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Massive stellar evolution
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Massive stellar evolution

Stage 1: Hydrogen fuses to helium
6 In the center - a helium core is

| | created. Main sequence.
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Massive stellar evolution

Stage 1: Hydrogen fuses to helium
6 In the center - a helium core is
created. Main sequence.
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Massive stellar evolution
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Stage 1: Hydrogen fuses to helium
In the center - a helium core is
created. Main sequence.

Stage 2: Hydrogen depleted in the
core - a hydrogen shell ignites. The
star expands from ~few solar radii
to hundreds of solar radii.
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Stage 1: Hydrogen fuses to helium
In the center - a helium core is
created. Main sequence.

Stage 2: Hydrogen depleted in the
core - a hydrogen shell ignites. The
star expands from ~few solar radii
to hundreds of solar radii.

Stage 3: As a red supergiant, the
helium fuses to carbon and oxygen,
which then fuses further until an
Iron core IS created.
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Massive stellar evolution
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Massive stellar evolution

6 | | |
H-rich
T supernova
5
>
=2 -
3 = f
c 4 ' -
é = 12 Me
5 =
-] 3 i
, ;\WVL
| | B 7 é
5.5 5.0 45 4.0 3.5 ZI\

log,o(Zefr/K)
MESA Surface Temperature

Stage 1: Hydrogen fuses to helium
In the center - a helium core is
created. Main sequence.

Stage 2: Hydrogen depleted in the
core - a hydrogen shell ignites. The
star expands from ~few solar radii
to hundreds of solar radii.

Stage 3: As a red supergiant, the
helium fuses to carbon and oxygen,
which then fuses further until an
Iron core IS created.

Stage 4: The core collapses,
resulting in a supernova.
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Massive stellar evolution
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Massive stellar evolution

A massive star at zero-age main-sequence:

6 | | |
H-rich — 1
supernova O Hydrogen
5 0.75 :
5 Main sequence - o o)
| L  C
= « 05 2
CT) ¥ 2 ' e
~ ) : 1 D
CCD T4 . i mo o5 Helium |
= = 12 M ="
S5 © ° M dinat
) . dSS coordinate
2 | o
5.5 5.0 4.5 4.0 3.5

log;o(Tefr/K)
MESA Surface Temperature

Ylva Gotberg « Institute of Science and Technology Austria (ISTA)



Massive stellar evolution

A massive star at zero-age main-sequence:
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Massive stellar evolution

A massive star at zero-age main-sequence:
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Massive stellar evolution

A massive star at zero-age main-sequence:
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Massive stellar evolution
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Massive stellar evolution

A massive star during main-seqguence:
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Massive stellar evolution

A massive star at terminal-age main-seguence;
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1) Stars that ionize:

Massive single stars .



The well-known ionizing stars: OB and WR stars

Most of the ionizing radiation is created by hot, massive, OB and
Wolf-Rayet stars. This is well produced in spectral population
synthesis models
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Extremely scarce direct measurements in the EUV *

Only two massive stars have direct detections of ionizing radiation. This was observed by the Extreme Ultraviolet
Explorer (EUVE) through a tunnel largely free from gas.
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Extremely scarce direct measurements in the EUV
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Extremely scarce direct measurements in the EUV

Only two massive stars have direct detections of ionizing radiation. This was observed by the Extreme Ultraviolet
Explorer (EUVE) through a tunnel largely free from gas.
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Indications from indirect methods *

Observations of Stromgren spheres exist - here is an example from Zastrow et al. (2013) as part of the Magellanic
Cloud Emission Line Survey (MCELS).
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(a) MCELS L 28, MCELS L 32, MCELS L 35

The figure shows three bubbles shining in Ha (left) and
a color image (right) of Ha (red), [Olll] A5007 (blue), [SII]

A6720 (green). Each bubble hosts a central massive star
(05.5 - 28, BO - 32 & 35).
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Indications from indirect methods *

Observations of Stromgren spheres exist - here is an example from Zastrow et al. (2013) as part of the Magellanic
Cloud Emission Line Survey (MCELS).
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The upper mass limit (VMSs)

The very massive stars (VMS, >100 M) are perhaps the best at ionizing and they produce He Il emission!

(30 Doradus super star cluster in LMC,
| | | | | | | | | | [ | | |

Crowther et al. 2016)
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(cf. Grafener & Vink 2015, Cheng et al. 2024)
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The upper mass limit (VMSs)

The very massive stars (VMS, >100 M) are perhaps the best at ionizing and they produce He Il emission!
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The upper mass limit (VMSs)

... but we do not really know how very massive stars evolve, because (1) we do not have enough benchmark
observations, (2) stellar wind mass loss is not sufficiently understood, and (3) VMSs could very likely be products of

binary interaction.

(30 Doradus super star cluster in LMC, Crowther et al. 2016)
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Rotational velocities of massive stars

The projected rotation rate of OB
stars seem to match a broader
Poisson distribution of the actual

rotation rate with a peak around
150 km/s.

(see also Huang et al., 2010, Dufton et al., 2011, de Mink et al., 2013)
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Rotational velocities of massive stars

The projected rotation rate of OB
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Rotational velocities of massive stars

The projected rotation rate of OB

Actual rotational
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(see also Huang et al., 2010, Dufton et al., 2011, de Mink et al., 2013)
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Effect of stellar rotation

Rotational mixing: Meynet, Maeder, Yoon, Szécsi, Langer, Sana, de Mink, Brott...
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Effect of stellar rotation

Non-rotating star

Rotational mixing: Meynet, Maeder, Yoon, Szécsi, Langer, Sana, de Mink, Brott...
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Effect of stellar rotation

Non-rotating star Rotating star

e
» »

In extreme cases:
chemically homogeneous evolution?

Rotational mixing: Meynet, Maeder, Yoon, Szécsi, Langer, Sana, de Mink, Brott...
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Effect of stellar rotation

| Medium rotaton (v < 500 km/s )
Non-rotating star Rotating star

* |ncreased ionization because
KP more Wolf-Rayet stars are
formed

In extreme cases:
chemically homogeneous evolution?

Rotational mixing: Meynet, Maeder, Yoon, Szécsi, Langer, Sana, de Mink, Brott...
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Effect of stellar rotation

| Medium rotaton (v < 500 km/s )
Non-rotating star Rotating star
* |ncreased ionization because

KP more Wolf-Rayet stars are
formed

High rotaton (v 2 500 km/s ) +
| high mass (> 20 M) and low

metallicity (Z < Zo/2)
In extreme cases:

chemically homogeneous evolution? _
* Chemically homogeneous

evolution results in helium
stars

Rotational mixing: Meynet, Maeder, Yoon, Szécsi, Langer, Sana, de Mink, Brott...
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Effect of stellar rotation

Rotation is predicted to be able to cause significant
mixing inside the very rapidly rotating stars, leading the
evolutionary tracks to evolve to bluer, hotter, and more
luminous stars...

Only at low-Z

-,

sun -~
" -~ -
,o’ 16M_,
]
; s -
0 km/s

Brott et al. (2011)

Luminosity
S s
8§

<+—— Jemperature

cf. Yoon & Langer (2005), Brott et al., (2011), Szécsi et al. (2016)
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Effect of stellar rotation

Rotation is predicted to be able to cause significant
mixing inside the very rapidly rotating stars, leading the
evolutionary tracks to evolve to bluer, hotter, and more
luminous stars...

Only at low-Z
_ Chemically homogeneous
> P -
» [T e
&
S
—
0 km/s
~ 550 km/s
Brott et al. (2011)

<+—— TJemperature

cf. Yoon & Langer (2005), Brott et al., (2011), Szécsi et al. (2016)
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Effect of stellar rotation

Rotation is predicted to be able to cause significant
mixing inside the very rapidly rotating stars, leading the
evolutionary tracks to evolve to bluer, hotter, and more
luminous stars...

Only at low-Z

1 1 1 1 1

Chemically homogeneous

osity

Brott et al. (2011)

Temperature

cf. Yoon & Langer (2005), Brott et al., (2011), Szécsi et al. (2016)
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Effect of stellar rotation

Rotation is predicted to be able to cause significant
mixing inside the very rapidly rotating stars, leading the
evolutionary tracks to evolve to bluer, hotter, and more
luminous stars...

Only at low-Z

1 1 1 1 1

Chemically homogeneous

osity

Brott et al. (2011)

| Temperature
\_ /emp

cf. Yoon & Langer (2005), Brott et al., (2011), Szécsi et al. (2016)
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Effect of stellar rotation

Rotation is predicted to be able to cause significant
mixing inside the very rapidly rotating stars, leading the
evolutionary tracks to evolve to bluer, hotter, and more
luminous stars...

Chemically homogeneously evolving stars should show
(1) high ionizing emission, (2) rapid rotation, (3) enhanced
helium and nitrogen.

Only at low-Z T~
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B A * S \
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Brott et al. (2011)
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Temperature
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cf. Yoon & Langer (2005), Brott et al., (2011), Szécsi et al. (2016)

Szécsi et al. (2015), Kubatova et al. (2019)
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Effect of stellar rotation

Rotation is predicted to be able to cause significant
mixing inside the very rapidly rotating stars, leading the
evolutionary tracks to evolve to bluer, hotter, and more
luminous stars...

Chemically homogeneously evolving stars should show
(1) high ionizing emission, (2) rapid rotation, (3) enhanced
helium and nitrogen.

Only at low-Z RSN
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Szécsi et al. (2015), Kubatova et al. (2019)

cf. Yoon & Langer (2005), Brott et al., (2011), Szécsi et al. (2016)
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1) Stars that ionize:

(Mostly) binaries .



Binary interaction is the normal stellar evolution

The fraction of binaries that will interact is high
(Moe & DiStefano, 2017)

s 1.2 F -

'-3 I ~100%

E 1.0 B

— — i :

> © I ] ]

E é_ 0.8 - ~15% -

-_% ; e l ~ 60%

X ST

S ° 04F -

© I

o -~ 15%

E 0.2:— | —
| 10

Primary Mass M, (Mg)

(Opik 1924, Abt & Levy 1978, Sana et al. 2012, Chini et al. 2012, Kudritzski et al. 2014, Raghavan et al. 2010, Offner et al. 2023, etc.)
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Binary interaction is the normal stellar evolution

The fraction of binaries that will interact is high
(Moe & DiStefano, 2017)

N
| I |
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fOQ%:ogP<5Jﬁq>Oﬂ
O
o)

0.4}

“Interacting binary fraction”
O
N

] 10
Primary Mass M, (Mg)

(Opik 1924, Abt & Levy 1978, Sana et al. 2012, Chini et al. 2012, Kudritzski et al. 2014, Raghavan et al. 2010, Offner et al. 2023, etc.)
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Binary interaction is the normal stellar evolution

The fraction of binaries that will interact is high
(Moe & DiStefano, 2017)

N
| I |
|

For stars > 5 Mg,

> 50% interact with
a binary companion.

O

o
00

For stars > 30 Mo,
all interact.

fOQ%:ogP<5Jﬁq>Oﬂ
O O
e @)

“Interacting binary fraction”
O
N

] 10
Primary Mass M, (Mg)

(Opik 1924, Abt & Levy 1978, Sana et al. 2012, Chini et al. 2012, Kudritzski et al. 2014, Raghavan et al. 2010, Offner et al. 2023, etc.)
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What is binary interaction?

70 % of massive stars

Interact in binaries ,
(Sana et al., 2012) effectively

@single
~29%

[

%8

envelope
stripping

~33% \
/

224%
merge LT
7 ///1/% Nw/ ,\’

Figure credit: S. E. de Mink
(see also Vanbeveren et al. 1980/2007, Eldridge et al. 2008, Schneider et al. 2014/15)
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What is binary interaction?

Exposed core

70 % of massive stars /" Very high
interact in binaries . " temperature
(Sana et al., 2012) effectively

/,»/ —» Severe mass l0ss

envelepe | — Drastically
stripping reduced size

@single
~29%

[

~330 \ ™~ lIb/Ibc supernovae
o

~140// @ \,‘ — Spin-up
" sl :
Cerdtion & ~~---" | T TS

spin up or CE ~ Blue-stragglers

Magnetic fields ~_ — 2249

—— Rejuvenation

TZOs +«—

Blue supergiants «——

Massive envelopes

'

Increased mass

Figure credit: S. E. de Mink
(see also Vanbeveren et al. 1980/2007, Eldridge et al. 2008, Schneider et al. 2014/15)
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What is binary interaction?

P— Exposed core
- . 7 ~
70 % of massive stars / /" Very high
iInteract in binaries . f — temperature
(Sana et al., 2012) effseircmg\lleely /////
@ /', // ., Severe mass loss
voor envelope Drasticall
29% X stripping reduced s%ze

lIb/Ibc supernovae

[ ~33%
\

Magnetic fields §23% \ / _
TZO | 7 ; Spin-up

g — ) 0 y 4 | — Spin-u
é/,/{}/%%// % 2 S — X-rays

—— Rejuvenation

Blue supergiants «—— 4 efion & ~----

spin up or CE ~ Blue-stragglers

Massive envelopes

'

Increased mass

Figure credit: S. E. de Mink
(see also Vanbeveren et al. 1980/2007, Eldridge et al. 2008, Schneider et al. 2014/15)
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Envelope-stripping and stripped stars

Stripped stars are exposed stellar cores made mostly out of helium. They are very hot and
compact, but with bolometric luminosities similar to red supergiants.

Ylva Gotberg « Institute of Science and Technology Austria (ISTA)



Envelope-stripping and stripped stars

Stripped stars are exposed stellar cores made mostly out of helium. They are very hot and
compact, but with bolometric luminosities similar to red supergiants.

Ylva Gotberg « Institute of Science and Technology Austria (ISTA)



Envelope-stripping and stripped stars

Stripped stars are exposed stellar cores made mostly out of helium. They are very hot and
compact, but with bolometric luminosities similar to red supergiants.
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Stripped star
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Envelope-stripping and stripped stars

Stripped stars are exposed stellar cores made mostly out of helium. They are very hot and
compact, but with bolometric luminosities similar to red supergiants.

@
The predicted existence of stripped stars
stems back more than half a century...
1 | ) 1 20761/\40 | L (l] 1 |
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2N N N\
37 SN N \ 3
® \\ 4%\.\5/\40 \
\.7M \\ \\\\
(C] \\\ \\
2 3,13Mg °\ \ §
48 46 p 25_ 10;T ) 40 38
(Kippenhahn & Weigert, 1967)
@

/4

Stripped star
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Envelope-stripping and stripped stars

Stripped stars are exposed stellar cores made mostly out of helium. They are very hot and
compact, but with bolometric luminosities similar to red supergiants.
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The predicted existence of stripped stars
stems back more than half a century...
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Stripped star
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... and they are promising sources for
both H- and He- ionizing radiation

I
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[ 20 Myr

(Y] (U]
o0 \O
|

Stripped stars

s

o
Wavelength [A]
Gotberg et al. (2019), see also Stanway et al. (2016)
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Envelope-stripping and stripped stars

It is only recently, we actually have found stripped stars and been able to confirm their
existence.

/

Stripped star
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Envelope-stripping and stripped stars

It is only recently, we actually have found stripped stars and been able to confirm their

existence.
O
Hot stripped stars found in the
Magellanic Clouds
O WR Stars o ¢ B
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Stripped star Gotberg et al. (2023), Drout & Gétberg et al. (2023)
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Envelope-stripping and stripped stars

It is only recently, we actually have found stripped stars and been able to confirm their

existence.
@
Hot stripped stars found in the Cool, puffed-up stripped stars
Magellanic Clouds in the Milky Way and
| | | Magellanic Clouds
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Stripped star Gotberg et al. (2023), Drout & Gétberg et al. (2023) Ramachandran et al. (2023)
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What is binary interaction?

P— Exposed core
- . 7 ~
70 % of massive stars / /" Very high
iInteract in binaries . f — temperature
(Sana et al., 2012) effseircmg\lleely /////
@ /', // ., Severe mass loss
voor envelope Drasticall
29% X stripping reduced s%ze

lIb/Ibc supernovae

[ ~33%
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Magnetic fields §23% \ / _
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spin up or CE ~ Blue-stragglers
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Figure credit: S. E. de Mink
(see also Vanbeveren et al. 1980/2007, Eldridge et al. 2008, Schneider et al. 2014/15)
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What is binary interaction?

Exposed core

70 % of massive stars /" Very high
interact in binaries . " temperature
(Sana et al., 2012) effectively

7,
//,,%7/ /{/,7*/ — Severe mass loss

envelepe | — Drastically
stripping reduced size

~

lIb/Ibc supernovae

@single
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[

~33%
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'

Increased mass

Figure credit: S. E. de Mink
(see also Vanbeveren et al. 1980/2007, Eldridge et al. 2008, Schneider et al. 2014/15)
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Accreting stars 1: stellar accretors and rotation

The second star accretes material during mass transfer and spins up because the accretion
stream doesn’t hit exactly in the center of the star. |If the material is efficiently accreted, the
® accretor star grows in mass and rejuvenates into a massive blue straggler.
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Accreting stars 1: stellar accretors and rotation

The second star accretes material during mass transfer and spins up because the accretion
stream doesn’t hit exactly in the center of the star. |If the material is efficiently accreted, the
® accretor star grows in mass and rejuvenates into a massive blue straggler.

Rotational mixing remains unconfirmed observationally
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Accreting stars 1: stellar accretors and rotation

If rotational mixing is efficient for spun-up accretors, it will
change how much H and He+ ionizing emission a
population outputs
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Accreting stars 1: stellar accretors and rotation

C
If rotational mixing is efficient for spun-up accretors, it will .(% 47
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Accreting stars 1: stellar accretors and rotation

C
If rotational mixing is efficient for spun-up accretors, it will .(% 47
change how much H and He+ ionizing emission a €D o | — 100 0.65
population outputs E o 0.99 0.60
D ™~ I5L| = 0.95 0.55
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Accreting white dwarfs - hard ionizin§ sources

- . . Credit: Chandra _
White dwarfs that accrete material rapidly can reach t ‘
both extreme temperatures and high luminosities! f ,.
(Souropanis et al., 2022, 2023) >
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(cf. Woods & Gilfanov 13, Chen et al. 2015)
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Accreting white dwarfs - hard ionizin§ sources

- . . Credit: Chandra _
White dwarfs that accrete material rapidly can reach t ‘
both extreme temperatures and high luminosities! f ,.
(Souropanis et al., 2022, 2023) >
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Accreting white dwarfs - hard ionizin§ sources
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Accreting white dwarfs - hard ionizin§ sources

. . . Credit: Chandra -
White dwarfs that accrete material rapidly can reach t ‘
both extreme temperatures and high luminosities! .
(Souropanis et al., 2022, 2023) -~
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What is binary interaction?

Exposed core

70 % of massive stars /" Very high
interact in binaries . " temperature
(Sana et al., 2012) effectively

7,
//,,%7/ /{/,7*/ — Severe mass loss

envelepe | — Drastically
stripping reduced size

~

lIb/Ibc supernovae

@single
~29%
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Figure credit: S. E. de Mink
(see also Vanbeveren et al. 1980/2007, Eldridge et al. 2008, Schneider et al. 2014/15)
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What is binary interaction?

Exposed core

70 % of massive stars /" Very high
interact in binaries . —— " temperature
(Sana et al., 2012) effectively
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Figure credit: S. E. de Mink
(see also Vanbeveren et al. 1980/2007, Eldridge et al. 2008, Schneider et al. 2014/15)
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Stellar merger products = magnetic stars?

Stellar mergers are predicted to become magnetized stars
(Schneider et al., 2019)
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Stellar merger products = magnetic stars?

Stellar mergers are predicted to become magnetized stars
(Schneider et al., 2019)
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About 7% of massive main-
sequence stars are magnetized
(Wade et al., 2014, MiMeS project)
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Stellar mergers are predicted to become magnetized stars
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Stellar merger products = magnetic stars?

The evolution of magnetized stars is under active research. Depending on the magnetic field morphology
and how the magnetic field influences mixing, the star could (1) avoid wind mass loss, (2) induce strong

shear, (3) experience rapid spin down...
(e.g., Keszthelyi et al., 2020, 2022)

INT scheme SURF scheme 9.2 p— 4.2
I Ix1
INT/Mix2
* 9.0
m— = s SURF/Mix1 4.0
e s SURF/Mix2
8.8
3.8
o4 o
+ 8.6 'm
S~——— b 3.6 ¢
- > 8.4 i
= 342
—02 o
3.2
8.0
log Q [s71] - 3.0
_‘;.7 _4.6 _45 4.4 0 100 200 300 400

Viot [km s71]

(Note: assumes rotational mixing is efficient.)
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2) Hard ionizing radiation



The He |l problem

Stellar populations appear to emit an
unexpected amount of He* ionizing emission.

So far, we do not know what sources produce
the majority of these photons.

(Olivier et al. 2021, Shirazi & Brinkmann 2012, Nanayakkara et al. 2019, Saxena et al. 2020, etc...)
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Local star-forming galaxies also show that
He |l emission is more prominent at low
metallicities

(Olivier et al. 2021, Shirazi & Brinkmann 2012, Nanayakkara et al. 2019, Saxena et al. 2020, etc...)
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Hard ionizing radiation from stripped®stars

With weaker winds, much more He+ ionizing emission emerges from the stellar photosphere!

Benjamin
Navarrete
(PhD, ISTA)
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Hard ionizing radiation from stripped®stars
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(PhD, ISTA)
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Hard ionizing radiation from stripped®stars

With weaker winds, much more He+ ionizing emission emerges from the stellar photosphere!

Energy [eV
200 100 50 20" | 1%

5 2
B I o R P
Benjamin 10-5 L | 11 M.
— 12M.
Navarrete : —— 14 M.
N\ — 17 M.
(PhD, ISTA) N — .
10~ It
|
|
|
|
1077 B
| |
| |
| |
o
1073 ' !
| |
I'?, I
| — I
o
4.6 1079 : 1 . I|D L
5.2 5.00 4.75 4.50 4.25 102 107 104
log(T, / K) Wavelength [A]

Ylva Gotberg « Institute of Science and Technology Austria (ISTA)



Hard ionizing radiation from stripped®stars

With weaker winds, much more He+ ionizing emission emerges from the stellar photosphere!
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Hard ionizing radiation from stripped®stars

Massive helium-stars should exist in low-metallicity environments (Z < Z,/5) — and they

boost the He* ionizing emission by a factor of 2-5.

Qo for early O star

H0
Beryl Hovis- Q, for hot WR star
Afflerbach
(PhD, Northwestern) 48
T
0 46
@)
S
8,44
<
§42
Benjamin
Navarrete 4()
(PhD, ISTA)
1 >3 4 5 6 7301012 15 20

Stripped star mass [Mg)
Hovis-Afflerbach, Gotberg, et al. (2025)

Institute of Science and Technology Austria (ISTA)
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Hard ionizing radiation from stripped®stars

Massive helium-stars should exist in low-metallicity environments (Z < Z,/5) — and they
boost the He* ionizing emission by a factor of 2-5.
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Example: WLM - lc').'cal star forming galaky (Z~10 % Zsun)
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Upcoming: Isolated He Il emitters
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Upcoming: Isolated He Il emitters
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Upcoming: Isolated He Il emitters
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pcoming: Isolated He |l emitters
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Upcoming: Isolated He Il emitters

oo

= He 11:\4686

_I_

g 4 stripped He star

E 21 low-metallicity HII region .
QW Examples of He 11 sources in NGC 6822 (mask ngc6822f)
> newIMACSﬁIM
=0 o0 0 o =00 He 11 14686 Hp, He 11 14860 O1rA4959  O1rA 5007

Ylva Gotberg

Peter
Senchyna

Slit extent (6”7 ~ 15pc)

4600 4650 4700 4750 4800 4850 4900 4950 5000
Wavelength [A]

Institute of Science and Technology Austria (ISTA)



Upcoming:

Isolated He Il emitters

oo

= He 11:\4686
&
5 9]
+
=4
o
2
L{f 21 low-metallicity HII region
§ 1001
N new IMACS filters NB469 NB478 (cont)
=

4600 4650

Ylva Gotberg

4700

MA

4750

4600

Slit extent (67 ~ 15pc)

4800

o + [ ‘-.:. . .
- . - re P
=T o P
L] s Ll -

8

52428

§2653

$2756

*

4650

Examples of He 11 sources in NGC 6822 (mask ngc6822f)

| HellA4686 |

= el T gl e WET T o

4700

Hp, He 11 14860

4800 4850
Wavelength [A]

4750

Institute of Science and Technology Austria (ISTA)

4900

O 111 A 4959

4950

O 111 5007

5000

Peter
Senchyna




R Ongding and future directions



Low-Z: the need for benchmark stars'

Observations of individual stars are necessary for calibrating both evolutionary and spectral models - therefore also
for confirming the validity of spectral population synthesis.
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Low-Z: the need for benchmark stars'

Observations of individual stars are necessary for calibrating both evolutionary and spectral models - therefore also
for confirming the validity of spectral population synthesis.
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Low-Z: the need for benchmark stars'

Observations of individual stars are necessary for calibrating both evolutionary and spectral models - therefore also
for confirming the validity of spectral population synthesis.

Z=20/50 Z=Zo/10  Z=274/5 7 = 70/2 . So'grOQ)
v Metallicity
| Zw 187  SMC bridge? Small Large Milky Way Benchmark population
Magellanic Magellanic with resolvable stars
Cloud Cloud
Z~6 Z~2 z~0.5 z~0
Redshift

(Madau & Dickinson 2014)
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Very low metallicity massive stars

The sample of very low-metallicity massive stars is growing, but (1) do these really match evolutionary
models?, and (2) are we missing the very massive stars?
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Very low metallicity massive stars

The sample of very low-metallicity massive stars is growing, but (1) do these really match evolutionary
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Very low metallicity massive stars

The sample of very low-metallicity massive stars is growing, but (1) do these really match evolutionary
models?, and (2) are we missing the very massive stars?
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Very low metallicity massive stars

The sample of very low-metallicity massive stars is growing, but (1) do these really match evolutionary

models?, and (2) are we missing the very massive stars?
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Very low metallicity massive stars

The sample of very low-metallicity massive stars is growing, but (1) do these really match evolutionary
models?, and (2) are we missing the very massive stars?
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Very low metallicity massive stars

The sample of very low-metallicity massive stars is growing, but (1) do these really match evolutionary
models?, and (2) are we missing the very massive stars?
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Binarity at Low Metallicity (BLOeM) *

BLOeM is an ESO large program which attempts to address both binary interaction and massive star
evolution at low metallicity. BLOeM contains 25 epochs of VLT/FLAMES spectra for almost 1000 massive

OB stars in the Small Magellanic Cloud.
(Shenar et al., 2024)
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BLOeM is an ESO large program which attempts to address both binary interaction and massive star
evolution at low metallicity. BLOeM contains 25 epochs of VLT/FLAMES spectra for almost 1000 massive
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Towards a statistical population of stfipped stars
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Accreting stars 2: compact object actretors
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The upper mass limit (VMSs)

Pink - MIST (MESA)
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Spectral morphology of massive low#Z helium stars’

Benjamin
Navarrete
(PhD, ISTA)
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