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What 1s stellar feedback?

= Stellar feedback = injection of Suggested literature

”’t'atte_r»t’”‘zhme’?t”m a”td ”energydby = Hartquist, Dyson, Ruffle 2004, Blowing Bubbles In The
stars Into the circumstellar meaium Cosmos: Astronomical Winds, Jets, and Explosions (book)

» Krumholz et al. 2014, Star Cluster Formation and
Feedback (review; Protostars and Planets VI)

= Stellar feedback processes:

= Photons & ionising radiation , _ ,
= Dale 2015, The modelling of feedback in star formation

= Winds : : :
o simulations (review)
= Accretion, jets & outbursts _ S
(proto-/pre-MS stars) = /hang 2018, A Review of the Theory of Galactic Winds

Driven by Stellar Feedback (review)
= Supernovae

= Cosmic rays - Hodqes—Kluck et al. 2019, Astro2020 Science White Paper:
. Hot Drivers of Stellar Feedback from 70 to 70,000 pc
» Binary stars

= X-ray binaries = Geen et al. 2023, Bringing Stellar Evolution and Feedback
Together: Summary from a Lorentz Center Workshop

= Runaway stars


https://doi.org/10.1093/oso/9780195130546.001.0001
https://ui.adsabs.harvard.edu/abs/2014prpl.conf..243K/abstract
https://ui.adsabs.harvard.edu/abs/2015NewAR..68....1D
https://ui.adsabs.harvard.edu/abs/2018Galax...6..114Z
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c.257H
https://ui.adsabs.harvard.edu/abs/2023PASP..135b1001G

Why does stellar feedback matter?

Stellar feedback...

= _enriches Universe with chemical elements
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. . dying low mass stars ¢ ,f

m“ ].-..--
IWWWMMHHINMMN”MMII
q: FENPPBRDER L EERE

WWWMMM!I!!!!III
Credit: Jennifer Johnson 5 . - . E . Very radioactive ,,




Why does stellar feedback matter?

Stellar feedback...

= _enriches Universe with chemical elements

= _helped to reionise Universe after dark ages

|
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Credits: NASA/ESA

Why does stellar feedback matter?

Stellar feedback...

= _enriches Universe with chemical elements
= _helped to reionise Universe after dark ages
= _dictates appearance & evolution of galaxies

= _regulates star formation (inhibits & triggers SF)
- (in-)efficiency of star formation

= _drives galactic winds and affects intergalactic
medium (chemical enrichment, temperature, ...)

= _sets life-cycle of giant molecular clouds

= _is necessary for forming realistic galaxies in
simulations (e.g. properties at z=0)
- also limits formation of dwarf galaxies

22N

Credits: NASA/ESA/CSA/STScl



Disclaimer

= Stellar feedback relevant on many scales Green/Blue:; optical
—> depends on application Red/White: X-ray
- not all scales covered in lecture (e.g. planetary scale)

= Stellar feedback intrinsically linked to environment — feedback
from stars in vacuum does not do much...

- effective stellar feedback Cocdfof

high energy
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_Earth

Internal Structure:
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Radiation feedback hstometal 2012 les/meiz

85

120

= Main effects: ionisation, heating and radiation
pressure

11

= Depends on stellar source and environment, i.e. its
optical depth/ability to absorb photons

e

Example: Radiation pressure/radiative momentum
flux: = Pag(r) = iy L/ 41Ur?c

(fyrap: €NCapsulates uncertain photon absorption, e.g. fy,, = 1 all
photons absorbed once; complex radiative transfer problem)

log (L/Lg

= Stellar sources: steep mass-luminosity relation

= One very massive star can be worth millions of Suns | Z2=0.014 |
in terms of radiative luminosity no rotation ‘

= Effective temperature/spectral energy distribution EEL RN YL IR &
sets individual photon energies (e.g. UV vs IR) 4.9 4 3.9



Spectral energy distribution of stars (= T.)

Flux density (F, units)

Cred|ts Gregory Sloan

38000 K

9500 K 5750 K

\

Bllackt.)od.y épéciré | .

Optical

Ultraviolet

Johnson
filters

AOV

M

Mid-infrared

\Near IR filters -

0.1

Wavelength («m)

10.0

= Traditionally, treat stars as black bodies
= T Sets spectral energy distribution

= But: photons interact with gas in
atmosphere, modifying the SED (e.g.
Balmer break, absorption/emission lines)
—> exact stellar ionising & heating radiation

= Reminder: T of models such that stellar
flux L/4nR? = black body flux of oT .4

. Eddington grey atmosphere (T-t relation)
> T*=4/3T4(T+2/3) > get T

= Atmosphere definedat t=2/3 > T =T
—> half of photons escape freely (e22 ~ 0.5)

9



The 30 Dora du S starbu rSt oy R
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“Most massive stars (up to ~300 M o)
- Fastest rotating star (near break yg)ﬁ
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Massive stars in 30 DOTAAUS | jon sareith in- o 100 1.

(Doran+2013)
= One very massive star can be

o ]  worth millions of Suns in terms of
[ 1 luminosity
6.5 | -
:ﬁ ] = > Ty ~32,000K*E,/13.6 eV
6.0 F 1 = Tail of BB: still H-ionising photons
N [ ] for32 kK < Teff <10 kK
© 55 FI 1 > Hllregions from OB stars
- Z 1 Py T-2.898 x10°mK
e 5.0 [ _'ﬂE 9 peak
X 12 s The wavelength of the peak of
i 1%~ Visible the blackbody radiation curve
4.5 |- % _-%’— 6 "\ 6000 K  gives a measure of temperature.
- L g 80 nm:
L WNh, Slash (13, 0) e s ]z
40 F Ostars(173,22) = A 1s 4 ,i._;\ 5000 K
"~ Bstars (258, 13) < % 15 ° - 4 4000 K
" Late-type (4, 85) 3 + @ 18°1(/ _,.ff_?ﬁ_fi 0~ S 23000 K
35 P T T I e NS 1 ] ? 1 ‘a_',- ',.j“""h‘:-‘ﬂi‘v po
60 50 40 30 20 10 0 100 500 1000 1500 2000 2500

Schneid . 2018 eff / KK MagﬂitUde limit 966 nm (IR) Wavelength (nm) |
chneider et al.



Massive stars in 30 Doradus

7.0 p—

6.5 |

log(L /L)

40 |

3.5 L

6.0 |
55 |
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45 |

Schneider et al. 2018

200 M., I —~ —
;Ff o ——— 2 Myr ]
150 M % i -~ . :
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100 Msy, _ %\\ _______ E
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20 5 % ]
L WNh, Slash (13, 0) 201 . ]
O stars (173, 22) = A :
B stars (258, 13) N % ;
Late-type (4, 85) + 10 M ]
BRI G, L O
60 50 40 30 20 10 0
Tefi / KK Magnitude limit

= One very massive star can be
worth millions of Suns in terms of
luminosity

= > Ty, ~ 32,000K*E,__/13.6 eV

ion

= Tail of BB: still many H-ionising
photons for 32 kK < Teff < 10 kK
- Hll regions from OB stars

H-reionisation

i Stripped stars
of Universe: ripped stars

(21.2%)

AGN
(1.6%)
Q
Q%
A
(g.
o
Massive stars Q}O)
(77.2%) 12
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Stellar winds

= Stellar wind: mechanism that accelerates stellar
surface layers to beyond escape velocity and thereby
drives a (spherically-symmetric) outflow

= Example: photon-driven winds:

1

(rad = — /OOO ky(r) F(r)dv = kp(r) L

Arer?

C
with the flux-weighted mean opacity k(r)

= \W.r.t. grav. acceleration, obtain Eddington factor

rad(T) L L
FI‘& — — —_
a(r) g(r) HJF(T)ZMTCGJW X RF]W

= [,q = 1 &electron scattering, K., = 0.2 (1+X) cm? g,

ArcGM M :
Logd = 7 3 % 10° (_) L. Eddington
Fes Mg luminosity

log (L/L@)

log(N/H)+12

no rotation

Ekstrbm et all. 2Q12
120

4.5 4
log (T;) [K]

| 12

14



Stellar winds

Line driving

= Massive-star winds are line-driven
> ( Pup (O supergiant, T ~ 42 kK)

= Wind launching (i.e. wind mass loss rate)
- iron (Fe) most relevant

= Terminal wind velocity
- other atoms dominant (e.g. O, N, C)

= = strong iron/metallicity dependence
M o 70508

= Winds in low-Z environments/
early Universe much weaker
- less wind feedback

log(a/g)

1.0

0.5

0.0

-0.5

-1.0

-1.5

Critical point:
—> wind launching

< Stellar surfac

| I
H Ne
He

]]]]]]

= Other driving mechanisms: pulsations, instabilities,

photon driving on molecules & dust, ...

T

s—- Cl
v Ar
vede K
¥ Ca

T———————————————-

log(r/R. - 1)

15



Stellar winds

Hot star wind:
- Vink+ 2000
—> Bjorklund+ 2021

Feedback by stellar winds Wolf-Rayet star wind:
- Nugis & Lamers

= [ntegrated wind momentum > Sander & Vink 2020

Pwind = f M (t)vso (t) it
0
» |ntegrated wind energy

T .
Buni= [ M0 (0)dt
0

= Needs: wind velocity & mass loss rates
(0.7 Tug < 12.5kK

G M
v =\ 4 13 125 < Tug /KK < 21.0 ’

—— (2.6 Tq>21kK

Vese

(Lamers et al. 1995)

Ekstrom et al. 2012

 7=0.014

no rotation

4.3

4
log (T;) [K]

3.5

log(N/H)+12
— 12

Cool star wind:
- Nieuwenhuijzen
& de Jager 1990

11

10

(Wind scheme from
Henneco+ 2023)

8
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Stellar winds
Uncertainties

= Wind mass loss rates are uncertain

- easily by factors of ~2—-3; up to factor 10

= Weak wind problem

= Enhanced mass loss close to Eddington limit

80

70

60

50

40

Mbh.rnax [MG]

30

20

10

0 1

| Belczynski et al. 2011

Vink et al. (new)

_— e - —

—_—— -

log (dM/dt) (M year™)

_IOIIIIII

Smith 2014

||||||||

van Loon

de Jager

RSG

[rrrrrrroT [rrrrrrrorr | LANLAL L B [ B [T rrrrrorT

LBV giant eruptions
M,;/10 year

auoF

give’)

Extreme RSG
(OH/IR etc)

For line-driven winds
MC’C 20.69

55 6.0 6.5
log (L/Lg)
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Typical winds of massive stars

Table 1 Typical wind parameters for different stellar types® (Vink 2022 )
Type Ter (KK) M (Mo) Voo (km s™1) M (Mg year™1)

O 30-45 20-60 2,000-3,500 10-7-10—°
WNh 35-50 80-300 1,500-3,000 10°4

BSG 15-25 15-30 500-1,500 10-7-10"°
YSG 5-10 10-25 50-200 10-6-10"*
RSG 3-5 10-25 10-30 10-7-10*
LBV low-L 10-15 15-25 100-200 107

LBV high-L 10-30 40- 200-500 10~*-10"
cWR 90-200 10-30 1,500-6,000 10°-10~*
Stripped He 50-80 1-5 1,000 1078




Envelope instabilities, eruptions & outflows

= Why do most WDs have ~0.6 M,? » Luminous blue variables (e.g. S Dor stars)

® Han+ 1994 |

Number

L I ; L
0.4 0.6 0.8 1 1.2

m(M)
~Envelope instability once Eyjpg > 0 Credit: Nathan Smith / NASA
—>Significant mass loss/feedback = Envelope instability? Giant eruptions with up to

near SN energies (~10° erg) 19



Credit: ESA/Webb, NASA, CSA, Tom Ray (Dublin)



Accretion

= Trivial statement: to form stars, need accretion
= Maybe less obvious: accretion releases energy, hence
produces feedback:

—->mass AM accreting on star of mass M and
radius R releases grav. potential energy GMAM/R

>For mass accretion rate M, produce luminosity

Lo~ GMM
R

= Not all of released grav. potential energy radiated
away (e.g. kinetic/rotational energy, magnetic fields,
driving of outflows, ..

Comparison

= 1 M, star accreting at 10° M, yr:
2> L.~ 156

2> L. > L
» >0 M, stars accreting at <103 Mg yr':
2 L. <L«

acce

» Rule of thumb: once there are OB

stars, they dominate the radiative
feedback

2l



Episodic accretion and outbursts

= Accretion not steady but episodic & variable A Light Curve for FU Orionis
= Occasionally, have enhanced accretion rates 10
- Outburst-like increase of L,
- Example: FU Orionis-like outbursts o 1
©
212 a
% ﬁ 1.05 ;:&.
 What causes enhanced accretion? Unknown, 213 : 5
there are several ideas (e.g. Audard+2014, Y., Bl ol |- P
o AREE AR
Vorobyov+2021, Borchert+2022a,b): o JIPON U W A *
. L A 2 Sl | il OANY L]
= MRI triggered by ionisation increase 1> PR S RAZES "“#‘"
5 ry ‘ [ *
= Clump accretion by disk fragmentation 16 114 %}3 e
= Close encounters with other stars MSRLASASIARMLISES: 10nes ot Joses daoes Joses t

) ) )
1920 1930 1940 1950 1960 1970 1980 1990 2000

= Planet-disk interaction

Long-term data from Clarke+2005 and short
timescale variations from Siwak+2013 (inset).
Figure Credit: Wikipedia 22



Jets and bipolar outflows

= Review on protostellar outflows: Bally 2016
- bipolar outflows/jets are magnetically-driven

Low-J CO, high-J CO, H,O, H,, ...

i

A\

/

Cavity wall

I . Cocoon o~
T — — e —_‘.;.\"J

Internal working
surfaces

. Forward
d shock

- Terminal working

surfaces

23



Jets and bipolar outflows

= Review on protostellar outflows: Bally 2016
- bipolar outflows/jets are magnetically-driven

-4 5 i T i
B This work

W Class0/1

X FU Ori objects
A HAeBe stars

QO TTauri stars

~()/\ Continuum stars

> Brown dwarfs

" : %}9///
o o

B4
w2

HH 1043

+A
A ‘Au(;EE;kq:' #

/7

s Onm

R
¢

“IA

HH 1042 7

Am 7 N

7/

1 " I

/

10% »

/
/ =
P 3 x /
/

/AA 1/c>

}n’ 2

7/
/7

+

log M, . (M, year™)

7 / Typical error
— / —
A 4
o 1~ 1 . 1 . 1 . 1 . 1 .
-10 -9 -8 = -6 -5 -4 -3
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Jets and bipolar outflows

= Qutflows: magneto-centrifugal (Blandford & Payne 1982) & driven (Lynden-Bell 2003)

tower flow

rot. energy
grav. energy

= 0.04

accretion disk

forming massive star©

cavity wall
cloud mass = 100 M,
M/ Pp
——————— =20 = By = 68uG . .
(M/®p)crit ’ ! magnetic braking

magneto-centrifugal mechanism magnetic pressure driven outflow

0 kyr 10 kyr 20 kyr
Figure credit: Gandre Oliva (https://www.gandreoliva.org/posters/jets2021)

25



Jets and bipolar outflows

- L‘r ot

- L'a.l.':(': [

= L"I'u:-‘; (
Ewinr:l \

: L
e e e s o, g P, e

_.'j .......... E

Time (Myr)

Grudic+2022; initial cloud mass 2x104 M, radius 10 pc

= Exact launching mechanism of jets unclear
(so-called X-winds also possible, see Shu+1994)
—> see reviews by Pudritz & Ray 2019 and
Krumholz & Federrath 2019

= Effective modelling (as in Cunningham+2011):
fraction f, of accreted mass is ejected in
bipolar outflow of velocity

into cone of angular size 8,
2 | N\ !
£(0,60)) = (ln (9—> sin® @ + 95)
0

= |nitially, jets dominate feedback momentum,
but not energy (Grudic+2022)
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Supernovae

Rates:

about 5 per second in the Universe
« several 100 discovered per year
about 2—3 per century in Milky Way

v Supernova 1987A - » exploding'star: - . -
: - discovered 24 Feb 1987 ,,' Y Sanduleak -69° 202a g
in LMC - g blue superglant of ~17 Msun . Supernova 1994D
T Y _,* i i R T, T at the edge of NGC 4526
e vt e s ARG image: HST NASA/ESA
PRy o “““' : _© Anglo-Australlan Observatory/Dawd Malln Images

Type Il SN Type la SN



Supernova classification

5 LI I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII I IIIIIIIII
1
1E
I Hydrogen ] 5
oo . . Helium 8
= Classification according to spectral features , — sulfur 5
L Iron (W)
- 1%
Spectrum shows 1°
Type la]
3 ]
yes g
no &
- €<—H > n 5 -
\ § Type Icf

Si¢>He

: Type Ib]
7 7& 1 ype ]
1E i

4000 5000 6000 7OQO 8000 9000
wavelength (A)




Supernova classification

= Classification according to explosion physics

= SN la: exploding white dwarfs
(single or double degenerate channel)
- long delay time (easily 10° yr after star birth)
- mostly irrelevant for mechanical feedback
- not for chemical enrichment (e.g. iron!)

= Here: focus on SNe from massive stars (short delay)

&, o

[llustrations: NASA/CXC/I\/I.\K/'eiss

NQITEYVAETEY

IIIII IIIIIIIII I IIIIIIIII I IIIIIIIIIIIIIIIIIIIIIIIIIII

C Gravitational collapse

O_IIIII lllllllll I IIIIIIIII I IIIIIIIII I lllllllll I IIIIIIIII

I
Thermonuclear j

I Hydrogen |

Helium
I Suifur
P Silicon

Iron

Type la]

Type Ic

Type Ibf

4000 5000 6000 7000 8000 9000
wavelength (A)

uasey| ue( :24ndi4
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Supernova rates

= Volume-limited (Li et al. 2011)

31



Supernova energetics

= Threefold feedback:
1. Supernova lightcurve - radiation
2. Supernova explosion energy 2> mechanical
3. Cosmic rays - energetic particles (later)

SN lightcurve (usually neglected)
= SN II: ~104% erg; SN la: ~104°-100 erg

= Peak luminosity: 1041-10%3 erg/s
- up to 100 times that of 10° M SF region
(e.g. 30 Doradus = 104-10%2 erg/s)

= Photon luminosity of one massive star over entire life: 10°2—
108 erg

= Energy sources: thermal emission from hot
plasma (+ H & He recombination), interaction
with mass shell, nuclear (Ni decay)

[+ const. as indicated]

Ig(Lyo [erg/s])

40

a7 |
46 |
45:
a4 |
a3 |
42:

41

[ Credit: S. Hachinger

—— SN 05cf (Type Ia) [+4.0]7]
SN 04aw (Type Ic) [+4.0] ]
SN 941 (Type Ic) [+4.0] -

------ SN 93] (Type IIb) [+2.0] ]
SN 87A (Type II) [+2.0] ]

—— SN 80K (Type II-L)
SN 99em (Type II-P)

LI
.
.,
L
.
.,
LI
e,
.,
.
LI -
LI
"
.
e,
“a.
.
.
e,

~
——
——

0 50 100 150 200

time from explosion [d] (approximate)
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Supernova energetics

No SN la, only SN Ibc & I

» Threefold feedback: 100 — T ”I, - +' Hamuy 2101053”‘;
1. Supernova lightcurve - radiation : Ay swed D10 '
2. Supernova explosion energy 2> mechanical
3. Cosmic rays - energetic particles (later)

10 F

SN Ibc

Ejected Mass (solar)

Supernova explosion energy

)

ngw E

= SN Il & la: ~0.5 = 5 x 10°" erg (105 erg = 1 foe = 1 B [Bethe))

= Ejecta velocities: 10°-104km/s
= Nickel masses: 0.007-0.3 Mg

» Ejecta masses: ~0.1-60 Mg

o
—
|
p—I
©*
]
o,
|

0.01 o o Typell =
F . « : Type Ib/c 3

Nickel Mass (solar

0.001

1 10 100
Energy (foe)
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Supernova energy source
Core collapse SNe ol Tog8 [

= Observed kinetic energy: ~10°1 erg

o by N s o
= Energy source: collapse to neutron star? T
- “gravity bomb” wof (f)
T
= Release of gravitational binding energy: Earth-size iron O a o TGy Sy T e
core (Re,~3000 km) collapses to proto-NS (Ryg~12 km) e
=0
GM? GM? GM? . ol
AEying = — = ~ 107 erg 0P T AL LW
Rns Rrpe Rxs 10 .
3 49 51 35 53 =T34 59
50
= > Sufficient to power supernoval! ol -
RO R e ST

12:049 ] [] 14 12 14 13 18

= What happens to majority of energy? - neutrinos! | TIME (min)




Supernova energy source
Thermonuclear SNe

= Observed kinetic energy: ~10°1 erg

= Energy source: nuclear energy?

* no H, He in SNe |a spectra
- exploding star: C+O white dwarf

= Energy release due to burning of C+0 material to 56Ni:
7.86x 10" erg/g

= Chandrasekhar-mass (1.4 My) WD: = 2 x 1057 erg

=
©
=
=
=]
@
Q
=
=
@
o
e
=)
=
=
@
o
=
=
=
=
@
o
@
=
=
<

= - Sufficient to power supernoval 0 % 60 9 120 150 180

Number of nucleons in nucleus
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Stars 101:

Surface evolution

Mini = 13 Mg
- 1 - 1 ; | I‘ 1 5 1
\ \ \ \ \
50 - ‘\‘IOR@ \\\30R® \\100 Ro \\‘300R@ \\100012® L
‘\ \\ ‘\ \\ ‘\
\ Y \ \ \
\ \ \ \ \
\ \ \ \ \
4.8 \ \ \ \ \ r
\ \ \ \ \
\ \ \ \ \
4\ ‘\\ “\ “\ ‘\\ \‘\
- O] \ \ \ \ \
% :]__ 4.6 1 \ \ \ \ \F
o ~ \ A \ \ C \
= [=TH) \ ore \
£ 0o ' . \
E = Core helium
- a o L
4.4 \ hydrogen burning
\ S
3R \ burning
\ \ \
\ \ \ \
4.2 1 \ \ 5 \ \
\ \ \ \ \
\ \ \ \ \
\ \ \ \ \
\ \ \ \ \
\ \ \ \ \
4.0 ! T * T T T T T
4.6 4.4 4.2 4.0 3.8 3.6 34
log Teg /| K

< Effective (surface) temperature T

TMg = 1 solar mass
TR = 1 solar radius
1Ly = 1 solar luminosity

= Evolution of a 13 M, star in
Hertzsprung—Russell diagram

= | ines of constant radii from Stefan-
Boltzmann law of black body

L =4t R%0 T

= \While core contracts, the entire star
expands

= Star becomes red supergiant and
then explodes in supernova, leaving
behind a neutron star

= More massive stars evolve faster

36



pressure sy
gravity | —

Stars 101:

Core evolution

o Schematic models!
: ; .

(1Mo = 1 solar mass) Janka 2012
. , ,

T

Fe-He photodissociation

Rapid
electron capture

= Life of a star: eternal
fight against gravity
- Contraction

= Contraction halted
temporarily by episodes of
nuclear burning, e.g.

= Hydrogen burning: H - He
= Helium burning: He - C, O

T M2/3 I3

log T. (K)
Buiuing D

Relativistic instability

N
) . -
= End of life: reaching death zones (>8 M; o e
. s}
supernova, formation of neutron star or ® &
o ()]
black hole) or gravity permanently 2
balanced by degenerate electrons in =
white dwarfs ( <8 M ) S Electron degeneracy
© § (Pauli exclusion principle)
L L | L | '
2 4 6 8 10
Central density p, > log p. (g cm™3)

Image credit: http://cse.ssl.berkeley.edu/bmendez



Image credit: Casey Reed
stars 101 7 |
Chandrasekhar mass M,

He burning to C
H burning to He

Nonburning envelope

= Nuclear burning until iron core formation
- nuclear fusion of iron-group elements impossible
- only electron degeneracy left to balance gravity

C burning to Na, Ne, Mg
He burning to C
H burning to He

Nonburning envelope

= Once core mass exceeds effective Chandrasekhar
mass, core starts to collapse (+ additional instabilities)

Degenerate Fe core

Z
Mcy ~ 1.43(2Y.)* M., Y, = n

S, Si burning to Fe

O burning to S, Si

Ne burning to O, Mg

C burning to Na, Ne, Mg
He burning to C

= Two ways to reach Mgy,
1) add mass (shell burning, [accretion in SN Ia))
2) reduce Y, (electron capture reactions)

H burning to He

Nonburning envelope

38



(1Mo = 1 solar mass) Janka 2012
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Three death zones

o Schematic models!
T [ T [

Fe-He photodissociation

electron capture

= Electron capture supernovae

— 8 _
= Core collapse supernovae = o =
2 ¢ 5 B
- 5 2 v
o N @
A =l |F 2
o ° oo 13} ZA g E
= Pair instability supernovae = = g -
+ pulsational pair instability SNe % 4 _‘e(\«a"‘s
g S o™
£ o, OV
[ 0
f:f Electron degeneracy
§ (Pauli exclusion principle)
' | L | ' 1

6 8 10
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Electron capture supernovae T

= applies to solar metallicity stars in range ~8/9...10 M4
- about 20 to 30% of all CCSNe may be ECSNe

= Core reaches electron-degeneracy before Ne burning T
= Electron captures on 20Ne and 24Mg lower Ye < 100
= M, is reduced & core collapses o2k

= Mass window can shift with other parameters (e.g. Z, binarity) 1074
0 e , —um 106 -

logZ/Z

cOwD

jLanger2012

ONe WD

1
ECSN |
]

=—SN1.5

CCSN —

1
4 6

M/M

IIIIII T llIl'II'I] T III1II[[ U I'IIIIIII T

108 [ —s11.2 7

s15s7b2
108 -

104~

108 -
Janka (2012)

10710 B

NN | |
100

I'II,I{IJOO
r (km)

= Steep density decline at edge of O-Ne core:
—> special explosion characteristics compared
to SNe from higher-mass stars (little mass
ejection, very little Ni - faint, smaller explosion

energies ~10°° erg)

painl 1 el 1
10,000 1e+05
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(1Mo = 1 solar mass) Janka 2012
. , ,

Three death zones

o Schematic models!
T [ T [

Fe-He photodissociation

electron capture

= Electron capture supernovae

— 8 _
= Core collapse supernovae = o =
2 ¢ 5 B
- 5 2 v
o N @
A =l |F 2
o ° oo 13} ZA g E
= Pair instability supernovae = = g -
+ pulsational pair instability SNe % 4 _‘e(\«a"‘s
g S o™
£ o, OV
[ 0
f:f Electron degeneracy
§ (Pauli exclusion principle)
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Core collapse supernovae
The “gravity bomb”

= Core collapse triggered if iron core mass >
effective Chandrasekhar mass

= Energy source: gravitational energy .
- ~99% released in neutrinos (SN1987A) i 1166
- how to use neutrinos to explode star?

= Core bounce and shock formation at nuclear
densities (p ~ 10 g cm®)

= Shock stalls (= dissociation of nuclei)

= Proto-NS forms and the released neutrinos
heat gain region behind shock - convection

= Threshold process: if enough energy deposited,

shock is revived, and star explodes .
= Simulations: consistent explosions among
different groups, yet too little energy I

(e.g. O'Connor+2018, Burrows & Vartanyan 2021)

192 km

10ms

Melson, Janka et al. 2015




(1Mo = 1 solar mass) Janka 2012
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Three death zones

o Schematic models!
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Fe-He photodissociation

electron capture

= Electron capture supernovae
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= Core collapse supernovae = o =
2 ¢ 5 B
- 5 2 v
o N @
A =l |F 2
o ° oo 13} ZA g E
= Pair instability supernovae = = g -
+ pulsational pair instability SNe % 4 _‘e(\«a"‘s
g S o™
£ o, OV
[ 0
f:f Electron degeneracy
§ (Pauli exclusion principle)
' | L | ' 1

6 8 10
Central density p, > log p. (g cm™3)



Pair instability supernovae

= Stars with initial mass above ~100 Mg — very hot

= Pair instability after C burning at T~1GK: formationof =
ete -pairs from high-energy photons converts thermal o
energy into rest-mass energy o
- reduces adiabatic index of E.0.S. below 4/3

Farmer et al. 2020 cC

PISN

= Thermonuclear explosion of |eft nuclear fuel

- enough to completely disrupt the star? - mass-dep.  pyerer e —eewmwy ymm——

. . gri
= Mass range uncertain, €.g., nuclear reaction rates

= Occuronly at Z<Z /10 (Langer 2007)

= Explosion energy: ~10°3 erg, can produce more than
50 M, of 56Ni, but most events will produce “usual’
CCSN Ni masses

= Best candidate so far: SN 2018ibb (Schulze+2023)

SN 2023ibb; Schulze et al. 2023




Stars 101: How massive single stars end their life

Heger et al. 2003; Heger, MUller & Mandel 2023
= What we teach in lectures: booE \ﬁ

= 8/9-10 M, electron capture

neutron star

supernova (core collapse) % %-----.j_i_§9La£__Z _______ i

= 10-25 M, iron core collapse ¢ 3 -
supernova > neutron star E B

» 25-40 M: weak core S § 'é BH by fallback
collapse supernova 2 5 pe]
> black hole by fallback £ e s

= >40 M,: no supernova 2 | i Fy
- collapse to black hole z | 3. Tz direct black hole

> stellar winds § ¢ 1818 3.

= High-Z: no black holes at all : g s 23

= Low-Z: pair-instability HEER & _
supernovae, no remnant : 5

2]5 3]4 40 60 100 140 260
Initial mass (solar masses)

-
o

- PISN BH gap: ~45-120 M, °



Final fate of (single) stars (CCSNe)
A closer look at the pre-SN stellar structure

= Pre-SN stellar structure summarised by
. . . . compactness parameter §,,

0.8 - - £ = M /Mg
M ™ R(M)/1000 km

0.6 1 = Non-monotonic landscape with core mass
é of stars (here CO core mass M)
S 0.4 1 - = Stars with large §,, difficult to explode
;

0.2 - :/ﬂ i

mZ=7Z
0.0 . . . . -
0 5 10 15 20 25

Mco / Mg at core-helium exhaustion

47
Schneider et al. 2021 See also Sukhbold & Woosley 2014, Sukhbold+2016, Chieffi & Limongi 2020, Takahashi+2023, ...



Final fate of (single) stars (CCSNe)
A closer look at the pre-SN stellar structure

. M/Mg
Sm = R(M)/1000 km

= Compactness as explosion criterion:

L ! » &, :>0.45 > Collapse to BH?

0.8 - » &, < 0.45 2> Explosion and NS formation?
< 067 Collapse = High compactness at
g | toBH? B & & A > (“compactness peak”) and
S 0.4 HExplosion? [* - 2> Mo > 13 Mg
5 NS? . : .
3 | = Driven by neutrino-dominated carbon and
©0.2- ) L neon burning

g . /Z = Z@
0.0 ® Z=17,/10
0 5 10 15 20 »s " Compactness pattern not strongly

metallicity dependent

M M -heli h I : .
co / Mo at core-helium exhaustion (unless winds erode helium and CO cores)

48
Schneider et al. 2021, 2023 See also Sukhbold & Woosley 2014, Sukhbold+2016, Chieffi & Limongi 2020, Takahashi+2023, ...



Final fate of (single) stars (CCSNe)

Compact remnant masses

= Models exploded with semi-analytic,
v-driven SN model of Miiller et al. 2016

= Explodability largely follows compactness
(cf. O’'Connor & Ott 2011, Ugliano+2012, Sukhbold &
- Woosley 2014, Ertl+2016, Muller+2016, ...)

= BH formation at

> (“compactness peak”)
I > M, ~ 25-35 M,,: some fallback BHs
- > M..>35M,
Fallback? I » At lower Z = Z,/10, essentially same
Z=7, L landscape, but BHs more massive
® Z=12o/10 - weaker winds, hence less mass loss

10 20 30 40 50 60 70 80 90 100

= Warning: highest BH masses unrealistic because
Mini [ Mo

of missing enhanced mass loss from LBVs etc. 49

Schneider et al. 2021, 2023
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What are cosmic rays (CRs)?

= Relativistic particles originating outside the solar

system (Galactic & extra-galactic)
- ~99% atomic nuclei (90% p or H), ~1% e

lﬂalllllllll |||||||| L DL L L L

10’ ka
¢ [Q
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10°
| c O
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O Selar System
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Where do cosmic rays come from?

= Mostly: particles accelerated in SN shock fronts
- up to knee (protons) and beyond (heavier atoms)
- diffusive shock acceleration (Fermi acceleration)
- highest energies: extra-galactic (AGNs?)

= Particles repeatedly cross shock front and each time

gain energy (Krymskii 1977, Axford+1978, Bell 1978, Blandford &

Ostriker 1978) A€ Vghod
SNnoc

€ C
= Results in power-law energy distribution

= Fits energetics in MW: CRs diffusive escape losses
Vi
Lcr = JMWECR 3 x 10% ergs

TGSC

= Can transfer ~10% of SN shock energy to CRs

0.1Bgy 0.1 x 10°terg
TSN 100 yr

1

~3x 10 ergs™?

Credit: NASA, ESA, CSA, STScl, Danny
Milisavljevic, llse De Looze, Tea Temim

Cias A SN r'eninant -(SN II'b) ‘

52



What 1s the feedback of cosmic rays?

G10 noCR

» Review: Ruszkowski & Pfrommer 2023

= CRs meander along B-fields of galaxies or escape
galaxy depending on energy

= CRs ionization (most have few GeV & can

penetrate optically thick regions)
G10 noCR
= CR-driven galactic winds - CR pressure gradient

= CR feedback redgces SF rate Hydrogen column density
- helps solve missing satellites problem? inviw-like galaxy

» CRs lead to cooler ISM and galactic outflows

= Nucleosynthesis: production of Li, Be and B

Temperature

Farcy et al. 2022

[
1019102010211 22
Ny [em—2]
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Binary stars




Binary stars

= Most massive stars are in binaries (Sana+2012, Science)
- huge consequences for evolution and final fate

Credit: ESO/L. Calgcada/M. Kornmesser/S.E. de Mink



Sana et al. 2012
- Most supernovae

and BHs from binary

Binal’y Sta IS Most massive stars

exchange mass with Eﬁgcﬁreny products!
companion during life S a0

Envelope
stripping

Spectral Type

S Y TL M K B o) B o)
5100- ME = B+T+Q+... +_I_ . .
© : S+B+T+Q+.. + ] ]
£ sof -|- 4 220 -
g THF = S+;:(T):(5+ — §
S eof 1 € 15 '|' 18
) [ - -|- 1<
% ¥ ‘I‘ S 15
o 40[ -|— 1 g 1Of Tt 1%
= - = 13
o3 == o ]
> 20[ _I_-I- 71 © o5 '.%
s O . N 0.0 . 4O
— 0.1 1 10 0.1 1 10

Primary Mass M, (M) Primary Mass M, (M)

e.g. Kobulnicky & Fryer 2007, Mason+2009, Sana+2012, 2013, Chini+2012, Kobulnicky+2014, Moe & Di Stefano 2017, ...



Binary stars

Image credits: Thomas Tauris

Zero-age
main sequence

1t mass transfer

phase
15t supernova \05
(from stripped star) - Q l
=>» SN kick!
L
"= /fi High-mass
£N S ;L Xeray binary?!
2nd MT: common-
envelope phase
< N J / 2"d supernova

'BE;)?S (again from stripped star)

!

Double NS binary Qob ZJP —

=>» SN kick!

— @ BH



Binary stars

Image credits: Thomas Tauris

1t mass transfer

o Zero-age
main sequence

phase B
1st supernova ‘.._‘\éﬁ O
(from stripped star) /?\Q 1
B
g
‘}Iij ’:i High-mass

N o X-ray binary?!

2"d MT: common-
envelope phase

qa NI

}

Double NS binary (\»\> ZJ? —

Al 04 2"d supernova
N | N (again from stripped star)

o
ES

|\ (from stripped star)

1st supernova

N, Py Low-mass
PN X-ray binary?!
Y e MSP + WD
DN
— BH
58



Zero-age => closer initial orbit and/or
main sequence lower-mass companion

Binary stars

1t mass transfer

phase
Contact phase /
m 1stsupernova M.~ O
. 0Z
/ ~
l (from stripped star) -7 I\ 1 l
H \/
\ “"cpfj " High-mass ;}Oé ® f1St superngva
Merged star 7N o X-ray binary?! \\l (from stripped star)
/ l P Ps Low-mass
! 2"d MT: common- PARN X-ray binary?!
‘_“\éﬁ envelope phase |
2N qQ
| I , ©  MSP+WD
7\ Q N~ 2nd supernova N
\)/?Q (again from stripped star)
BH @ % Magnetar formation? |

Double NS binary (\.\) dp — — ® BH .

Image credits: Thomas Tauris



Zero-age
main sequence

Binary stars

1st mass transfer
phase

Contact phase ~25%

oo

\Y

1st supernova
(from stripped star) /?\

N .{, ’fi High-mass
Merged star Z N 30 X-ray binary?!

| 2"d MT: common-
‘___‘\ éﬁ envelope phase
71N
A\ qQ L |~ 2 supernova

B/?Q‘ (again from stripped star)
BH @ Magnetar formation? |

Double NS binary Qob ZJP —

Image credits: Thomas Tauris

:-;\ éé 1st supernova
RN (from stripped star)
N S Low-mass

PN X-ray binary?!

<\.\> o MSP + WD

— @ BH
60



The most massive stars Sohneiders2014 10 [ T Lyt dae

' . Z 08F F. JA -

Blue stragglers and rejuvenation g osf// e

S/ 121

= 30 Doradus: observationally, the most massive ~30 Zz,t' B I?;gggls Mgi .
out of ~1200 hot stars (= WR, Of, WNh) contribute Gy

40-50% to ionising and wind luminosity (Doran+2013)

A
= Good chance that several are blue stragglers ———3z |
250 Lo | =
M3 Z
= Blue stragglers: hot (i.e. blue) and luminous extension - o
of main-sequence in star clusters > F I aie 0
. . s | ’
= Origin: accretors of binary mass transfer and/or stellar 2
mergers (= binary evolution & cluster dynamics) 3% i ]
= Blue stragglers are rejuvenated and appear younger | Bue |
tragglers
= Show up within Myr B : 1
i 6. {7 |
i N (N R RS DR I ol N [ S|
= =» delayed feedback from massive stars —— ==

Temperature Ferraro+2020 61



Blue straggler stars: rejuvenation

Simple rejuvenation recipes calibrated on mixing in
SPH head-on collisions: Glebbeek & Pols 2008,

Rejuvenation Glebbeek et al. 2013, Schneider et al. 2016
. . . 0.2 avs
= Apparent: shorter lifetimes associated L7 g ALl Fadas 592
with more massive star My -

340.4 97.5 23.2
50_| ; T T T 1

= True: mixing of fresh fuel into core
(mixing during coalescence & transient
conv. core during thermal relaxation)

(c) f=0.8

i i i tmer er:f'T
Warning: cluster age determination g MS
40 M,

=<70% H
=>30% He

3

Y.0=05 Q. = 0.67

~y, = Qeo Yoo<Yeo =AY,=Y,q—-Y.xYe Schneider et al. 2076 62

C



The most massive stars
Effective mass function

0 Myr 5 Myr 100 Myr —e—
3 Myr —e— 10 Myr =—— 1000 Myr

Primaries and mergers

= Blue stragglers up to ~twice more massive

» For feedback matters, treat as extension of the mass
function of a stellar population

= Example: massive blue stragglers increase ionizing
radiation and lead to delayed feedback because of
rejuvenation

- increase escape fraction of ionizing radiation
(e.g. Secunda+2020)

log( mass-function ) [log(dp/diogM)]

All stars (obs.)

0
1
2
3
4
5
0
1
2
-3
4
5
0
1
2
3
4
5

_ 1 1 1 : L 1 1 E L H
0 02 04 06 08 1 12 14 16 18 2
log M/M_,

Schneider+2015



Delayed SN feedback from massive binary stars

= Binary mass accretion & mergers lead to late SNe
compared to single stars

= SNe from single stars over after ~50 Myr

= With binaries, ~15% of SNe at ages >50 Myr

Evolutionary channels for “late” core-collapse Supernovae

Forward mergers
@8 ©-e
BSS —
Reverse mergers 20% 10%
(47%) o ~ \H-G> ® - FD
HeStar COWD

11% 6%
ONeWD cowp

Other merger channels
combined (16%)

Non-merger channels
combined (13%)

2N

N

1600

14001

1200}

ccSNe (10° M’@)_1

400

200t

Zapartast+?2

1000t

600}

Equivalent single star initial mass (M )

70 35

20 15

10
!

8

6

4

Onset of:
CCSNe if:
Mini > 35 Mo
stars do not:
explode:

017

BSS (accreting secondaries)

Time after starburst (Myr

= = single stars
B incl. binaries ||

1000




Stripped binary stars
Explodability and SN energetics

10- Single Binary-stripped

He shell
burning

12

C shell -10

burning
51 X il (faint) g
O core
burning |
6
o
= 0 ) 4
& ' (faint/)
H shell 2
burning
| 0
5 7 Ne/O
He shell 7 shell
burning 7 burning —2
' —4
10 5 0 5 10

Laplace et al. 20271; TULIPS visualisation (Laplace 2022)

log(&nuc/[ergg™'s™"])

Nuclear burning structure in single vs. binary-
stripped star at end of core oxygen burning
- same 6.3 M, core mass (Case B)

Clearly different burning properties mainly
caused by absence of hydrogen shell burning

Stripped stars have
different pre-SN structure

o

(cf. Timmes+1996, Wellstein & Langer 1999, Brown+200T1,
Podsiadlowski+2004, Woosley 2019, Schneider+2021, ...)
65



Stripped binary stars
Explodability and SN energetics

» |sland of BH formation (compactness-peak BHs)

- Zlo — = Neutron star formation/SN explosions:
S 40 - - Single stars: M, <35M,
2 30 - - Binary-stripped stars: M. <70 M,
%9 20 - = Stripped stars have higher explosion energies
S 10- @ /‘”* (AE,,., ~ 0.2 B)

= Implications for feedback
= First SNe from stripped stars (~4 Myr) & on

| W Fallback? - average more energetic
~ ® Singlestars | = SNe from genuine single stars after ~6 Myr
@® Stripped stars o
1.2 44 , , , . . . . . = Metallicity dependence:
10 20 30 40 S50 60 70 80 90 100 higher/lower Z = earlier/later SNe
Mini [ Mg = Number of SNe: 35vs 40 My 2 3% diff;

island of BH formation = 5% diff.

Schneider et al. 2021 66



Volume weighted neutral fraction

(21.2%)

Stripped binary stars o
Cosmic reiontisation ;; .
F 1 =
= Massive stars: hot, luminosities of up to ~10° solar _ §10_0512 Single || T
. . L o 102L S10_0512 Binary 10
= Stripped stars: high T+ = ionising radiation g | Binary=BPASS — S05.0512Single | 0
A (Eldridge, Stanway+ 2017, | = EOS_OE};@QO?DW 2
107 | : an + .
1052E 1 [ ? Stanway & Eldridge 2018) B 3 Sehrocder + 2012 %
a) Cosmic emission rate of : I £ Ouchi+2017 1] 8
Hi-ionizing photons 104t 3 ® & Sobacchi+2015 |4 &
— fif ¢ ¢ Inoue+2017 1
T 107! (Standard fg) ]
o _ I ¢ ¢ Banados+ 2017
§ Hi-reionization 5% 9 10 11 1z 13 14
Tw (z=16.5) Redshift
= 10% 7| Secunda+2020 Runaway OB
E:ﬁ Stripped stars - stars
'.:9
e

104k 78 Stripped stars
AGN = 2
I (1.6%) 2 @
' Gotberg+2020 L2 Blue stragglers
48 . |
1% 5 0
Redshift, z 12

Massive stars
(77.2%)

(=
[

Escape fraction ion. photons

SB99 +runaway O/B +stripped stars +blue stragglers 68

E.g. Stanway+2016, Ma+2016, Rosdahl+2018, Gotberg+2018, 2019, 2020, Secunda+2020



Massive star is ejected from a young star cluster The star reaches escape velocity -

I; l I I l a W a S t a r S and heads for interstellar space. i
1 Two massive stars.orbit each A third star, perhaps: 150" tumes The least massive. star; of the: \ B s

other in the. star cluster R136 s OUr SUN’s mass, enters the '~ | & system iobs momentum from
. binary system AR g N the mtruder 3 . .

Evans+2010 , c *

/& -

; 90 M ( ) runaway star
| _moving at ~85 km/s

“Runaway” S

-

Star S

Declination (J2000)

ESO 2 2m WFI HST WFPC2

Credlt NASA/ESA/STSCI/ESO

3 9"1 00? 305‘ 3 8"‘1 OS ‘ 3 0 5 h 3 ’7"1 OOY
Renzo+2019 Right Ascension (J2000) 69




Runaway stars

= Up to 30% of OB stars move at v > 30 km/s

-> runaways
= Formation channels:

= Dynamical ejection from dense stellar region

= SN explosion in binary star system

= Disruption if SN ejecta mass > half of binary mass
My + M,
2
—> star ejected with orbital velocity

= Kick of NS/BH from SN explosion disrupts binary
—> star ejected with orbital velocity
- dominant contribution

» Fjected MS stars: slow velocities - walkaways
(<30-40 km/s, Renzo+2019)

AM >

Ve sin i (km s~1)

600 -

500 -

100 -

IS

o

o
1

w

o

o
1

2001

30 Doradus Sana+2022
T
o A —
ﬁ.f_ Rapidly spinning Avoidance
L1 runaway stars region

Nonh-runawdy stars

1

I

:

I

1

|

i Slow runaway
i *}‘* stars
1

I

1

I

1

Fast runaway stars
* ]
. = lVFTS 16

20 30 40 50 60 70 80 90

100

SVMS(knﬁs_l)
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Runaway stars

= Runaways can travel large distances and deposit their
feedback (radiation, SNe, winds, ...) far from SF sites
- e.qg. increases escape fraction of ionizing radiation
by factors 1.1-8 (Conroy & Kratter 2012, Kimm & Cen
2014, Ma+2016, Secunda+2020)

Cumulative

. MS stars
:(SN channel)]

oL Lo
o NoONBRO®O

Probability x 10
w ﬁi (8

e
)

0 10 100 1000
Renzo+2019 max{L} [pc]

¥ non-runaways
06 4 runaways

‘
d
m

»
Kimm & Cen 2014

71



X-ray binaries
Accreting NSs and BHS

Three categories defined by mass of donor star

= Low-mass X-ray binary (LMXB)

2 Maonor < 1.5 Mo - RLOF, globular clusters,
young & old stellar pops.

= Intermediate-mass X-ray binary (IMXB)
> 1.5 Mg < Myyor < 5 Mg

= High-mass X-ray binary (HMXB)

2 Mgonor > 10 Mo - wind-fed, young

stellar pops.

LMXBs/IMXBs

HMXBs

Casares 2017/

1 I I 1 | 1
— GRO J0422+320

— GRS 1009-45
+— XTE J1859+226

— CX 339-4

— BW Cir
GRS 1915+1056
le— V404 Cyg
—e— XTE J1819-254
e XTE J1855-40
l - XTE J1559-564
- ! 4U 1543-47
—t A H1705-25
e GS 1124-684
e GS 2000+25
e A 0620-00
A XTE J1650-500
F—e— XTE J1118+480

Revised to ~21 M,
- Most massive BH Luc x-3

LMC X1
Q_‘ CYG X-1
M33 X-7

] L] L] ]

MWC 856

1D

..|I

.|I.|.

5

10

15

Compact object mass (M)
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~1 keV ~100 keV

X-ray binaries ———

A
D @q@c&m @} 50 ) °§
» Persistent and transient sources '
o % %fqixm’o )
. . . oy Q
= Transients = related to disk instability = AGNs Boaly o ©
: 2 | 9
= Hard state: steady jet . oo, ¢ o
) ) . % —— .G
= Soft state: disk wind, no jet : . T =
GMm 3 08_304”- —o—op =
. . . P — — . 2 2 WO’ ® °9y [I\J
= Available accretion power:  Facc nmc > E S o
r o F % S
10— : cb >
: \ oJ
GX 339-4: from Ato Fin ~1yr 9 S
~10%} : (LMXB with >5 Mg, BH) A d% i
= : — hard state ‘ ' l ‘
U _ soft state
~ 10375_ : _
%5200 52300 52400 52500 52600 52700 52800 52900
Date (MJD) I

Fender & Munoz-Darias 2016



~1 keV ~100 keV

X-ray binaries ———

A
B
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X-ray binaries

= X-ray sources in universe: AGNs and X-ray binaries

(+ colliding wind binaries, massive stars, ...)

= High redshift: X-ray luminosity from X-ray binaries

larger than that of AGNs?!
- reionization!

= Models for X-ray binary feedback: Fragos+2013
= Further reading: Justham & Schawinski 2012
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IMF and integrated stellar feedback -

Salpeter 1955

&0, 5% of stars >10 Mg contain 20% of mass | N roupa 2001
(1 CCSN/1 02 M, and 1 PISN/1 04 M @) . O - % _ N Chabrier 2003
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;'v Stellar feedback = injection of

2
, momentum

and energy by stars into the circumstellar medlum

Feedback processes | 4 Stellar feeback...

Photons & ionising radiation M -
Winds

Accretion, jets & outbursts
(proto-/pre-MS stars)

Supernovae

Cosmic rays

Binary stars

X-ray binaries

Runaway stars

...enriches Universe with chemical elements
...helped to reionise Universe after dark ages
...dictates appearance & evolution of galaxies
...regulates star formation (inhibits & triggers SF)
- (in-)efficiency of star formation

...drives galactic winds and affects intergalactic
medium (chemical enrichment, temperature, ...)
...sets life-cycle of giant molecular clouds

...is necessary for forming realistic galaxies in
simulations (e.g. properties at z=0)

- also limits formation of dwarf galaxies
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