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Westerlund 1 is the most
massive young open cluster so
far known in the Milky Way.

m At least 150 evolved massive
(M > 30 M,,) stars observed

imply M~ 10°M, (Clark+ 2005)

" Age > 5 Ma
=d~6kpc

Negueruela+ 2010
s A,x 12
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Outline

* Age of discovery

* Stellar evolution with Gaia: evidence
for binary evolution

* Stellar evolution with Gaia:
I constraints on Cepheid evolution




An age of discovery

Gravitational waves @ LIGO, Virgo
» GW150914 36 M, + 29 M
* GW170817 NS 4+ NS? Hypernova

S190425z, S190901ap
* S190814bv, S190910d (BH + NS)

« GW170729 50.6 MO+ 34.3 MQ
* 454 candidates in current run

LIGO/Virgo release first catalog of gravitational-wave events
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Age of discovery

® Searches for supernovae in the | M R
local Universe: AT ; '
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T~3 Myr, N~10" ,{ \/ .\j Two OB main-sequence
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More massive star (primary)

T~10" yr, N~30 i :
N overfills Roche lobe. Stable or
®

unstable nonconservative mass

We understand this
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Secondary is close to Roche lobe.
\  Accretion of stellar wind results

T~10yr, Nv100 . 4
P in powerful X-ray emission

\---

Helium core of the secondary
with compact companion inside

T~10"yr, N~30
mass-losing common envelope

Tr~1Myr, N~1000
Red (super)giant with

A X

T~2:10%yr, N~50

He- star with compact R 3
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Merger of components
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E~v10"erg, ~10  yr '

Postnov & Yungelson (2014; LRR 17,3)



Do we?

* Population synthesis models have serious trouble
accommodating so many NS + NS detections.

* The observed rate of BH + BH mergers can only be

achieved by choosing rather extreme parameters
Mapelli & Giaccobo 2018 (MNRAS 479, 4391)

* Fine tuning needed to explain NS + NS and BH + BH

events may not be compatible
Chruslinska+ 2018 (MNRAS 474, 2937)

* Only known Be + BH system hardly compatible with

models
Grudzinska+ 2015 (MNRAS 452, 2773)

« All the BHs we know have masses between 5 and 15 Mo,
while merging BHs have masses around 30 M, or higher

(bias?).




Is reality too complex?

* Uncertainties in the evolution of massive stars

Mass loss, broadened main sequence, eruptions, internal physics,
transport of processed material to the surface, the role of binarity,
etc.

* Uncertainties in interaction processes in binaries
Mass and angular moment transfer, rejuvenation processes, common
envelope, etc.

* Uncertainties in initial parameters
Initial mass function, initial binary fraction, dependence on
metallicity, mass ratio distribution, initial orbital parameters, etc.




Laboratories for massive star evolution:
High-mass stars in their native environment

» High-mass stars are born in clusters
= Clusters give us astrophysical context (distance, age,
extinction, ...)
= Astrophysical laboratories for:
* Star formation
* Stellar evolution




NGC 457

Typical cluster in the Perseus arm




NGC 457

Typical cluster in the Perseus arm

¢ Cas —F0
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NGC 457
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NGC 457
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Automated FASTWIND analysis, as in Castro+ 2012

Tracks by Ekstrom+ 2012



NGC 457

Gaia DR2 proper motion plane for a
wide field (~20’) around NGC 457.
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NGC 457

Gaia DR2 photometric CMD for a wide
field (~20’) around NGC 457.

. &
‘! (® up 7902 -B51 ®
} . N
B . @ HD 236697 — M0.51b
of 8 . ol et Be star
g 121 : g .
= : o 12
161 14
181+ -,_q 5 161
20- E I .d
1 2. 3

18
0

BP-FF f mag BP-FFP [f mag



NGC 663

@ Persistent low-luminosity Be/X-
ray binary (Reig+ 1997).
¢ Little X-ray variability.

® BO.SIV




NGC 663

@® Be stars
e

® Blue
supergiants

® Other
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NGC 663

RX J0146.9+6121
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NGC 663

RX J0146.9+6121
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Be 51
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Be 51
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Two new Cepheids in clusters
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Alicante 13

¢ Clusterix (Balaguer-
Nuiez+ )
¢ ASteCA (Perren)

Declination (deg)

0574

297.6 2978 298 2982 2984 2986
Right Ascention (deg)

Negueruela+20, MNRAS, in press



Alicante 13
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Alicante 13
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P. Fouqué et al.: Cepheids PL relations, Online Material p 4

Table 7. Adopted absolute magnitudes of the 59 calibrators in 7 photometric bands (from B to K|) and for two Wesenheit indices, W,; and W),;.

Star log P Mg My Mg, M. My My, M, My My
RT Aur 0.571489 =231 =284 340 428 435 -394 415 424
QZ Nor 0578244 -183 247 285 =315 421 429 367 =391 401
SU Cyg 0.584952 261 -3.08 -338 363 447 450 408 —428 -4.736
Y Lac 0.635863 -2.79 331 -365 -390 -481 48 433 458 -—4.66
T Vul 0.646934 248 -3.06 -341 -366 458 468 412 436 -445
FF Aql 0.650397 =246 -3.02 -335 364 460 465 409 429 437
T Vel 0.666501 228 =293 332 364 474 481 413 441 451
VZ Cyg 0.687034 -2.62 -323 362 -388 490 498 436 460 -4.70
V350 Sgr  0.712165 -274 -334 -373 402 -506 -5.13 451 478 485
BG Lac 0.726883 -256 -322 362 -391 499 508 436 464 473
d Cep 0.729678 -2.88 -347 -387 411 511 -518 455 482 491
WZ Car 1.361977 383 461 509 543 -670 681 608 -642 -6.54
SW Vel 1.370016 407 488 537 573 =705 717 -634 -6.68 -6.80
T Mon 1.431915 418 -5.17 -5.68 -6.08 =751 773 =675 -7.14 =7.27
RY Vel 1.449158 432 514 565 =599 -732 44 -662 -692 -7.04
AQ Pup 1.478624 456 539 593 -628 -7.67 -7.78 -6.85 -7.20 -7.31
KN Cen 1.531857 479 -559 -6.14 -643 774 786 -7.15 =153 -7.67
{ Car 1.550816 —4.11 -5.22 -6.21 =774 803 -691 =733 =746
U Car 1.588970 451 543 594 -632 771 789 -697 =732 =745
RS Pup 1.617420 478 576 6.3 6.72 ) 8 40 737 774 787
SV Vul 1.652569 497 597 -6.53 -690 -835 -858 -7.52 -7.86 -=7.96




Alicante 13

¢ Cluster supergiants
may have > M,
¢ SV Vul is compatible

with evolution of a fast
rotator of = 10 M@

¢ Geneva models
(Anderson+ 14)

predict a highest mass of G
10M for Cepheids

coming from fast
rotators
® The highest luminosity
for a Cepheid is
log(L/L) = 4.3
® SV Vul has

log(L/L,) = 4.2 £ 0.2
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What's coming?

¢ DR3 will bring much more accurate proper motions, which
will allow us to look into internal dynamics (cluster
formation history).

¢DR3 will bring lightcurves for all sources, allowing us to
identify most of the close binaries.

¢ DR3 or 4 will bring solutions for visual binaries, allowing us
to probe the range of separations that likely result in BH +
BH systems.

¢ DR3 distances to clusters will be good enough to tie down
ages - will probably require more sophisticated stellar
models.

¢ DR4 will provide accurate distances to individual stars,
allowing us to use the whole Galactic population to probe
physical variables.

¢ WEAVE/SCIP will provide us with accurate stellar parameters
for tens of thousands of massive stars.
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Wd 1in Gaia

Clark+ 2019, A&A 623, A83
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Wd 1in Gaia
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Wd 1in Gaia
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Very massive blue straggler

Clark+ 2019, A&A 623, A83
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®WdA1-27 I1s an astrometric member.
O7la, probably M, = 50-60 My = merger product

® Wd1-30a is another member that seems to be
INn the process of forming an O5 laf
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