadlowski, P £ 2007 442 H (K& 7
PRI AR AR Y (Wind Roche-lobe Overflow, WRLOF) 261, 4th 5 Yk R A T BUEAFLR 77, % Mira-
like ZSAUMPE R AT T HUE R, FREa AR S5 1827, X P o A% Sras =02 oAk e (1 105 del IR B 2
RIRTE 1.2 3 1.8 £, XWELAEH TSI ZIERER . #—2 K, Abate 7E 2013 i — K]
12 FH AR B SR SR I (A S8 = BE SR AL S), G2 ) T BIR G I 5 ik, 2018 7 ax
A M AR AR S T 2 PP L N ROxF b, Wi 2-1. BT, B IR v 7 9 =X R A AR R ot
MRS A T RIS .

0.5 T T T T T
xeoeo x”“"f BHL ——
] WRLOF 5o
04 , . :
03 | ; z |
g : B
& ; E
02 r * 4

102 108 10 10° 108
Initial Period/days

B 2-1 RIRRIRERIEREFEVRNES ETHXLL™, HhSigARFEHMMBIMAIER, Eik
ARHWRNIRREE, KEZHNTUERGHHBRESHA 1.0 71.0.6 EXERE T,

B, B EAENE SECE RINEL b, BUEBR XS B8 S I A G, 28 i 75 21~
TR ALIER RIS, iR AR K TR AR, I H SRR S 8EEms A, T
IR Hofner ) 2007 SEWEFTREREY, AT LG I 5 iR B G A kiR P12 RIE 3

4p

1 Teir \ 2
Ry =-=R — 2-11
d 2 don (Tcond) ( )

A Ryon——FEEMIAR, Togr—— BB RIRIE, Teona—18 2RI EHEE (condensation
temperature). pie—NMUEZSE., HT TN E SER, FrllTong = 1500K, p=1. i&
R IEA BRI 5%, W s AL 8eedi T 7 IR WAIUE, NG S B, TRt
TAEGE, HE AT

(25 2 2
Hacc = MIN (?C[ [Clx + Cx + C3]' .uacc,max) (2-12)

Hx2 kiR 1RRe S THEEREFMLRZIL, HNKMESED N N =



P2 AL R AAREL B GBSO

—0.284,c, = 0.918,andc; = —0.234. It )5, Wiktorowicz 7E 2021 fE41 X T 408 B R 4T T B RA
FITHEUS] I H A L0 B R RORAER S X S ZRIEEE 5 35, I BAERTE MR X 2,
1A MR AR 2 48R 7y, die i iT LUK B 94%. SR1, kgt 55 BiT T BT A 44 K 22 25k ot
TS X S ARIRI LSS RART G, RS OLIRAME R & i,

-0.50 -0.25 0.00 0.25 0.50 0.75 1.00

el
c
oF!Lz
E
S
2 1.0
o
<
s 0.8
>
£
% 0.6
c
)
T 0.4
)
2
T 0.2
[
[~
0.0
0.6 t
o 2.5
£
0.4 )
(%)
c 2.0
0.2 9 2
’ Compact c
object o 1.5
0.0 ) 3
7]
& | |10
-0.2 ] :
S
-0.4 2
E 0.5
-0.6 g
-0.50 -0.25 0.00 0.25 050 0.75 1.00 1.25 90
& 2-2 EHEFE LAIEY. BPEILEEBNRE , PEXEAFE—REHEBS. BFEHE

RTNERENZESEEARMHNENBEEZL . HhEEREMHHNENZEMEERRR, £R—ES L8
R SR T ENERNEEREFRFES. LEARKRENUFTFEREENNERSE VelaX-1 (i
AR P13) IRfRERE, TEAUERBATEN M101 REZRS G, BEXEARNKRRIHE
R, BRE/NTIZEMERRE, HRIEARF. KEXBAZEXNTERANXE.

IR P U AR R A XU AR AR TR AU B A B R IR T B — RO XU AR, LR A Abate
(2013 4F) BTTAE RS0 Tarh E SRR, IElEws ttEmE AL 8 fRKMHE, X
TR A RIS O, BARXESS XU 3, ARE 0T SR ARARAE. BEAh, i THEOR A
[E]FRBR ] AT BB AN 45 SRS BE I AN, A8 B S AR e SR B st T S A, Xt 20
T IRAG M TG AR TH A K

#2021 £, 1 ElMellah #3458 X B ERIRAIWETT L H 1 %A e sQXB AR B 45 R, 0
K 2-2 o Horn B Ze T g A i R RORUIEER, TS T R SRR AL A R o el BT R,
FERRIR (BCE R O BROL T, MIBAR fa AR R TR AR SE i 4% 1 [R IR B T 5 9



2 B

B HERB THMGZ, L iSRG RE, WS X 2RI A9 A QR R R
BT RS RS .

AMank, 1. El Mellah &2t 7RIS & 2500 F Y i Ldace, gl 2-3 frox. HfEE
Eﬁ%&m@mmmﬁﬁé¥&%%%%$&2ﬁ:ﬁ%&%ﬂéﬁﬁ%igﬁénxzwwmw
ratio) R ILEBMPUERE 2 IL, SEHE T EXNNMCEESE, NEEBITE IR,

Fast acceleration _Intermediate acceleration Slow acceleration

BH

Filling factor (

=

U
Filling factor (%)

>

99
95
a0
B3
B0
70
05
80
55
50

'\-‘J’L’%ohb‘b %‘31":&6% '\.‘?'L'blkb‘b(}
Speed ratio = v,fvnm Speed ratio n= vzfvm, Speed ratio n= vc.fvnm

B 2-3 BERMERRR1]. EHhRe2RBEMEENEE 1 (N8, E¢$ﬁ:l:$?ﬂai$$tt, A
ZIERRFEREZ L ; DERREELSAR, IHEFRS &ﬁ%#&z% BE—ITHREBERARE
REHRERFHEMER; FITAPTFEABERFHNE RRRENULES ﬂMEﬂEﬁ%%
B = 123MBMERMER, HppRRBIRRRMIEHET

PRI SEAE RIE 28 T A RIS IRBAR 520, AT A X A [F ) AR R R AT 1 A4
TS HIRM BRI AR T 2 A S B, BRI RE T S VS BT
F‘&zﬁﬁi&,u X BRI R A A R E A S BRI AR G A AR, A 1 L

» WARRCR ST T — R, mﬁwmx%ﬁﬁ%IETH%ﬂ%X%ﬁ%W¢%ﬁT%E
%“%ﬂ%

FRATHE 1 ZR AR A RUR AR R T B T P P s 7 i XU R T, o0 T 3 R A1 ) XU
AR, AHR AT A RAR RN, DT I FE IR AR 5 SERRTE DU BL AR A TAZEA R, P A4kEE
W T FE AR o T HO T RS AR RS T 5 R 25 08 T SR b B AR TR R G CRUE R
L3509 2 A1 15D, ST R B AR AE AN A B EL A I, AR T El Mellah Y
X ep IR XIS AT A BT 5, A 2 AR AR AR Rk et PSP 28 SRS ) e

JEHEAENKSE
2.3.1 WhE i = R AL

15 2 VA B W1 4R R &= A B (Initial Mass Function, IMF) 287408 3 7 2 8 & 15 2 WA,
TH R PR IEZE A0 X PR A T R ER IS 0T FE, I BT I C 280N LA,



PE 2GR AR T GBS0

FATHLAER A T 28301 Kroupa 55 A\ H FIHT 4G SR BR BN T BATE A BTS2 hBl, a A b
TR IR R 2 F5 3] 150 FORFIBE, Hrh A8 FLE (m) N ia i

£(m) e m™ @-13)
EXhah R E, REREH

4+0.34+0.7 0.01<m<0.08
_ )+13+05 0.08<m <0.50
a(m)=14.123303 0.50<m < 1.00
423407 1.00 < m
R REL T IH— A AL B 5 B oY IRATTR F RO 46 i & e A, 2 15 20 A [F] i &= A 4y
fi. BARAFEVIIER ER G ER, BEEREAENDNRIRK, RAFRATRIWE R BEE P R
EINVIGE R ERE L, AFERECE &R =R IR, S fmESIFAKR.

2.3.2 NI ARFEEBrina

BRATE 57T 0 KRB A,y ona R B T Lamers 76 1995 455 T HERABUR A I A
B, ZEXURIAL A EEE . £ T ER RN LR, AR Bying = 7, X TR
{Buing = 0.5, FAHFISAERTE A it ) i S8R e AT I A BE . & SO LR R R
B R Bying = 7 KRR Byina = 013, FEAEFIAMAEE. &5 AR R R %
AR, BT AR Bying = 0.125.

2.4 BIEHHEITE

2.4.1 18 B RHE
1E S E 2 (Star Forming Rate, SFR) &4 A7 1] Py 228 3 B A iR i, e rh T LAd%
B R 4T 40

(2-14)

Myp
e(my)m,qgdm, + sz me(m)dm = SFR (2-15)
Miow

Myp My
Sbf mye(my)dm, +Sb_[
M M

Arbe S— MEMEEAERE; S—HRERMERLERE; Mg, MM, — 2L TR R
A ERR. BRUMRZ G0N BN s B I 2R MEREAT 2l (M S it B ME 2 AR AR
AT, BeAh, X T REBOCIE R, ARIERIIG R R B S A AR, XS TATEL
b PR B i B IR D g ARV R L, FEAIR , JATR A 1 AR BT 11 0 A
RUONBATE FE RN X BHERIR, NG RARAS R ULYE R s B I ik Bt LUK
ERBRARLR JAT L EEER R, B KT KRR A R R Eei N, AR

2—-a

— M]ow
SFR = (Sy(1+ ) + S)a—= (2-16)

e a—H=H—WHFE, THYHBREREES.
2.42 B ZAWNELH 15
A8 Hurly $2& 102G G T E AP, mARHEERES THREHSN -
SN = S,Mye(m,)8 In Myk,6qk,8 In adT (2-17)

e kg Sq——XUEBTR LT otk AR LU E, A RIRA TR S AR TR XUE i E L, Nk, =

10
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1/Ng» PN RARBTH R Ui S B H , koSln af#, R ANEHIn a v P55
ARBEAT ISR Syt ESCRBIMUERIE R AN, STRIGEBA AL T W X 4
TR 8] o

0T ULX MIBETT, SRATHRZRTOA R A R AR, < Ja = PR x4 SR ™ A= (i,
JeRH BSE THHRAFRERFEE T 7 EMAMSE, MEEFAFRNGHEERE, SRFE,
AEIE JA Wiz ) MESA BEAT A0SR R AL R . e A9 B (1045 R 23 73R LA BSE SASHIA R R 4t
MUBEEMEAR, SR MERA R, MEAREREGRAR, W UTNAFSUES R T RXUE RSN
B, HAETHER T 5.

XTI R RNT X SHEIER R, BAMED T 2N R R G REA L3P
Jrid, UMY T SRR AR MESA AR I FEAREOR AR AR, Bt ABRATI4R 855 /] T BSE 1
R LA SR I 4 U L A AN H i

11
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3 A ULX [IHTF5

3.1 F 12 ULX WAL

3.1.1 NGC 7793 P13

NGC 7793 P13 fi et 5% DRITHH TR LI 21, I~ B R NGC 7793 #ist X S4B, Hmst
FEI) X BRI S T 2 5. i), ROSAT 7£ 0.3-10keV W T UbE, H4AH = EBIE
HAK#13.5 x 103%rg/s. #—2P1 Chandra P EUFSE TIX 2 — M A S EAGENE RS, HH
Sy TR RS E, NI Bola iSRRI fE R, HE TR RAE 18~23 5K FHf &
Za); ARAE Hell 85 AR M I B 732, TN PUIE A 64 K. AT, B0 B IAHE BARMER
B,

3-1 BB XMM-Newton MRS 0693760101 1SEIHIMAE, HPRERREMNLZMRT X H&iR
AFERRETHEER, XATXNM"AEXIBNEF RS IAERIE. EEAMAECHNRS X &5
iR, HhA ERMATHANRE PO P13 (AFAXSH) AR BAEFINXEA360" x 5607,
EAXLBETHERNAFETTE.

IR, XL XS 2Rk BT 2, R 7 HA A kb . 2016 4, Furst 58 A 45

EARAO IS, KT FE X SRS T IRk T, FIZ0N 0.42 B2 AN, RN
TEAMERGTRRYIG, EXKMEhEAEmET 72 L, G T AR FFEINENIE, Kt
MM FTUESE, 45 H T BEINEEP ~ 3.5 x 1071 s/s. IESL T IZ0UE RG T8 2K . A
Y EAREE T BAWEER IR, T CIZ IR U RAE & [ [FIPE AR TSR T, #iN Tl E T Wi,

12



3 T ULX FR

IR T B SR AR LA b 7 R 1 X S 2R L

3.1.2 NGC 300 ULX-1

NGC 300 ULX-1 F&1£ 2010 £F 55— K OGBHT 2 AR IR ¥ 5T . Ja RN NGC 300
BRI — M X S8R, Vasilopoulos %5 N iz H XMM-Newton [IRLMIEE F45 H T X S 2R I8
I ZH03S), A H AR BT X S&IR RS . M5 Heida 5 AX) Very Large Telescope/X-
shooter [ X S Zil 34T 1 it — B, G REHLR ] 7 HAEE AL E A2 (Red Supergiant, RSG)
IS IAT & MARCS 2B IR TR AR IF4s tH AR EA RO E T = 3650 — 3900K, YL/
10g (Lbot/Lo) = 4.25 + 0.10. 15 /MR I L B R AR ST X ST2038, NGC 300 ULX-
1 35 BB 5 B i o B R G R 1 2 M Az i 7 o AT s 1R
HRMAEE R HHARD, WRe2 %A FEAE BRI B RRARER, 3T 7 E-BEERGK
Ui, BRI EE L E I A PR AR S AR ME RS TE AEAE

3.2 BJRE AR 4h

18 AT ARG AL, RICT RN R E RINEEEMKZ (SFR = 3Mgyr™),
THEARR) T AR 8 B R ik 3-1.

R LR, HRRARR 4 5 ECE] B =1(B1), B=2(B2), B=3(B3)f BHL i}, EjEk
HA R, 144800 KR AR SR AR S B X AR N AR, H A+l 8
U1 JRU AR AR IR 2 2 1 T AR AR A X B RIR I H , ol X IR AR RS it T — AN
BRI BAb, XA o0 4 J& =F FEAROC RAR 98, 1X 5 Marchant FFIRHE 745 R+ 0
FFEBO, @RS, TR A PRI AR Y rh Al X SRS A H B 3, A& g
15 QI AR AR A 5 X5 2l B ST k2l

HHR AN, 72 HAn SR AR T3 T, BESE RS (R 485 R 0, AH B B AR5 X S 28
% H BB 380 . XN 5 KRR R BE B (M G i H i 0%, BAkn] W 2-3. FNEEE BT
Hahn,  RH R A v BE A BE A E ST, AN B ) A KRR R B
= 31 AXRITRERPERVITES, AEPFERT X FHELERNRRMEE . HE3RS B, B2,
B3 #1 BHL /2 BIAREMIRFRER b 3=1(B1), B=2(B2), p=3(B3). AMFBX RFIIEE!, 7 R ~EBFE,
7 ORRKXMHEBEE.

Z Bl B2 B3

VAo 3.1x107? 3.7x 107t 6.8x 107t
0.2Zg 32x107? 6.7x 1071 1.5
0.02Z¢ 1.1 2.9 6.3

MR T B 285 R, FEAR 4 8 =2 P X3, WA AR 52 X S SRR ML 7Y A B2 R B B TE 15 3] 40
KRR R B E R 2R, EXMEEEERELLAR, DNT KM ENLEE R N
T RZH. XMEHERE X FX0UE (High mass X-ray binary, HMXB) [P & lgh H2k
Bl FERBTHN T ERESBFEENAE, KEREFEHE R EAREREC, HEREE NERE
P, BTDAE i A el A, (RS R R B AR S0 .

R T BARTR IO B AN AR R AR X ST 2RIE R G s, PF 2R o B AN EUIE SR P
THI# R R R AN RS 20 XU AR e o L Ze ) = 1) 43 AARR ) B =1(B1), B =2(B2), B =3(B3)/
B AR, et — SRR AL S B AR . 3T =AT ol e @R 1 F%, 0.2
%, 0.02 5 KPH 4 &8 =F FE A AL . H b SR FH B XA (R B1UTE 2 3035 sk B 2 U SR A Ly >

13



PE 2GR AR T GBS0

10%%erg/sIIAE RS, BB RER R IR A H 3. oA R HCT 52 PULX NGC 7793
P13 {EASH R4S, WMETEOTTHR, HERREWN S 2RI —A 20 £5KBHHRE
BN BYa #BEE, HXURERGEWPIER KL N 64 K, HAENHEAI 3.1.1 /N, FEAH AT
B X BRI, FTUJRELNAZAE 5 ULE, RMER SRS IS A TR, B DA B AR KU
BEAYRF TN G o

H RN, P13 YEARME F AL G R B B RS o A% GE IR A PR AR 2R il 2 X SRR 1)
A M, AR FEER FOURE, KPUEAMIXE, 5 P13 P50 EdE 1% % 15
ANFFE . SR, LB B KRR R rhr 3 B R B0 B 3 o A SE 27 6 P13 TRINELE 4.
1A I QR AR B P T 5 AT ) I FR R SR

7 7 7 7
6 BlZ=2, 6 B2/Z=2Z5 6 B3/Z=2Z5 8 BHUZ =2,
5 5 5 5
e - 4 - 4 - 4
] ) B £
R £ 3 < 3 £ 3
= = =1 =1
Z 2 . P E 2 — : £ 2 S (22 —
1 1 1 1
0 0 0 0
-1 -1 . -1 -1
1626 30 a0 50 630 30 40 5 1630 30 40 50 1620 30 40 50
M My M3 My
7 7 7 7
5 B1/Z=0.22Z, 6 B2/Z=02Z, 6 B3/Z=02Z, 6 BHUZ=02Z,
5 5 5 5
— 4 — 4 — 4 = 4
5 5 g L E
&g 3 ELE 3 < 3 <3
L . 2 2 -3 L E 2 == 22 —
1 1 1 1
0| 0 0 0
=1 -1 -1 -1
010 20 30 40350 0 10 20 30 40 50 010 20 30 40 50 1020 30 40 30
M, M, M My
7 7 7 7
I B1/Z=0.02Z, B B2/Z=0.02Z, 3 B3/Z =0.02Z, 6l BHL/Z = 0.02Z;
5 5 5 5
— 4 = 4 - 4 = 4
B .8 ) g
&b 3 &v 3 . g 3 2 £ 3
22 5 2 2 = 2 2 - £ 2 —
1 1 1 1
0 0 0 0
-1 -1 -1 -1
167203050 1020304050 1620 304050 162030050
M M M, My

E 3-2 ERAH-HERESHE. EHMFI5HAES B1, B2, B3 M BHL XRARER., HA=1T%
AN EREERN 115, 02 15, 002 EXAHEBFEEREWER ., BPEMERRNRDEXHS
TFER= X SHLERNEE Stb, HEPHEEGEAXEKXRT 10139 erg/s. BIFEBIREBERTHWIE L
WA RS P13 WHEXFIESE. BARS B, B2, B3 M BHL HARREXKIAER G g=1(B1),
B=2(B2), B=3(B3). FAFRiARFAFEEI,

JUE A G A IR AR SR B, HR 4 Mohamed HUFIRHF TSR, WURAR AR AT R i
50%, BEAh, FATRHA AR R R R B el 20%, BB Gk, FHSE T4 4t ) AR A 2 3175
TR RS, UL UL IS SR o IR TR AR R BH <8 = RO, 4 1 KR
FEAFERERA RS, WA 0.1 Ml X S, WRESEFEEZBIELT (0.02Z5),
AT 1 ARE XN LRI, X IR E] TN AR S R 2 ST X ZRTED o R el
MR AR R A B X S 2R % e B+ & 2.

X TE 0 KRG R F BB (s —47), KBRS R THAER: KRB K

14



3 T ULX FR

BUBERIAR, —HKT 100 K, FEIERAT/NIEMIXUE RS, FHHMHEFIYIGEEE SRR,
MR THE R R R R, U A, X —JAVR AT S LB S R . 2 A AT
BRHUERM RS, AR A TE R A2 A1) He JRMFER T

NT =PRI X SRR S, R E DL RA B EFTSH H-R B
33 e [FEBE—FE, ST T RREREREN 145, 0265 0.02 5 KPHEE IR,
Pt WU 2R 5 75308 S e 1 B M5 S5 A L, > 103%erg /s, B (R R 2 s W U PR 8 0 8
ForrsRHCT Ml PULX NGC 300 ULX-1 fERZH R0, RIEBCHMMINEE R, ZXUE RS
S ANAB R, AR R0 E N T = 3650 — 3900K, 12 6% Mlog (Lyor/Lo ) = 4.25 £ 0.10,
nE R AR, BRI 3.1.2 M

A 3-3 AT, RS [ (7 A QR B B, AT LA RE NGC 300 ULX-1 REHIHIE
Zh . AR, ALY H R R ) JE0K 36 B NGC 300 ULX-1 (IES 8. b, XFEER
M IES B+ KB TGS B FEENER, ARESBFEET, OBERSER T REE. H
HEEEBEET B KH4EBFE) S A, ER4EBFE FPIRESORE, mCERIE
e Ak, OHERRSEEKERS S S mDN, HHEFEKMPIER, #lin NGC
300 ULX-1, HAbREEERERK, #ill PULXNGC 7793 P13, 33Xt 2 5 H X P AN R Ay dh 7R e

VAN
173 B R A o
6.0) 6.0, 6.0 6.0;
5.5 5.5 5.5 5.5
5.0 5.0) 5.0 5.0
45 545 345 545
E + E + E; + E +
aof e 4.0, 4.0 4.0
3.5 BlIZ=2Z, 3.5 B2/Z=2, 35 B3Z=2, | 3.5 BHLZ =2,
3.0, 3.0 3.0 3.0
44 4z 40 38 36 34 44 8z 40 38 36 3.4 74 37 40 _ 38 38 34 44 42 40 38 36 34
log(Ter) log(Terrh log(Ten) log(Ter)
6.0 6.0 6.0, 6.0y
5.5 5.5 5.5 5.5
5.0| 5.0| 5.0 5.0
345 F45 345 345
E t E + E + E ¥
4.0l 4.0l 4.0 4.0!
; s
35 B1/Z=0.2Z; ] 35 B2/Z=0.2Z, 35 B3/Z=0.2Z, ] 3.5 BHL/Z = 0,27
3.0 3.0 3.0 3.0]
43 42 40 _ 38 36 34 14 22 40 _ 3.8 36 34 14 42 40 38 38 34 43 42 40 _ 38 36 34
og(Ter) log(Ter) Tog(Ter) log(Ter)
6.0) 6.0) 6.0 6.0
5.5 5.5 5.5 5.5
5.0 5.0 5.0 5.0
o o o o
Jas Jas 345 345
E + E + E E- E +
4.0 4.0) 4.0 4.0
-EID" 11077 10
35 B1/Z = 0.02Z, ] 35 B2/Z = 0.02Z, | 15 B3/Z = 0.02Z, : 35 BHLZ = 0.022,
3.0, 3.0 3.0 3.0,
44 47 40 38 36 34 44 87 40 38 36 3.4 4 37 40 38 36 34 44 4z 40 38 36 34
log(Terr) log(Tefrh log(Terr) log(Tefr)

3 3HEXE-BYRENME. EHEISHIAESR B, B2, B3 A BHL MIRFAER., HE=1T5
AMNEERBEEAN 115, 0215, 002 FXAEEFEENENERE. BHhHERENRIAEAF
TFERR X SHEIFENHE &tt, EPFEEEHAREXRT 10739 erg/s. BHERIRERERRNZELX
AR RS PULX NGC 300 ULX-1 BUMERFHEENMEHE. 223453 B1, B2, B3 1 BHL & AKFREXE
FR#ERI B=1(B1), B=2(B2), B=3(B3). FIFRiBMLFIIER,

15
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4 IR KK ULX BT

4.1 RFEE R

AR F (Starburst Galaxy) ZIBE T4 RIZU VL, FEUEE P 8 W3 T 1R 7K1
ERTANTRH T Wolter £ XIANFIIORE RSN, WFRPRET, HAaJblEY, HFIRER
()< BEAN AN R, XM RN TG L A RA TN M 2 RS XU BEAGHE 7T BEAR
SIS E . RECEATE BT /N A RA A IR R T 0.02%-0.2%08), (H3E A 4 BOJETS 4 IR R A
FRIE I EEIE ST ikl . MORE R AE T U R R 2 5 B () B R AR, X R
TE R AR A, R 2 X S EIR e AR IR AL thah, B TEEEE (SFR) &
A ARSI [, R RS TAVER AR B A T 2 A, MR S 7 B 5 A ) & Fh)
WA R IR Z . MRIEXT NGC2276 2 RIMELEPY, 75 21RE R PR 2 K&K ULX 5151
FERATTBIAALL o

xR 4-1 PEIAEERBEXSH

Name Distance(Mpc) SFR (M /yr) Z(Zg)
Cartwheel 122 20 0.14
NGC 922 48 8.0 0.5-1.

Arp 147 133 4.1 0.19-0.40

AM 0644-741 91.6 2.6 0.45

Arp 143 57.1 2.3 0.44-0.71

Arp 148 145.2 2.5

Arp 284 37 4.0 0.19-0.38

4.2 MR Z O L R B il 25

AATH IR AETEE SFR MG & FE T AT I I8 S TR 2 &R )i KA 8]y
200Myr. BT R RE R P EEE R EM RS (SFR > 45Mgyr™), Fbal UIA B IS5 % 5
R X IR EE 51EE SFR B4R R, X521 Mineo 7£ 2013 1) TAESE R —2
(40T, B T I 21 P B2 2R 1 R T e, AT TR G S5 W AN S i 1) AP kAT LA . B B BIE R T
BRI 2 A, ROzl IS TR B st THE . FATRA Hurly JHR 1 EPS AAESH T BH W
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Abstract. Ultraluminous X-ray sources (ULXs) are end points of stellar evolution. They are
mostly interpreted as binary systems with a massive donor. They are also the most probable
progenitors for BH-BH, and even more, for BH-NS coalescence. Parameters of ULXs are not
know and need to be better determined, in particular the link with the metallicity of the environ-
ment which has been invoked frequently but not proven strongly. We have tackled this problem
by using a MUSE DEEP mosaic of the Cartwheel galaxy and applying a Monte Carlo code that
jointly fits spectroscopy and photometry. We measure the metallicity of the emitting gas in the
ring and at the positions of X-ray sources by constructing spatially resolved emission line ratio
maps and BPT diagnostic maps. The Carthweel is the archetypal ring galaxy and the location
and formation time of new stellar populations is easier to reconstruct than in more normal galax-
ies. It has the largest population of ULXs ever observed in a single galaxy (16 sources have been
classified as ULXs in Chandra and XMM-Newton data). The Cartwheel galaxy is therefore the
ideal laboratory to study the relation between Star Formation (SF Rates and SF History) and
number of ULXs and also their final fate. We find that the age of the stellar population in the
outer ring is consistent with being produced in the impact (< 300Myr) and that the metallicity
is mostly sub-solar, even if solutions can be found with a solar metallicity that account for most
observed properties. The findings for the Cartwheel will be a testbed for further modelisation
of binary formation and evolution paths.

Keywords. stars: binaries, galaxies: individual (Cartwheel), galaxies: peculiar, galaxies:
interaction, galaxies: evolution

1. Introduction

Why did we choose the Cartwheel galaxy? The Cartwheel is the epitome of the Ring
Galaxies (RiGs), in which many ultra luminous X-ray sources (ULXs) are produced as
end points of stellar evolution. We have shown (see later) that ULXs are in general
the high luminosity tail of high mass X-ray binaries (HMXB; see also contributions
by Roberts or Kovlakas, this volume). They are the testimony of a recent event: the
gravitational encounter of two galaxies. In RiGs, the location and formation time of new
stellar populations are easier to reconstruct than in normal spirals due to the simpler
geometry and dynamics. Brighter ULXs seem to be preferentially found in low metallicity
environments. Two possibilities have been put forward: a) the largest black holes (BH)
are constructed from direct collapse of low metallicity stars (e.g. Mapelli et al. 2009)
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or b) metal-poor X-ray binaries are more luminous than their metal-rich peers (Linden
et al. 2010, which could be the case for both BH or neutron stars (NS) counterparts (see
also contributions by Artale, this volume).

The Cartwheel belongs to a compact group of 4 members (Iovino 2002) at a dis-
tance of D = 122 Mpec. The shock wave of the encounter with one of the group galaxies
has launched a shock wave that has triggered star formation and enhanced emission in
all bands. The conscquence of this star formation is the large number of ULXs found,
especially in the ring - see Wolter et al. (2015).

The recent Gravitational Waves (GW) detections have increased the interest of ULXs
as possible sites of coalescence. Many authors have used the ULXs as progenitors to
compute the expectancy for GW detection of different kinds of merging, in particular
the NS-BH event which has not been detected yet. Many recent estimates of expected
rates (e.g. Inoue et al. 2016) do take into consideration the ULX properties (Luminosity
Function, active time, frequency by galaxy mass or SFR). However, many of these param-
eters are very uncertain or not known (see also contributions by Giacobbo et al., by Erkut
et al. and by Fabrika et al. this volume).

We use an operative definition of ULX as an extra-galactic, point-like, non-nuclear,
X-ray source with 103 erg/s < Lx < 10*? erg/s (Fabbiano 1989). This definition is bound
to create a mixed class of sources and includes interlopers, like background AGNs, and
at least a subclass of Supernovae, possibly numbering about 25% of all ULXs (Swartz
et al. 2011). The majority of ULXs nevertheless are thought to be binary systems, with
a degenerate object and a large (in most cases) companion. The engine of the system
might be: a) an Intermediate Mass BH (1027° M, - this was the initial guess but now
runs a bit out of fashion; b) a BH with a heavy stellar mass (30-100 M) or ¢) a Neutron
Star - this has been proven for at least 5 cases (Bachetti et al. 2014, Israel et al. 2017a,b,
Fuerst et al. 2016, Carpano et al. 2018) out of a few hundred ULXs.

2. The X-ray Luminosity Function of ULXs

First we use the X-ray luminosity function (XLF) to show that ULXs are related to
HMXB, which are the subject of this meeting, and therefore deserve attention here. A
number of authors, including us, has produced the XLF for individual galaxies with a
large number of ULXs (Cartwheel: Wolter & Trinchieri 2004; Antennac: Zezas et al.
2007; NGC337: Somers et al. 2013; NGC 2276: Wolter et al. 2015) and compared it
with the so-called universal luminosity function of HMXB by Grimm et al. (2003). The
normalization of the XLF for the Star Formation Rate (SFR), measured typically via the
Ha luminosity, is consistent with the idea that ULXs are linked to recent star formation
bursts. The smooth connection with the lower luminosity sources and the slope of the
XLF are consistent with our hypothesis.

This is also shown by the XLF of both a large number of ULXs collected in the rings of
seven collisional RiGs (Wolter et al. 2018) and those in the collection of nearby galaxies
(Swartz et al. 2011) observed by Chandra, which yield a similar number of ULXs and
consistent results between each other, even if the RiGs have a possible excess at high lumi-
nosity. The combination of many galaxies relies on the assumption that we are witnessing
a single burst of star formation in each galaxy, with a reasonable short age (possibly less
than 100 Myr as per the simulations of Renaud et al. 2018), close to the formation time
of HMXB, and that the spread in metallicity is not large. In any case, the effect of
metallicity is not predominant with respect to the SFR (see e.g. Mapelli et al. 2010).

The Cartwheel, with its 15 out 65 sources in the collection of ring galaxies, is the best
testbed in which to search for new information about the environment of formation and
evolution of ULXs and HMXB in general. A measure of the metallicity of the Cartwheel is
available in the literature (Fosbury et al. 1977), measured in the brightest HII regions. The
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Figure 1. Three color image derived from Muse data - using filters matching as close as
possible the g, 1 and r Gunn filters.

age of the star burst is not known, even if a few estimates of the epoch of the encounter

are available in the literature: Higdon (Higdon 1996) estimates 300 Myr from the impact

from the HI velocity field; Amram (Amram et al. 1998) estimate the age of the ring at

> 200 Myr from Ha kinematics (13-30 km/s expansion); while Renaud (Renaud et al.

2018) run detailed simulations that imply an age < 100 Myr for the persistence of ring.
We intend therefore to study the Cartwheel to address these issues.

3. MUSE data

The Cartwheel was observed by MUSE in Aug 2014 for calibration purposes with a
mosaic of four 4 ksec pointings to include the entire ring (1.4 x 1.5 arcmin). The data
have been downloaded from the ESO archive. The MUSE 3D science data cubes have
their instrumental signature removed, and are astrometrically calibrated, sky-subtracted,
wavelength and flux calibrated, using the MUSE pipeline, version muse-1.4 and higher.
We show in Figure 1 a color image, obtained by filtering on the Gunn filters g, i, and r
the band pass of MUSE (details in Wolter et al. in prep).

To robustly estimate emission line fluxes, we accounted for the stellar absorptions
underlying the Balmer emission lines that fall in the MUSE spectral window: Ha and
Hp. For this, we used the code GANDALF (Sarzi et al. 2006) complemented by the
penalize pixel-fitting code (Cappellari & Emsellem 2004) to simultaneously model the
stellar continuum and the emission lines in individual spaxels with S /N > 5. The stellar
continuum was modeled with the superposition of stellar templates from the MILES
library (Vazdekis et al. 2010) convolved by the stellar line-of-sight velocity distribution,
whereas the emission lines and kinematics were modeled assuming a Gaussian profile. In
each spaxel, the modeled stellar continuum spectrum was subtracted from the observed
spectrum to obtain a final datacube of pure emission lines that is free of stellar absorption.
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Figure 2. BTP diagrams: see text for details. Top-left: [OIII]A5007/HS vs. [NII|]A6583/Hcv.
Top-right: map of the spaxel contributing to the BPT, color-coded as in the top-left panel.
Bottom-left: [OIII]A5007/HB vs. [OI]JA6300/Hee Bottom-right: map of the spaxels contributing
to the BPT, color-coded as in the bottom-left panel.

3.1. Metallicity

We have extracted “line” images (for He, HS, [OIII], [OI] and [NII]). We can then
use those images to compute standard classification diagrams resolved in spaxels, as the
two BTP diagnostic maps shown in Figure 2. In the top-left panel the [OIII]A5007/HS3
vs. [NIIJA6583/He is plotted. The dashed curve separates AGN from HII regions and
is adopted from Kauffmann et al. 2003 (Ka03). Data (in the top-right panel) are color-
coded according to their minimum distance to the Ka03 curve. The black crosses indicate
the typical error of the ratio of lines with a S/N ~ 15/5. Thick solid lines show the three
different photoionization models at different metallicities (0.2 Zg, 0.4 Zg and Zg) by
Kewley et al. (2001).

In the bottom-left panel the [OIII]A5007/HS vs. [OIJA6300/He is plotted. The dashed
curve separates AGN from HII regions and is adopted from Kewley et al. 2001 (Ke01).
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Figure 3. Comparison between BC03 models expectations and MgFe (top panel), Fe5270 (mid-
dle panel) and Feb5335 (lower panel) indices measures of the Cartwheel outer ring spectrum. The
green lines represent our measures (solid line) and their errors (short dashed line). In each panel,
expected indices values as a function of the age of a SSP are reported for solar metallicity (black
line), Z = 0.4 Zg (red line), Z = 0.2 Ze (cyan line) and Z=0.02 Ze (blue line).

Data (in the bottom-right panel) are color-coded according to their minimum distance
to the Ke0l curve. The black crosses indicate the typical error of the ratio of lines with
a S/N ~ 15/5. Thick solid lines show the five different shock models by Rich et al. 2011,
indicating five different fractions (from 0 to 1) of He flux contributed by shocks.

A general assessment of the metallicity in the galaxy shows that the metallicity of
the ring is consistently lower than in the rest of the galaxy. The small portion of G1
visible in the upper left corner shows about the same metallicity of the ring. The central
region appears supersolar. However, as shown in the bottom panels, where [OI] is used
instead of [NII], we cannot exclude the presence of shocks that contribute to the line
ratios.

3.2. Spectra and inferences

It is notorious that metallicity of stars and age of the galaxy give similar effects on the
optical spectra. Nevertheless we try to measure them separately by looking at some Lick
narrowband spectral indices like those related to the Mg and Fe absorption features in
the range 5300-5500 A (i.e., Mgb, Fe5270, F5335, MgFe) We compare our measures with
the expectations of Bruzual & Charlot 2003 (BC03) models (Simple Stellar Population
SSP, Chabrier IMF) for different metallicities (i.e., Z = Zg; Z = 0.4 Zg; Z = 0.2 Zg;
Z = 0.02 Z,), as shown in Fig. 3.

The star metallicity is consistent with being 20-40% solar, in particular, expecially
from the iron indices Fe5335 and Fe5270 (for which our measures result to have a better
accuracy), it is Z = 0.4 x solar if the age of the star population is 200 Myr, while it is
0.2 x solar if the age is 300 Myr. This would confirm the picture in which the age is
small (less than 400 Myr) and, even if the correlation between age and metallicity is still
present, we can constrain the interval between 20-40% solar, consistent with the majority
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Figure 4. Cartwheel MUSE outer ring spectrum. The green dashed bands mark the spectral
regions involved in the metallicity Lick indices which have been estimated in this work.

of the star having been produced in the impact, with a less than solar gas, possibly mixed
between the original gas of the Cartwheel and the surrounding environment.

4. Spectro-photometric fitting with MultiNest

Is the timing right? Can we measure the age of the population? Given the age and
metallicity correlation, can we disentangle them?

These are amongst the questions we would like to address with the MUSE data, in
combination with all other multi-wavelength measures. To this aim, we have adapted
the code by Fossati & Mendel (see Fossati et al. 2018 on the VESTIGE survey) which
exploits a MULTINEST fit. It applies a Monte-Carlo Spectro-Photometric Fitter which
derives the star formation history (SFH) by fitting high resolution (Bruzual&Charlot)
population models. A linear interpolation of the stellar models (where Quge is the look-
back time of the event and T, is the characteristic time scale) is performed, and the
result is scaled in luminosity as part of the fitting procedure. The procedure includes
nebular emission lines (ionizing radiation absorbed by gas) and dust attenuation.

We collect all the available photometric information in the UV-O-IR band. We select
three different spatial regions: the outer ring, the middle zone and the inner (and nuclear)
ring. We focus here on the outer ring, in which the majority of the stars should be pro-
duced in the impact, and which has a higher brightness, which helps in reducing degrees
of freedom to the fitted models. The inner ring has a mix of old and new population
which is quite more complicated to simulate with a simple star formation history. The
middle zone is fainter a therefore more uncertain, even if very interesting from the point
of view of confirming simulations.

We derive photometric points for the outer ring, and extract a MUSE spectrum from
the same spatial region, as input to the spectrophotometric fitter. We plot the results for
the solar value and for 20% solar - which are the extremes we considered - in Figure 5,
where in the bottom left panel: blue indicates the young component, with stellar emission
and nebular lines, while red represents the old component (> 10 Myr). The shape of the
SFH is a single burst, exponentially quenched. The fitted parameters are the age of the
burst (Qage = 300/132 Myr) and the quenching scale (T, = 69/19 Myr) for metallicity
Z = Zg (top) and 0.2 Zg (bottom) respectively.
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Figure 5. a) Top figure: solar metallicity; b) Bottom figure: 20% solar metallicity. Both figures
are thus structured: Top: Results of the MC-SPF fitting for the outer ring. Upper panel: MUSE
spectrum (black) and best fit model (dark red). Regions where the spectrum is plotted in grey
are not used in the fit. The fit residuals (Data — Model) are shown below the spectrum and the
grey shaded area shows the 1o uncertainties. Lower left panel: photometric data points in black.
The blue line represents the stellar emission with nebular lines from the young component (Age
< 10 Myr), the red lines are from the old component (Age > 10 Myr), while the dark red lines
are the total model including the dust emission. Lower middle panel: reconstructed SFH from
the fitting procedure. Lower right panel: marginalised likelihood maps for the Qug4e and T, fit
parameters. The red lines show the median value for each parameter, while the black contours
show the 13 o confidence intervals

5. X-ray band information

One of our aims is to compare the environment properties with the production of
ULXSs to gather information on the formation mechanism. The first step is to compare
the X-ray emission observed by Chandra to the optical one measured by MUSE, as
shown in Figure 6. In the same figure, red circles indicate the background objects, easily
traceable in the MUSE data cube. No particularly X-ray bright interloper is found in the
ring region.

First we investigate if the metallicity is different at the ULXs positions from the rest
of the ring. We compute the metallicity by following the prescription of Curti et al. 2017,
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Figure 6. The RGB MUSE image reports the position of the background sources (red circles).
The X-ray emission from the Chandra observation (Wolter & Trinchieri 2004) is superposed in
white contours.

which calibrate the relation differently for different metallicity ranges, by using the O3 N,
index defined as: O3No = ([OI1I|A5007/Hpg)/([N1I])\6584/H,,).

We extract the metallicity value at the position of the HII regions listed in (Higdon
1995), and at the ULXs positions from (Wolter & Trinchieri 2004). The range of metal-
licities - 12 + log(O/H) = 8.16 — 8.47 - is the same for the two samples, indicating
that a) a range of values is found even in the ring; b) the ULXs do not occupy a priv-
ileged position with respect to the metallicity distribution (see also the contribution by
Kouroumpatzakis et al., this volume).

6. Conclusion

ULXSs are in the majority binaries, whether NS or BH, produced by a recent episode
of Star Formation. The recent construction of XLF for RiGs suggests the presence of a
larger number of high luminosity sources in collisional environments. This results may
be applicable to constrain estimates for GW events. Galaxies like the Cartwheel repre-
sent sizable samples of ULXs and are therefore the most interesting to study. We have
exploited the MUSE dataset that allows us to derive spatially resolved information to
compare with multi-wavelength data. We find that metallicity is 20-40% solar in the
external ring, consistently in both stars and gas, but we cannot exclude yet from our
spectrophotometric fitting procedure that the metallicity is solar. From the above results
it follows that the age of the stellar population produced in the encounter is < 300 Myr
and possibily smaller, consistent with the timing of HMXB formation, which reinforces
the interpretation of ULX system as the high luminosity (higher mass transfer? higher
magnetic field?) tail of HMXB. ULXs are not found in special regions with respect to
the rest of the galaxy, or at least of the ring, for what concerns metallicity. While this
point needs to be further studied, it might lessen the importance of the environment for
the formation of ULXs and strengthen the importance of the timing of the event.

In the future we plan to perform a detailed comparison with simulations (Renaud et al.
2018, Mapelli & Mayer 2012) for different regions of the galaxy; we will exploit available
long-slit spectra for determining the ionization parameter and even better calibrate the
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metallicity relations. These results will be applied then to constrain formation models of
ULXs (e.g. Wiktorowicz et al. 2017).
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Discussion

INDULEKHA KAVILA: Your sce misalignment between ULXs and the HII regions. Since
there is a time gap between the star formation event and the appearance of the ULX,
wouldn’t it be more apt to look for alignment with signatures of B stars - which are the
brightest objects in the “post star formation event” phase?

WOLTER: We have checked for offsets between the location of the peak of the optical
emission and the ULX number density, with no particular selection of emission signatures.
CLAUS LEITHERER: One additional step would be to apply population synthesis models
with binary star evolution (BPASS; Eldridge et al. 2017). This would allow you to model
the optical and X-ray data simultaneously and check for consistency.

WoLTER: We thank you for the suggestion and we will try to implement this for the next
publication.
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ABSTRACT

Very recently, wind Roche-lobe overflow (WRLOF) has been suggested as a possible mass transfer mechanism for ultra-luminous
X-ray sources (ULXs) and, to date, two neutron-star (NS) ULXs (i.e., NGC 7793 P13 and NGC 300 ULX-1) are remarkable and hard
to understand in the current, usual RLOF picture. In this work, we test if the two sources could fit into the WRLOF paradigm. By using
an evolutionary population synthesis method, we modeled the population of NS ULXs with (super)giant donors, taking the WRLOF
accretion mode into account. We find that the population of wind-fed NS ULXs in the WRLOF mode is distinct in numbers and binary
parameters from that in the traditional Bondi-Hoyle-Lyttleton mode, and it is strongly metallicity dependent. The number of NS ULXs
with (super)giant donors can be enhanced greatly, by one or two orders of magnitude, depending on the metallicity adopted. Sources
with massive (~15-40 M;) (super)giant donors dominate wind-fed NS ULXSs in the very low metallicities, while sources in near solar
cases are dominated by a red supergiant with a lower mass M, < 10 M, instead. Moreover, the two NS ULXs can be well reproduced
in the WRLOF paradigm, which significantly enriches our understanding of the nature of ULXSs and the population. We also present
the current distributions of binary parameters of wind-fed NS ULXs, which may be further testified by future high-resolution optical

and X-ray observations of these populations.

Key words. stars: evolution — X-rays: binaries — stars: neutron — methods: statistical — binaries: close

1. Introduction

Ultraluminous X-ray sources (ULXs) are non-nuclear, point-like
objects with apparent luminosities of Lx > 10* ergs™!, exceed-
ing the Eddington limit for a 10 M, black hole (BH, Fabbiano
1989, see Kaaret et al. 2017 for a recent review). Although sug-
gested to be intermediate mass (10-10° M) BHs (Colbert &
Mushotzky 1999) in early studies as the accretor in ULXs, grow-
ing pieces of evidence (Gladstone et al. 2009; Liu et al. 2013;
Sutton et al. 2013; Walton et al. 2018) demonstrate that most if
not all ULXs are instead stellar-mass binary systems, proposed
due to super-Eddington accretion (Begelman 2002) and/or geo-
metric beaming (King et al. 2001; Poutanen et al. 2007; King
2008; King & Lasota 2020). Strikingly, ULXSs can also harbor
an accreting neutron star (NS), of which the Eddington limit
Lgqq is much lower (i.e., around 2 x 10%¥ ergs™' for a 1.4 M,
NS'). Several NS ULXs have been identified so far and they
are characterized by regular pulses with periods of ~1s, that
is, M 82 X-2 (Bachetti et al. 2014), NGC 7793 P13 (Fiirst et al.
2016, 2018; Israel et al. 2017a; Motch et al. 2014), NGC 5907
ULXI1 (Israel et al. 2017b), NGC 300 ULX1 (Carpano et al.
2018; Heida et al. 2019b), NGC 1313 ULX-2 (Sathyaprakash
et al. 2019), and M 51 ULX-7 (Rodriguez Castillo et al. 2020),
or a cyclotron resonance feature, for example, M51 ULX8
(Brightman et al. 2018).

! In the case of a strong magnetic field, the effective Eddington lumi-
nosity of NS can be increased by a factor of (ug/u)* for frequency
u below cyclotron (ug) due to the reduction of the electron-scattering
cross-section (Dall’Osso et al. 2016; Eksi et al. 2015; Tong 2015).

Article published by EDP Sciences

In order to account for the ultra-high luminosity of
NS ULXs, mass transfer through Roche-lobe overflow
(RLOF) via an accretion disk has always been assumed in
previous theoretical studies (Shao & Li 2015; Fragos et al.
2015; Wiktorowicz et al. 2015, 2017, 2019), as a highly super-
Eddington mass transfer rate is unlikely to reach through stellar
wind. For example, after the discovery of the first NS ULX (i.e.,
M 82 X-2, Bachetti et al. 2014), Shao & Li (2015) first studied
the population of NS ULXs by the use of both evolutionary pop-
ulation synthesis (EPS) and a detailed binary evolution method.
They suggest that NS ULXs may contribute significantly to the
whole ULX population. And the distribution of the NS ULX
population was demonstrated in the donor mass-orbital period
plane (see their Figs. 3 and 4), as well. Utilizing the StarTrack
EPS code, Wiktorowicz et al. (2017) show that the typical donor
of NS ULXs is a red giant star with a mass of ~1.0 M. They
found that massive supergiant donors are rare (<1%) in their cal-
culations. Interestingly, several massive stars have already been
detected in the optical and infrared as potential donors for ULXs
(Kaaret et al. 2004; Liu et al. 2004, 2013; Heida et al. 2014,
2015, 2016; Villar et al. 2016; Lau et al. 2019). Among them,
two NS ULXs are remarkable and hard to understand in the cur-
rent, usual RLOF picture (Shao & Li 2015; Wiktorowicz et al.
2017). One is NGC 7793 P13 (hereafter P13; Motch et al. 2014;
Fiirst et al. 2018), which is a pulsing ULX with a blue super-
giant (B9Ia) of 18-23 M, in a long orbital period of about 64 d.
Another is the pulsing ULX source NGC 300 ULX-1 (Carpano
et al. 2018; Heida et al. 2019b), with a red supergiant (RSG)
donor (Teg = 3650-3900K and log(Lypo1/Ls) = 4.25 + 0.10,
Heida et al. 2019a).

L2, page 1 of 6
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Very recently, wind Roche-lobe overflow (WRLOF, first
introduced by Podsiadlowski & Mohamed 2007; Mohamed &
Podsiadlowski 2007 has been suggested as a possible mass
transfer mechanism for ULXs (El Mellah et al. 2019a; Heida
et al. 2019a,b). In this scenario, WRLOF can remain stable
for large mass ratios while still leading, for relatively sufficient
slow winds, to the formation of a wind-captured disk around
the accretor, even when the donor does not fill its Roche lobe
(RL, El Mellah et al. 2019b). El Mellah et al. (2019a) find that
the mass-transfer rate can be boosted much higher than normal
Bondi-Hoyle-Lyttleton (BHL) wind accretion (see their Fig. 3),
necessary to reach the ULX luminosity level. We note several
observations also support the idea of the WRLOF regime (Orosz
et al. 2011; Liu et al. 2013). However, population synthesis on
NS ULXs considering WRLOF is still lacking.

In the present work, we applied an up-to-date EPS code
to investigate the population of NS ULXs in the case of the
WRLOF scenario. In the EPS code, we implemented the mass
transfer efficiencies u computed by El Mellah et al. (2019a). We
examined several parameters, such as metallicity and the expo-
nent S of the velocity law, which may affect the stellar wind and
hence the formation and evolution of WRLOF NS ULXs signif-
icantly. The objective of this Letter is to see if the two NS ULXs
(i.e., P13 and NGC 300 ULX-1) can be explained in the WRLOF
scenario within the range of a reasonable value of key parame-
ters. We also explored the detailed components of wind-fed NS
ULX populations, which may help understand the nature of the
sources and may be testified by future observations.

This Letter is organized as follows. In Sect. 2, we describe
the EPS method and the input physics for wind-fed NS ULXs
in our model. The calculated results are presented in Sect. 3. We
discuss and summarize our results in Sect. 4.

2. Models

We used the EPS code initially developed by Hurley et al. (2000,
2002) and updated by Zuo et al. (2014) to simulate the popula-
tion of wind-fed NS ULXs. Several major updates have been
made to this code, including the common envelope (CE) evo-
lution (Xu & Li 2010; Loveridge et al. 2011), compact object
(CO) mass prescription (i.e., the rapid supernova mechanism,
Fryer et al. 2012; Belczynski et al. 2016), and natal kicks of
CO formation (i.e., fallback prescription, Fryer et al. 2012).
For NS formation, we adopted a Maxwellian kick distribution
with a dispersion velocity of ok = 265km s~ (Hobbs et al.
2005) for NSs that formed from core-collapse supernova explo-
sion (SNe). We also considered the formation of low mass NSs
through electron-capture supernova (i.e., ECS, Podsiadlowski
et al. 2004), which typically has small kicks (Dessart et al. 2006,
we assumed oiex = S0kms™'). The maximum NS mass was
assumed to be 3 M, above which BH was assumed to form. For
CE evolution, we adopted the energy budget approach (Webbink
1984, 2008) and chose acg = 0.9 throughout (Zuo & Li 2014).
We assumed that all stars were formed in binaries (i.e., the
binary fraction f, =1) and evolved 8 x 10° primordial bina-
ries in each model. The initial mass function (IMF) of Kroupa
et al. (1993) was taken for the primary star, with mass M, €
[7,60] in solar mass. For the mass of the secondary, a flat dis-
tribution of the mass ratio ¢ = M>/M; between 0 and 1 was
adopted. We assumed that In(a) was evenly distributed between
a = 3 and 10*R,. The tidal effect was taken into account to
remove any eccentricity induced in a post-SN binary prior to
the onset of mass transfer. The star formation rate (SFR) was
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fixed to be constantly 3 Mg yr~! over the 13 Gyr period (Milky
Way-like).

The stellar wind of massive stars is vital in our simulations.
For the wind mass-loss, Vink et al. (2001) winds were applied
for hot, massive stars, that is, metal-dependent fitting formu-
lac given by Belczynski et al. (2010, that is to say Egs. (6)
and (7)). For Wolf-Rayet wind, we chose a combination of the
Hamann & Koesterke (1998) wind and Vink & de Koter (2005)
metal-dependent wind (i.e., Eq. (9), Belczynski et al. 2010). We
adopted Eq. (8) in Belczynski et al. (2010) for luminous blue
variable stars (L > 6 x 10° and 10~°RL'/> > 1.0, Humphreys
& Davidson 1994), which is independent of metallicity. The
other wind parameters are the same as in Hurley et al. (2000) if
not mentioned otherwise. Due to the dependance of metallicity
which may influence stellar winds significantly, we considered
three choices of metallicity, that is, Z = Z5(=0.02), Z = 0.2Z;
and Z = 0.02Z; in our models, to see its effects. It is difficult
to determine the wind velocity accurately. We set it proportional
to the escape velocity from the surface of the mass-losing star,
as a ratio Byina (Hurley et al. 2002; Belczynski et al. 2008).
The value of Byina depends on the spectral type of the mass-
losing star (Lamers et al. 1995). We adopted Sying = 7 for the
most massive MS stars (>120 M), Bwina = 0.5 for low-mass
MS stars (<1.4 M), and interpolated in between. We adopted
PBwina = 0.125 (i.e., slow winds) for extended (Rgon > 900 R:)
H-rich giants. For He-rich stars, we adopted Byina = 7 for
Mgon > 120 M, and Bying = 1.3 for Myon < 10 M, and interpo-
lated in between. We note the terminal wind velocity of low mass
He-rich stars is still very uncertain. The value we adopted here is
different from that suggested by Belczynski et al. (2008), which
is too low (J. S. Vink, priv. comm.).

For wind accretion, we adopted the commonly used Bondi-
Hoyle-Lyttleton (BHL) mass-accretion-rate formula (Bondi &
Hoyle 1944, see Eq. (6) in Hurley et al. 2002) for fast wind
cases. When the orbital and wind velocities are comparable, the
WRLOF mode was taken into account. In practice, if the mass
transfer rate in the WRLOF mode is higher than the BHL rate,
we adopted the WRLOF rate, otherwise the BHL rate was kept
the same as in Hurley et al. (2002). For the WRLOF mode, we
used the fitting formula based on data obtained from numeri-
cal simulations by El Mellah et al. (2019a, Fig. 2 and the data
tables they provided) to conduct the calculation. In their simula-
tion, the fraction of stellar wind captured, y, only depends on the
mass ratio ¢ = Myon/Mco, the stellar filling factor /= Ryon/RrL
(Eggleton 1983), the exponent S of the velocity law, and the ratio
of the terminal wind speed to the orbital speed 7 = Veo/Vorbs
with vop, = 27a/Pyyp and Py, being the orbital period. Since
only two mass ratios for ¢ (¢ =15 for the NS and ¢ =2 for the
BH) are provided for y in their simulations, a linear interpola-
tion (in logarithmic space) between the two extremal points was
conducted for other cases than ¢ =2 and 15, which is expected
to give a reasonable value of u (suggested by Ileyk El Mellah).
Due to the large uncertainties of the parameter 38, which repre-
sents how fast the wind reaches its terminal speed (i.e., the effi-
ciency of the acceleration), we adopted 8 = 1 (models labeled
“B1”), = 2 (models labeled “B2”), and 8 = 3 (models labeled
“B3”) to test its effects. We also designed models with only the
BHL mode applied (models labeled “BHL”) for comparison with
the above WRLOF models (i.e., models B1, B2, and B3). Then
combined with the three choices of metallicity, twelve models
were constructed in total. Then the final absolute X-ray luminos-
ity released by accretion onto a CO fed by a stellar companion
could be calculated with the traditional formula Ly = 0.1Mc?,
without considering the Eddington limit.
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Fig. 1. Current orbital period P,4,—M, distributions for models B1, B2, B3, and BHL at Z = Z;, (upper panel), 0.2 Z,, (middle panel), and 0.02 Z,
(lower panel), respectively. The color represents the number of wind-fed NS ULXs (i.e., Lx > 10* ergs™") in each matrix element. The cross with
errorbars is the location of P13. The labels B1, B2, B3, and BHL in the panels represent WRLOF models with 8 = 1 (B1), 8 = 2 (B2), 8 = 3 (B3),
and BHL models, respectively. For example, the model B1/Z = Z; represents WRLOF model with g =1 (B1) and Z = Z,.

Table 1. Expected number of wind-fed NS ULXs (ie., Lx >
10* ergs™") for a Milky-Way-like galaxy with SFR=3 M, yr™! for
models B1, B2, B3, and BHL at Z = Z,, 0.2Z,, and 0.02Z,,

respectively.
B1 B2 B3 BHL
Zs 31x107" 3.7x107" 6.8x107"  9.0x 1072
02Z;, 32x107" 67x107" 1.5 7.0x 1073
0.02Z, 1.1 2.9 6.3 23x1073
3. Results

Our models show conclusively that with the WRLOF scenario
taken into account, the population of wind-fed NS ULXSs is dis-
tinct in number and binary parameters from that in the traditional
BHL mode. Additionally, it is strongly metallicity dependent.
In Fig. 1, we show the distribution of current orbital period
P and donor mass M, in models B1, B2, B3, and BHL, respec-
tively. The upper, middle, and lower panels are for metallicities
with Z = Z;, (i.e., Solar), Z = 0.2Z,, and Z = 0.02 Z,, respec-
tively. The color represents the number of wind-fed NS ULXs
(i.e., Lx > 10¥ ergs™") in each matrix element. Overplotted is

the PULX P13 (Fiirst et al. 2016; Israel et al. 2017a), which has a
20 M, B9Ia donor star in a ~64 day orbit (Motch et al. 2014). Itis
clear that the source P13 cannot be reproduced at all in any of the
BHL cases, and the number of wind-fed NS ULXs in this case is
low, especially in lower metallicities. However, when WRLOF
is applied, many more NS ULXs are produced when comparing
models B1, B2, and B3 with BHL models (see Table 1). The
number of NS ULXSs is enhanced greatly, about an order of mag-
nitude in the solar case, and even more than two in lower metal-
licities. It is reasonable, as in the traditional BHL wind mode,
wind accretion is much less efficient than RLOF, which has been
neglected in previous studies (Linden et al. 2010; Shao & Li
2015; Wiktorowicz et al. 2017). However in the WRLOF mode,
the mass-accretion rates are significantly enhanced, sometimes
by more than an order of magnitude (El Mellah et al. 2019a,
see their Fig. 3), which helps to reach a typical ULX luminosity
level. When compared with current observational statistics (i.e.,
~2 ULXs per My yr~' of SFR, Grimm et al. 2003; Swartz et al.
2011), our results are sound, that is, ~0.1 ULXs (at Z = Z;) to
~1 ULXs (Z = 0.02 Zo) per M yr~! of SFR. We suggest that the
WRLOF scenario should be taken into account for the study of
ULX and its populations in the future.

However the component of WRLOF NS ULXs between
models (i.e., B1, B2, and B3, we do not discuss BHL models

1.2, page 3 of 6
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Fig. 2. Expected distributions of donor stars in H-R diagram for models B1, B2, B3, and BHL at Z = Z, (upper panel), 0.2 Z; (middle panel), and
0.02 Z, (lower panel), respectively. The color represents the number of wind-fed NS ULXs (i.e., Lx > 10% erg s7!) in each matrix element. The
cross is the location of the red supergiant donor star in PULX NGC 300 ULX-1. The labels B1, B2, B3, and BHL in the panels represent WRLOF
models with g = 1 (B1), 8 = 2 (B2), 8 = 3 (B3), and BHL models, respectively. For example, the model B1/Z = Z, represents the WRLOF model

withg=1(Bl)andZ = Z,.

hereafter due to their rarity) is distinct. The different species
reveal that they may come from different evolutionary path-
ways. We note the most common subpopulation is sources with
massive (~15-40 M) (super)giant donors in WRLOF models
(i.e., B1, B2, and B3). But the distribution of current orbital
period Py, is different and much shorter in lower metallicities
(<10° days in model B3; <10*days in model B2) when com-
pared with that in the solar cases (<10° days in model B1).
The phenomena we obtained here are very similar to that found
by Linden et al. (2010) for supergiant high-mass X-ray bina-
ries (SG-HMXBs, see the lower panel in their Fig. 5). The rea-
son is that the donor with a poor metallicity is more compact
than the rich ones (Linden et al. 2010; Klencki et al. 2020),
particularly the maximum radius during the (sub)giant phase
drops precipitously with decreasing metallicity (see their Fig. 7,
Linden et al. 2010). So during the expansion of the donor before
filling its RL, the orbit can be more compact at lower metal-
licities, while much wider at near solar metallicities. We note
the donor of this population is mostly rejuvenated, that is, get-
ting mass during the first RLOF from the more massive primary,
which produces the NS after the SNe (age within ~10 Myr).
After that, the WRLOF phase may take place soon thereafter,
lasting ~0.1—1 Myr before the donor fills its RL, after which a

L2, page 4 of 6

common envelope (CE) occurs due to a large donor-to-compact
object mass ratio, resulting in a binary merger. Another subpop-
ulation is sources with lower donor masses (i.e., M, < 10 My).
Especially at solar metallicity (upper panel, models B1/Z = Z,
B2/Z = Z, and B3/Z = Z), it clearly contains two species: one
being sources with longer orbital periods (i.e., Py, > 100 days),
which mainly come from binaries with a less massive progenitor
(<10 M), and large initial separations (~10°~10% R,). We note
that when the star formation history is shortened to within tens
of million years, corresponding to intense star burst cases, this
population would drop. The other species is sources with short
orbital periods (i.e., Py, ~ 0.1-100 days). We note that they are
mainly stripped He-rich stars, which are produced from a CE.
In addition, we find that there is a trend that the larger the
value of 3, the more WRLOF NS ULXs are produced in each
metallicity case. The reason is mainly related to the dependence
of u (i.e., the fraction of stellar wind captured by the accretor)
on the exponent f3 of the velocity law, as illustrated in Fig. 2 by
El Mellah et al. (2019a). It is clear in the figure that the higher
B is, the larger y is in the same condition, as the higher 3, the
later v, is matched, hence the larger y as seen in their Fig. 2 and
stated by El Mellah et al. (2019a). Furthermore, it is notable that
P13 can be produced in all metallicity cases as well, especially in
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cases with larger values of 8 and lower metallicities. Addition-
ally, there is a weak trend that more WRLOF NS ULXs seem
to be produced in lower metallicities, when compared with the
solar cases, which is similar to the finding recently obtained by
Marchant et al. (2017). It is because of the increase in u with
decreasing 1, which is the most significant effect shown in their
Fig. 2. We note sources in lower metallicities are more compact,
that is, a smaller Py, then a larger von, = 27ma/Poy,, hence a
smaller 77 = v /Vory, Which gives a larger g, resulting in more NS
ULXs instead, although the wind mass loss is relatively lower in
the low-metallicity regime.

The donor of ULXs is the key to understanding the nature
of ULXs and the population. In Fig. 2, we present the expected
distributions of the luminosity log(Lyo/Ls) and effective
temperature log(7.q/K) of donor stars (i.e., H-R diagram) for
models B1, B2, B3, and BHL, at Z = Z;, (i.e., Solar, upper
panel), Z = 0.2Z; (middle panel), and Z = 0.02Z; (lower
panel), respectively. The color represents the number of wind-
fed NS ULXs (ie., Lx > 10¥ergs™') in each matrix ele-
ment. The cross is the location of PULX NGC 300 ULX-1
(Carpano et al. 2018; Heida et al. 2019b) with a donor counter-
part recently discovered as a RSG star (T = 3650-3900 K and
log(Lpoi/Lo) = 4.25 + 0.10, Heida et al. 2019a). It is clear that
in each metallicity case, the source can be reproduced roughly
in all WRLOF models. However, the percentage of RSG in all
(super)giant donors changes largely as metallicity changes. It
dominates in near solar metallicities (upper panel), but declines
significantly as metallicity decreases. Also there is less of it
in very low metallicity (i.e., Z = 0.02Zy, lower panel). We
note that RSG NS ULXs usually have lower donor masses (i.e.,
M, < 10 M) with longer orbital periods (i.e., Poy, > 100 days),
while other (super)giant NS ULXs mainly have massive donors
(~15-40 M), which are hotter and brighter, as expected.

4. Discussion and concluding remarks

This study shows that with the WRLOF accretion mode
taken into account, it is possible to model the population of
(super)giant NS ULXs, although the results are still subject to
some uncertainties and simplified treatments. For example, the
stellar wind of massive stars is vital in our simulations; how-
ever, it is still highly uncertain (Puls et al. 2008; Sander & Vink
2020), in particular due to the effects of clumping, other unsteady
modes of mass loss, and the effects caused by a binary among
massive stars (Smith 2014), about which our knowledge is still
poor. In this study, we adopted a simplified parameter, Byind,
to depict the velocity of stellar wind. Normally, a smaller Byina
means a smaller wind velocity v, hence a smaller 17 = Voo /Vorb,
resulting in a higher mass transfer efficiency p. We also var-
ied the value of By for very hot stars from 7 to 3, but we
find no significant changes in our results. Additionally, for the
super-Eddington accretion, geometrical beaming may take place
(King et al. 2001; Poutanen et al. 2007; King 2008; King &
Lasota 2020), but it is still very uncertain (Abarca et al. 2018;
Mushtukov et al. 2021). We also tested this scenario and find
that our conclusion is largely unchanged. Finally, we note that
the absolute formation rate of (wind-fed) NS ULXs is highly
uncertain. Several parameters, such as the star formation rate and
history of the galaxy, the binary fraction, the IMF of the primary
and secondary stars, and the natal kick of newborn NS (Zuo et al.
2014) may affect it significantly by up to one or two orders of
magnitude. Unique galaxies such as ring galaxies (Wolter et al.
2018) are helpful to further address this issue (i.e., the relative
and absolute formation rate of different kinds of ULXs through

the X-ray luminosity function modeling, see Zuo et al. 2014,
for example), which is in preparation, however, and beyond the
scope of this Letter.

Nevertheless, this study still shows that the population of
wind-fed NS ULXs in WRLOF mode is distinct in number and
the binary parameters from that in the traditional BHL mode, and
it is strongly metallicity dependent. The number of NS ULXs
with (super)giant donors is enhanced greatly by about an order
of magnitude in solar cases, and even more than two in lower
metallicities (see Table 1) when considering the WRLOF accre-
tion mode. Furthermore, they are heavily metallicity-dependent.
The most common population in all WRLOF models is sources
with massive (~15-40 M) (super)giant donors, which dominate
in lower metallicities. However, that is not the case in the solar
case, which is dominated by RSG with lower mass M, < 10 M,
instead. Moreover, the two NS ULXs (i.e., P13 and NGC 300
ULX-1) can be well reproduced in the WRLOF paradigm, which
significantly enriches our understanding of the nature of ULXs
and the population. We also present the current distributions of
binary parameters (see Figs. 1 and 2), which may be further
testified by high-resolution optical and X-ray observations of
(NS)ULXs populations in the future.
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ABSTRACT

Ultra-luminous X-ray sources (ULX) are binaries containing a nondegenerate compan-
ion and a black hole (BH) or neutron star (NS), drawing great attention due to their
super-Eddington luminosity. We have presented the comprehensive evolution model for
ULXs in Ring galaxies including wind Roche-Lobe overflow mechanism. The wind-fed
ULXs contributes more to population than traditional Bondi-Hoyle-Lyttleton (BIIL)
mode. Seven galaxies was adopted as example of star burst galaxies and X-ray luminos-
ity function (XLF) was compared between observation and simulation. We predicted

that donor mass is 2.7

, and orbit period is few days in typical ULXs. Most of donor

star are H donor stars, indicating active evolution stage.

Key words: methods: statistical — galaxies: star-burst — stars: evolution — X-ray:
binaries — stars: distribution

1 INTRODUCTION

As off-center, point-like sources with isotropic equivalent X-
ray luminosity Lx > 1039erg - s, ultra-luminous X-ray
sources (ULXs) have been focused on by plenty of observa-
tional and theoretical work (see Kaaret et al. 2017, for re-
views). Generally ULXs are regarded as tail of high mass X-
ray binaries (HMXB). The mechanism of ULXs is accretion
of X-ray binarics. The compact stars arc thought to be Black
Holes (BH) before discovery of pulsing ultra-luminous X-
ray source (PULXs) in M82 X-2 (Bachetti et al. 2014) with
L ~ 1.8 x 10"crgs. Neutron Stars (NS) mostly accom-
pany by pulsar-like dipole field strengths 10’ < B < 10"G
which allows several descriptions of the observed properties
(King et al. 2017; Middleton et al. 2019).

As the luminosity of 10*%erg - s7* is the Eddington lu-
minosity of a 10Ms BH, the majority of ULXs is super-
Eddington isotropic accretion. However, assumption of ge-
ometrical beaming (King et al. 2001) can avoid breaching
the Eddington luminosity with support of accretion disk
simulation (Jiang et al. 2014; Ohsuga & Mineshige 2011).
King (2009) gave an example of collimated radiation with
L > 3LEadington. Furthermore, beaming factor in NS are
correspondingly lower than BH with the same Mass transfer
(MT) rate, which indicates that PULXs dominate the region
of higher luminosity (King & Lasota 2016).

Previous theoretical simulation mostly indicates the

* E-mail:zuozyu@xjtu.edu.cn
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stable RL overflow is the primary method for ULXs (Shao
& Ti 2015; Wiktorowicz et al. 2019a; Shao et al. 2019),
which all implied the BHL mass transfer mode for wind
overflow. For instances, Shao & Li (2015) utilized evolution-
ary population synthesis to reconstruct the evolution of NS
ULXs. The simulation generally displays the mass-orbital
plane and the predicted amount of NS ULXs in M82 and
MW-like Galaxics. More specific systematic study in MW
galaxies for NS ULXSs indicates that donor star tends to be
helium star (Shao et al. 2019). Furthermore, specific simula-
tion via StarTrack EPS code was conducted by Wiktorow-
icz et al. (2019a). who took geometrical beaming into ac-
count. Assuming individual metallicity, They drew the con-
clusion that BH emits radiation isotropically while NS pre-
dominantly, and BH ULXs outnumber NS ULXs which is
inconsistent with observation. Recently, wind-powered sim-
ulation by Baker et al. (2013) demonstrates that the ma-
jority of specific ULXs (red super-giant companion) transfer
mass via wind-fed mode. However, the formalism of WRL
developed by (Abate et al. 2013) was just adoptable for nar-
row region of parameters, whereas donors stars need to be
carbon-enhanced metal-poor stars. As consequence, the ob-
servation is hard to be related to simulation results in such
a strict condition. Another research about wind Roche-lobe
overflow cases Zuo, Zhao-Yu et al. (2021) emphasized the en-
hancement of wind accretion mechanism and displayed the
predicted binary parameters of NS ULXs.

Ring Galaxics arc ideal laboratorics for binarics evolu-
tion research. Although they contribute to a small distri-
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bution (Wolter et al. 2018a, approximately 0.02% — 0.2%
of all spiral galaxies), particular and energetic environment
without contamination from spurious sources is suitable for
studying binary evolution. The reason of burst star forming
in Ring Galaxies is encounter with nearby galaxies, which
implies that the age of stars is similar. Besides, most ULXs
formulation environment is normal sharing similar metallic-
ity (Wolter et al. 2018). Additionally, with high star forming
rates (SFR) and shorter evolution duration, Ring Galax-
ies share more similarity with assuming environment, which
avoids the various initial conditions of EPS. According to
(Wolter et al. 2015), remarkable number of ULXs was de-
tected in Star-burst galaxies strongly supports our simula-
tion.

In this work, we utilize the advanced WRL mechanism
for the BPS of ULXs, and predicted ULXs' number and
population in Ring galaxies. The evolution parameters are
comply the characteristics of Ring galaxies and observation
X-ray luminosity function is used to be compared with sim-
ulation.

2 METHODS

We utilized the Evolutionary population synthesis (EPS)
code initially developed by Hurley et al. (2002) with further
updates, which are briefly described as follows. And MESA
program was performed in the population synthesis of NS
for more specific evolution.

The Initial Mass Function (IMF) developed by Kroupa
et al. (1993) was applied. Although the shapes of IMF differ
significantly, it is less subject to the uncertainty due to the
similarity of the IMFs for larger masses. The mass of star
on zero-age sequence (ZAMS) satisfies the following distri-
bution with initial mass ranging from 2 Mg to 150 M.

&(m) xm™ (1)
where

+0.3+0.7 0.01 <m <0.08
+1.3+0.5 0.08<m <0.50 )
+23£03 0.50<m < 1.00
+23+0.7 1.00<m

a(m) =

The distribution of mass ratios q (¢ = M;/M>) was uni-
form between 0.08 and 1 by steps of 0.10 (Wiktorowicz
et al. 2019b). The orbital separation was ranged from 3.0
to 10 Rz which facilitates the comparison with other mod-
els (Yungelson et al. 1997). Here we assumed that In(a)
is uniformly distributed. According to the previous analy-
sis Wolter et al. (2018), produced stars are younger than
300Myr and majority of them is consistent with age of
HMXBs. Therefore, the maximum evolution time was set
to 200Myr in isolation. As for supernova kicks, we draw
them from a Maxwellian distribution with o = 265km - s~
(Hobbs et al. 2005). And subsolar metallicity Z = 0.5Z
was adopted in our simulations which is the metallicity pre-
diction of environment (Wolter et al. 2018). Furthermore,
metallicity is a key factor affecting the evolution (Zuo, Zhao-
Yu et al. 2021).

For sources undergoing Roche Lobe Overflow (RLOF)
mass-transfer, the traditional formula was used for sub-
Eddington accretion rates, where Eddington luminosity is

approximately Lp = 1.6 x 10**m; for hydrogen-rich ma-
terial. Supplied with super-Eddington mass transfer rates,
the accretor expel matter in significantly different approach.
Outside the spherization Ry, (Blundell et al. 2007). accre-
tion luminosity is released as usual (Shakura & Sunyaev
1973; Poutanen et al. 2007). But within R, radiation be-
come inefficient and the outflow maintain energy release in
Lg under the pressure of radiation. Bolometric luminosity
L,\’ is

Ly = { Lgad (14 Inring) 1 > 1 @)

Lgaar g < 1

Where 7i¢; = My /Mgaa and M., is in units of Mg, /yr. For
the region within R.pp, a biconical geometry is formed with
collimation of radiation (King 2008). Therefore, the finite
cones can be detected by observer. The apparent (isotropic)
X-ray luminosity is

Lapp = Lix:[b 4)
Where b is beaming factor defined as the fraction of funnels
area, b et Q/4n, and Q is the combined solid angle of

both beams. When i is larger enough, the scales can vary
from the typical cylinderical radius to R.,n markedly. And
for soft-excess luminosity, the observed relation Lo oc 7%
sustain the estimated value of b (King 2009).

1 my < 8.5 o
b= { I 85< ®)
whereas for m < 8.5, it is assumed unbeamed. And this
formula have been verified in plenty of hyperluminous X-
ray sources (King & Lasota 2014, 2016; King et al. 2017).
In addition, there was an implication (Wiktorowicz et al.
2017) that extremely beamed sources are scarce and tran-
sient that lead to difficulty in detection. That means there
is no lower valve for the beaming factor. For CE evolution
during this process, the energy budget approach have been
implied (Webbink 1984, 2008) and we set ace = 0.9 sug-
gested by Zuo & Li (2014).

Furthermore, the wind Roche lobe overflow (WRL)
could be taken into account. The traditional Bondi-Hoyle-
Lyttleton (BHL) MT formula for WRL (Bondi & Hoyle
1944; Edgar 2004) is

Mgnr, = 7 RBnLVrelp (6)
where fﬂBHL is the mass accretion rate, v =
/03 + (vorb[g/(1 + ¢)])? is relative speed between the wind
and compact object. ve, is orbital speed given by ve.s =
2ma/P, with P,y being the orbit period. Rpur =
2G'M, vk, is the modified accretion radius and p is the den-
sity of the wind at orbital separation. After assumption of
isotropic dilution of the wind, the fraction of wind captured
peuL = Mpur /M. can be:

— (1+4q)/q* ™

n(l = f€)% [1+ ((1 +q)(1 - f)? /g

where € is the ratio of stellar Roche lobe radius by the or-
bital separation and only related to q (Eggleton 1983), and
7 is the speed ratio. We adopt this model for fast wind ac-
cretion. However, another rescarch (EI Mellah et al. 2019)
proposed that ULXs could remain stable in WRL with a

© 2014 RAS, MNRAS 000, 1-7
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Table 1. Properties of Ring galaxies applied in this work.

Name Distance (Mpc) SFR (Mg /yr) Z(Ze)
Cartwheel 122 20 0.14
NGC 922 48 8.0 0.5-1.
Arp 147 133 4.1 0.19-0.40
AM 0644-741 91.6 2.6 0.45
Arp 143 57.1 2.3 0.44-0.71
Arp 148 145.2 2.5
Arp 284 37 4.0 0.19-0.38

highly beamed wind. Based on realistic acceleration profiles,
they estimated the MT by computing the bulk motion of the
wind. By assuming non-isotropic dilution of stellar wind, the
fraction of wind captured can be significantly higher espe-
cially for higher wind speed ratio. And several binary sys-
tems have been proved possible for WRL, such as M101 (Liu
et al. 2013), and P13 (Fiirst et al. 2018). We adopted his sim-
ulation and assume g as a function of 7, stellar filling factor,
3 and mass ratio g. The WRL efficiency systematically im-
proved. And WRL can be a possible mechanism for ULXs.
In this mechanism, the value of the wind velocity is not ac-
curate during the simulation. As suggested by Belczynski
et al. (2008), it was proportional to the escape velocity from
the surface of the mass-lossing star

GMaou
—_— 8
Raon ®

where My, and Ryon are the mass and radius of donor star
respectively. Swina depends on the spectral type of the donor
star. For main Sequence stars, we adopted a linear interpo-
lation from Byina = 0.5 for lower massive stars (< 1.4Mg)
to Bwina = 7 most massive stars (> 120M) Lamers et al.
(1995). The Byina of extended H-rich stars (Raon > 900Rc)
was set to 0.125 due to slow winds. As for He-rich stars.
Bwina = 7 when Myonor > 120Mg (the same as MS stars)
and Bwina = 1.3 when Myonor < 10Mg, and we interpolated
in between.

As for the observation of ULXs, the statistics of ULXs
in seven galaxies have been published (Wolter et al. 2018a).
Relevant properties are listed in Tab. 1. All the metallicity
of these galaxies are sub-solar and similar to each other. For
numerical comparison with them, the evolved population of
binaries should be in conjunction with a realistic birth rates
and metallicity. Here the distribution of each binary system
is

dr; = Sp® (In My;) @ (In M2;) ¥ (Ina;) §In M5 In MadIna

9)

where 1 is the rate of particular population, and S, is the

binary star forming rate (SFR) in units of number/year

which can be obtained from following formula with SFR in

units of Mg /yr for binaries massive than 5 Mg (Grimm
et al. 2003):

2
Viind = 2Bwind

- Miow\1-a (@—2)SFR
Sp=(— —_—
5 5B3+q)(a—-1)
where Mioy, is the lower limit initial mass for EPS. For sum-
mation of seven galaxies SFR ~ 42Mg, /yr, S, = 1.5039yr !
The total number N should be the summation of every bi-
nary system distribution. However, the number observed
could differ in consideration of beaming effect. With assump-

(10)
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tion of linear relation between the area of the flux sphere and
beaming factor, the chance probability is therefore P o< b
(Middleton & King 2017). The observed number Nops is

Nops =Y 6N =5 6réT

where 67" is the duration of particular binary evolution
stage. For mesa simulation, ér was obtained from EPS code
where particular event is the birth of NS.

(11)

3 SIMULATION RESULTS

The simulation in this section was performed with constant
SFR and metallicity. Maximal evolution time is 200Myr
for early formed Ring galaxies. Because SFR in Star-burst
galaxies are relatively high (SFR > 4.5Mzyr™"), it is rea-
sonable to assume that the number of ULXs is linear to
constant SFR in this algorithm which accords with previous
work (Mineo et al. 2013). With assumption of constant SFR
for observed galaxies, we compare it with observation and
previous analysis. Taking complex episodes of star forming
into account, estimates should be modified via a more re-
alistic method. We adopt EPS code developed by Hurley
et al. (2002) for the evolution of BH binaries while NS bina-
ries we implied the MESA for detailed simulation of several
episodes.

Ring galaxies are comparatively rare (15 out of 345
galaxies), in which, however, the ULXs occupy the certain
proportion. According to Wang et al. (2016), the observa-
tion analysis feature of star-burst galaxies (i.e., the shape of
XLF and ) is distinct with others galaxies which deserves our
attention. Ring galaxies can imply general characteristics of
ULXs due to its pure environment and burst star forming.
Furthermore, young galaxies provide pure environment for
star evolution and prediction of early-type galaxies share
more similarity with population synthesis (see Figure 15 in
Kovlakas et al. 2020). We have conducted our calculation
to compare them with galaxy-focused observations (Wolter
et al. 2018a). The result of X-ray luminosity function (XLIF)
is presented in Fig. 1.

The estimated numbers of ULXs are based on Eq. 9.
The summation of the SFR for 7 galaxies is approximately
43.5M; obtained from Ly, (Appleton & Marston 1997).
Uncertainty of measuring SFR should be noticed which leads
to the uncertainty of our simulation result. Therefore the
observation of other limited galaxies may not be represen-
tive and comparable to our simulation. 50 sources above the
ULXs valve (10*erg-s™" suggested by Kaaret et al. (2017))
are collected of which 23 sources are above 5 x 103%rg-s~".
The simulation XLF generally fits the observation and dis-
play the characteristics of ULXs. Statistical research (Swartz
et al. 2011) have been done including 107 identified ULXs in
127 nearby galaxies and differential function of XLF shows
a power-law slope. The statistical simulation has been com-
pared with observation Wolter et al. (see Fig. 5 in 2018b).
The difference between star-burst galaxies and nearby galax-
ies is obvious in XLF, where the XLF in nearby galaxies
show steeper decrease. Besides, XLF in HMXBs (Grimm
et al. 2003) is also impossible to fit this in star-burst galax-
ies. Because the census of these galaxies is not suitable for
our simulation for starburst galaxies due to their unique evo-
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Figure 1. X-ray luminosity function (XLF) for seven Ring galax-
ies mentioned above. The solid blue line represents total ULXs
number via EPS simulation, and red dots represent observation.
(a) Dashed dotted lines represent the ULXs number in Roche
Lobe accretion and wind accretion respectively. The compact star
is BH and NS for pale blue and green lines respectively. (b) The
simulation distribution of ULX donor and compact star. Dashed
and dotted lines are ULX with Hydrogen rich and Helium rich
donor star respectively, and orange lines are BH compact star
while green line is NS.

Iution stage and environment. However, these are requisite
for EPS research.

According to the EPS simulation result, there is a break
at approximately 3x10*°erg-s~! which accords with the ob-
servation of other galaxics (Minco et al. 2012; Swartz et al.
2011). The XLF break correspond to the Eddington lumi-
nosity of NS (Belczynski & Ziolkowski 2009). Although ex-
treme objects reaching a peak luminosity of 10*'erg - s™*
exist Gao et al. (e.g., 2003, M82), they are candidates
for Intermediate Mass Black Holes (IMBHs) with masses
in between (102 — 10°My) (Kuranov ot al. 2007; Greene
et al. 2020). With completely disparate formation scenarios,
IMBHs exclude from consideration in this work. Although
there is small probability of forming extremely luminous
sources (Lx > 3 x 10*%rg - s7') in our simulation, they
demand high beaming factor and correspondingly are impos-
sible to be detected. Additionally, the observation in Ring
galaxies of those cases is also limited, so we focus on middle
part of XLF.

The accretion via WRL contributes quiet a few by
implying this nonisotropic mechanism. Although accretion
fraction p is smaller than 20% in WRL and must be less

15Myr
=== 20Myr

50Myr
=-=-- 100Myr
—— 200Myr
Obsevation

log10(Number of ULX)

39.0 39.2 394 396 39.8 40.0
log10(Luminosity) / log10(erg/s)

Figure 2. XLF for various evolution duration of ULXs for 200
Myr, 100 Myr, 50 Myr, 20 Myr, 15 Myr.

than 50% (Mohamed & Podsiadlowski 2011) which means
most mass is lost during the accretion, ULXs via WRL exist
and can reach luminosity at 5 x 10"%erg - s~ . In our sim-
ulation, high donor star mass and considerable mass trans-
fer rate provide enough fuel for X-ray radiation. For WRL,
Roche Lobe is brimming with donor star where situation is
unstable in RL overflow. Consequently, mass ratio limit for
donor star is more strict in RL overflow than WRL. In our
simulation, high mass ratios of WRL (larger than 3) and
heavy donor masses (> 10Mg) are common in WRL cases,
while it’s unstable for RLOF. We can conclude that accre-
tion could be stable in these evolution stage via WRL which
accords to Baker et al. (2013) and ULXs with WRL occupy
part of XLF in low luminosity region.

For RLOF, their population dominates in XLF and can
be divided into two groups according to compact star (BH or
NS, sce Fig. 1). For less luminous sources, the compact stars
of ULXs tend to be BH instead of NS. We note that duration
of BII RLOF in high luminosity is significantly longer than
NS, and, consequently, more likely to be observed. The mass
and radius of NS is lower than BH, and duration of constant
mass transfer is harder to maintain before next evolution
stage. The typical orbit period for BH via RLOF is a few
days and donor star mass tends to be less than 2.7 solar
mass. Low initial donor star mass indicates high probability
of birth and, correspondingly, larger proportion in popula-
tion of ULXs. Meanwhile, NS dominates in the region with
higher luminosity Lap, > 10%%rg-s~", which is analogous to
the previous work (Shao & Li 2015). In our simulation, there
is a proven positive correlation between beaming factor and
luminosity as shown in Eq. 4. X-ray radiation in BH ULXs
is commonly isotropical or mildly-beamed. However, beam-
ing effects is obvious in NS ULXs, and saturated beaming
hinin = 32 % 10 3sce (Lasota ct al. 2016)) can be reached in
some cases, which is an immediate cause of high luminosity
of NS ULXs.

In Fig. 1 (b), we displayed the distribution of Helium
rich and Hydrogen rich donor stars. There is evidence show-
ing that evolved donor stars should be the major of ULXs
population. For analysis of ULXs’ ages, we performed vari-
ous evolution duration in our simulation, and displayed them
in Fig. 2. We ploted the XLF with different color for respec-
tive evolution duration. The number of more luminous ULXs
significantly drops at an age of 150Myr whose compact star
corresponds to NS. When the population is around 30 Myr,

© 2014 RAS, MNRAS 000, 1-7
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Figure 3. The numerical distribution in the P,,., — Lx plane for
ULXs. The depth of shade represents the quantity.

ULXs harboring BH dominate. Galaxies younger than 20
Myr contributes a few because this requires strict condition
for rapid formation of compact star. Duration of most young
ULXSs is usually short so that observation about these bina-
ries is rare. The age of majority of ULXs is around 1500 yr
which indicates that ULXs are the tail evolution stage of
HMXBs (Zuo et al. 2014). In our model, population increase
after 200Myr is not obvious and beyond our consideration
in this Ring galaxies case.

Fig. 3 depicts the numerical distribution of ULX with
luminosity greater than 10%erg-s~'. The population of cach
element of this plot is calculated in the same way with XLF.
It is seen that binaries with orbit periods shorter than ten
days dominate, which corresponds with previous work (Shao
& Li 2015). Obviously, the lower luminous region contains
more ULXs, same with the differential XLF. Furthermore,
detailed analysis indicated that the mass transfer mecha-
nism of ULXs with shorter orbit periods tends to be RLOF
while ULXs with WRL are systems with longer orbit period.
The donor stars with WRL are more massive in Star-burst
galaxies and shorter periods are unstable factor for constant
mass transfer. Fig. 4 is the same with Fig. 3 but for M>— Lx
plane. Due to larger possibility in IMF, lower massive donor
star comprise a large proportion. However, ULXs with WRL
also contributes to this plot but mass span is large and dis-
tribution of each element is tiny. The observation BH ULX
cases are rare, and their orbit parameters are difficult to be
determined. Liu ct al. (2013) has revealed M101 ULX-1 with
a BH and a Wolf-Rayet star and confirmed the orbit period
being 8.2 days. Later Titarchuk & Seifina (2016) analysed
the spectral of M101 and estimated the BH mass on the or-
der of 10* M which is an IMBH. We are unable to predict
this BH in mass-orbit plane.

4

APPENDIX

4.1 Wind Accretion Efficiency

In the BHL model, the wind accretion efficiency is around

1.5%, which demands high mass transfer rate to form the

© 2014 RAS, MNRAS 000, 1-7

M2-Porb-total

4 05

3 00
2
T
S 2 -05
g
3
a 1 -1.0
]
g o

0 ~ -15

-1 T T T T -20

02 03 04 05 06 07 08 09 10
10 10(Mnonor) / Maoier

Figure 4. Same as Fig. 3, but for Ms — Lx plane.

ULX. The simulation result of wind Roche lobe overflow in
HMXB (El Mellah et al. 2019) was adopted, which indicates
the relation between accretion efficiency and feature of bi-
naries. Slow acceleration( = 2) simulation is more realistic
for accretion of ULXs due to its high accretion efficiency. In
our model, fraction of wind captured is influenced by filling
factor and speed ratio for BH and NS respectively. As only
typical mass ratio for BIT (¢ = 2) and NS (¢ = 15) was
obtained via simulation, we assume a linear interpolation
for other mass ratio. The typical fraction of wind captured
Hiypical 18

Quypical — Qg (1

I — dns

where geypical is the particular mass ratio. For other parame-
ters, Nearest neighbor interpolation was performed for more
reliable simulation.

Hrypical = s — fns) +pns (12)

4.2 Failure correction

In our statistical model, the summation of star forming prob-
ability ought to be equal to 100%. However, a set of partic-
ular situations are unrealistic. As a consequence, correction
for SFR was implied.

Assuming that all the initial cases are permitted, the
integral of probability is

/// Mie(m1)dIn Mykydgkadlna = 1 (13)

‘When binaries failed to be generated in failure cases, the
integral decrease. In order to normalize the total probability,
a correction constant A was multiplied. AXSuccess = A(1—
YFailure) =1

- 1
11— XFailure
After we performed the simulation and record the probabil-
ity of Failure cases, A value was obtained via Eq.14. In our
model, A = 1.03.

A (14)
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