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Updated schedule

mandag 10:15-12:00

Forlesning 1

rom 209 / 304

tirsdag

onsdag 14:15-16:00

Gruppeundervisning

rom ikke bestemt

torsdag 10:00-11:40

Forlesning 2

rom 304




Data / material for assignments

« Data: /mn/stornext/d9/svenwe/lecture/AST5770/data

« Templates 4 assignments: /mn/stornext/d9/svenwe/lecture/AST5770/assignment

« Tryto open/copy afile, e.q.:

/mn/stornext/d9/svenwe/lecture/AST5770/data/assignment/
AST5770 projectassign.pdf

« More information and practical aspects on Thursday 10:00
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Physical stellar parameters

Spectral class

Hertzsprung-Russell | .
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Effective temperature Karttunen et al. (2017).
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Physical stellar parameters

Effective temperature

« Notes:

 Spectrum of a star can — in first approximation — be described with a black body
spectrum for an effective temperature Tef

real stellar spectra deviate from blackbody curve

effective temperature of a star is defined over the integral

Sun: Teffoe= 5770 K.

Typical values for other main sequence stars :
« from ~ 2 200 K for the coolest red dwarf stars
« toupto ~ 45000 K for the hottest O-type stars.

White dwarfs can exhibit much higher temperatures of up to ~ 2 X 10> K
(basically “exposed” stellar core remnants)
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Physical stellar parameters

Gravity acceleration

mass M,
GM radius R,
8= R2 gravity constant G

- Commonly specified in logarithmic form as log g in cgs units.

e SUN: go=274ms2=274%x104cm s2— (log g)e =4.44

* Large range of stellar radii + dependence g o« R,

m) g varies over 8 orders of magnitude from white dwarfs to supergiants

Giants and supergiants: g<1x 10?ms=? logg~0

Main sequence: g~2x10°ms™? logg~43—-45
White dwarfs: g~1x10°ms™? logg~8
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Physical stellar parameters

Chemical composition

« Most stars (in particular main sequence stars) consist primarily of hydrogen and helium.

- The elements heavier than helium are commonly called metals in astrophysics, sometimes
abbreviated as M.

- Astronomical abundance scale: |logarithmic scale log € relative to the Sun

 Hydrogen as origin of scale with log € (H) = 12 and all other element relative to

hydrogen:
A(El) =loge = log(ng /ny) + 12 n: number density of element

- The metallicity is the relative content of the metals, M/H, with respect to the Sun:

o (M/H)
(M/H)o

. Iron abundance relatively easy to measure due to large number of spectral lines (and as an
important nucleosynthesis product) — often used as a representative metal

Nre ) (NFe )
Fe/H| = lo —lo
[ / ] g10 ( Ne L 810 Ni .

o Also: Cosmo-chemical scale with silicon (Si) as reference but less coomnmon for stars

or loge = [M/H]
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Physical stellar parameters

Chemical composition — Solar abundances
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Physical stellar parameters

Chemical composition — Solar abundances

Why do we find these heavier elements in the Sun when
they are not produced in the solar interior?

The Sun was formed from enriched gas with elements
produced and returned by previous stellar generation.

Population|!
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Physical stellar parameters

Chemical composition — Solar abundances

Note: Spectral lines are formed in the atmosphere

= Determination of the chemical composition of the
atmosphere and not of the interior

= How well mixed is the star? Dredge-ups can mix fusion
products from core into atmosphere

- e
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Physical stellar parameters

Chemical composition — Solar abundances
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Periodic Table of the Elements
~ 44 faﬁ Affﬁﬂtmy . :

in the universe i I |

This 18 really how astronomers see the periodic table according lo astronomer and author Heidi Weissman Kneale (Supphied

Moo Weaimaman Kneale (arhexhkngsale))
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Physical stellar parameters
Addition: Broadband photometry with GAIA

Instrument

Astrometric
field

Red & blue
photometer
detectors Sky mapper
BAM & WFS

RVS
detectors

M4/M’'4
/ beam combiner

/ St
Photometer S

prisms
RVS grating —/

and afocal
field corrector

fold mirrors

Fig. 2. On their way to the BP/RP and RVS sections of the focal plane,
light from the two Gaia telescopes is dispersed in wavelength. Picture
courtesy of EADS-Astrium.

BP - RP = Colorindex
blue Re G
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itted wavelength ranges/
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l\’\ RVS

Tran

1.2
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Normalized response (energy)

VS SR TO TR [N YOS S S b S
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Fig.3. Gaia G (solid line), Ggp (dotted line), Ggp (dashed line) and
Grys (dot-dashed line) normalised passbands.

Jordi et al. (2010)
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Physical stellar parameters

Chemical composition

- HRD for 14 globular clusters: Groups of stars with different metallicity Metallicity
= Distinct subsets in the HRD (log!)
R ol T [Fe/H)
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Credits: ESA/Gaia/DPAC, Carine Babusiaux et al. A&A 616, A10 (2018) "Gaia Data Release 2: Observational Hertzsprung-Russell diagrams”
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Physical stellar parameters

Chemical composition

« HRD for 14 globular clusters: Groups of stars with different metallicity
= Distinct subsets in the HRD

Metallicity
(log!)

.o.:o,.'o .:.‘.'.-... : [Fe,H]

-1.0

Different chemical
composition

-1.5

agnitude G passband (Mg)
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Physical stellar parameters

Chemical composition

« Chemical composition of stellar interior not directly observable

Specified only as mass fractions of hydrogen (X), helium (Y), and all heavier elements (2):
X+Y+Z=1

 Mass fractions vary with locations, in particular in radial direction from the core to the
atmosphere (element segregation, fusion, etc.)

« Sun (based on models): X=0.73,Y =0.25, 7/ =0.02.

« Numbers above refer to number densities, i.e. the number of particles per volume.
. Different atomic weight of elements/nuclei result in different values for the mass fraction!

« Interms of mass, the Sun consists of ~ 90 % H, ~ 10 % He, and only 0.1 % for the remaining
elements.

. Relative content (i.e. the abundance) of heavier elements in the Sun is roughly the same as
for Earth (formed from the same material in the protostellar cloud)



Bl /Sun

(NASA/SDO)

Magnetic field (B)

- Measurement via Zeeman effect in spectral lines

e Sun
- Magnetic field very inhomogeneous/structured

. In atmosphere, strongest: Sunspots B =2000-3000 G |
« Photosphere on average B = 100-300 G

« Min.in Quiet Sun and coronal holes:B < 1 G

- Magn. field strength lower in upper atmosphere

e Stars
«  Only observed as point source but time series allow
reconstruct of magnetic field as the star rotates
m Presence of starspots can be inferred

« Average field strengths of several 1000 G are
detected (up to 6000 G and higher in M-type dwarf
stars, compare to White Dwarfs: 104— 10° G)

- Solar/stellar cycles: Magnetic field changes Zeeman Doppler imaging of SU Aur (P. Petit)


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/coronal-hole
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Physical stellar parameters
Magnetic field (B)

- Magnetic field
generation via
dynamo

m» \\Ve expect magnetic 6
fleld strengths to
depend on stellar
structure and rotation
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Physical stellar parameters
Magnetic field (B)

. Rotation rate of a
star important for
magnetic field
generation via
dynamo

Red M- type dwarf stars
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Relations between fundamental parameters

Mass-luminosity relation

« Qbservations of main-sequence stars imply a relation of
L and mass M of a star is related as n

L/L@=a(M/M@)“ 3

« Exponent n (andfactora)
« same for subsets of stars with similar internal structure /

log L/L

nuclear power source; varies for different stellar types 2
accordingly. : .
M/Me <043 043-2 | 2—55 > 55
a 0.23 1 14 3.2 104 .
n 2.3 4 35 1
« The mass-luminosity relation can be derived by using | Fxx" .
aforementioned equations for g and L: — 3 o s
log MIM
GM gR? > M 1 g
=— = M==— and L=4nR°ocT = — =
$T R G eff L~ 4nGo T

= The ratio M/L can thus be derived from the parameters Teff and g, which can be determined
from stellar spectra.
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ntal parameters

Mass-lum
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Relations between fundamental parameters

Mass-radius relation

« Mass and radius related via the gravitational acceleration at the
surface (which can be estimated from spectral lines)

GM
 Empirically for main sequence stars with M > M,
0.6
R/Rs = (M/My) W
L.51 Jog R =0.0711 + 0.7086 log M
+51 #1134
_ logR=0.1119+0.6100 logM == g
1.op 8 +38 +68 .g 7 GLsm=3.6
. . P = =0%8
«  More precise relations can be found Gl ' Ve
when considering internal structure i o2
of stars in detail or |
Correction:
log R =0.0960 + 0.6516 log M (log M —log R)
051 +47  #10
log R =0.1002 + 0.6370 log M (log R ~log M)
+38 %70
=110 1 ] 1 1 | i
10 =05 0 05 10 15 20
log M

Gorda & Svechnikov (1998)


https://www.researchgate.net/profile/Stanislav-Gorda?_sg%5B0%5D=u54BVIVnR-kxDUZzX69HdVr_Rs8HcEZCj2-4K1yfIxUUzykqctmvs3tYCqKSKEyAuuwj5lA.VNNF1FsZrFotSQJY8eeHuw75IiuCNr8R4gBGjOJREYC_Abmf8gyLByQzMPQ9tdSp-QBR9byKF7IMyxDk_0lhOQ&_sg%5B1%5D=veNpvZzQJXlwlY2evL9h2NQcb91gsHqniULdFdCnYWnHv-97airsBRojVcz7frnJ7XULLsk.w2EvwkfF60V9RPJ--RbHeCikKiemDoF2ComgsXshu1EEFBkGAwbHpxoxZo7tjun4RNG8axdrqRdRQZUNUGIeqA
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Relations between fundamental parameters

Mass-radius relation ., <
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Relations between fundamental parameters
Mass-temperature relation

and | L/Lo = (M/Mg)>> | and | L=47nR?>cT%

= Along main sequence: Effective temperature(roughly) proportional to the stellar mass

Please note: Empirical relations based on subgroups of stars
= [0 be applied and interpreted within limits

= Detailed physical consideration of stellar structure superior.
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Relations between fundamental parameters
Empirical relations

Correlations between independent variables

gvs.p Lvs.g Lvs.p
15- " . 40000 - §15- X
104 o 30000 - 10- J
' s 20000 - i 2 ' : [Fe/H]
& 05+ ™ 10000 - . . ., .:é.‘: 0.5- oo .
00 - 1 ] ] = (] (] (] X . (] OO = - ] ]
o 30000 20000 10000 300 200 100 0 30 20 10 0
-% TeffVS. @ Tess vS. L Teff VS. P
= 40000 - gyt | 2007 15- '
30000 - st 200- 10- o3
20000: ¢ o. " 3 .‘o s" ’ 100' ° .:. ° .:: o 0 5- *‘
10000 . '- i . Lo i e o
12000 10000 8000 60'00 12000 10000 8000 6000 10000 9000 8000 7000 6000 5000

Variable 1

Please note: Empirical relations based on subgroups of stars
= [0 be applied and interpreted within limits
= Detailed physical consideration of stellar structure superior.

m Often it is more than just two parameters that are related!

Moya et al 2018
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Physical stellar parameters

Lifetime of the Sun on the main sequence

In solar interior: Thermonuclear fusion (here pp chain)

« 4 hydrogen nuclei (protons) =2 1 helium nucleus (alpha particle)

« Mass difference Am =4 mp, — mq > 0 corresponds then to released energy
AE=Am 2

e Energy released per
fusion reaction:

Eys~ 4.3 x1012Ws
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Physical stellar parameters

Lifetime of the Sun on the main sequence

In solar interior: Thermonuclear fusion (here pp chain)

4 hydrogen nuclei (protons) => 1 helium nucleus (alpha particle)

Mass difference Am =4 mp — mq > 0 corresponds then to released energy
AE=Amc2

- Energy released per
fusion reaction:

Solar luminosity

Lo ~3.9x1026 W

EFUS ~4.3x1012Ws

. Fusion reactions (pp) in the Sun per second: N ~ Lo/ Efc ~ 10385
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Physical stellar parameters

Lifetime of the Sun on the main sequence

- Mass “lost” via fusion per second
AM =N s x4m, ~6.7x 10T kg/s (m: proton mass)
- Solar mass Me= 2 x 1030 kg

- Solar lifetime it all mass is “used” at constant rate via H—=He fusion (pp chain)

+ T=Mo/AMM=2x1030kg/6.7x 1011 kg/s=3x 1018 =9 x 1010 ar
90 billion year

But we know: Sun’s lifetime ~ 1010 yr!

= Corresponds to 10% of solar mass.
= Explanation: H-He fusion only in solar core (and also not constant rate)

= More detailed evolution models needed.



Lifetime of the Sun on the main sequence

Life Cycle
of the Sun Now Red Giant

Gradual Warming
I I

#F 0 000 00O
Birth 1 . K 4 5 6 7 8 9 10

| I I I L ¥ | I I I

In Billions of Years (approx.) Size

But we know: Sun’s lifetime ~ 1010 yr!

m Corresponds to 10% of solar mass.

= Explanation: H-He fusion only in solar core (and also not constant rate)

= More detailed evolution models needed.
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Fundamental par

Lifetime orn main sequence

10° |-
- Energy set free by fusion
. - Stellar mass sets absolute limit
0t Main sequence - Luminosity gives energy loss rate
3 102 . Simplifying assumption for an
= order of magnitude estimate:
3 Energy conversion via fusion with
=
E constant rate set at constant
3 luminosity
i = Max. time at ‘constant burn’
T XM/L= M™
1074 |-
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FundamentalMs

Lifetime orn main sequence

T XM/L

100 ]=
- Energy set free by fusion
- Stellar mass sets absolute limit

- Luminosity gives energy loss rate
= Max. time at “‘constant burn” M / L

o' Main sequence

Spectral class 06
R=18Ro, Terr=38 000 K, M =40 Mqo
m | =520000Le
= Compared to Sun

M[Mo]/L[Lo] =40/520000=8 105
= 13000 shorter time

f—
o
N

Luminosity (Lo) —

—

1072 Red dwarf star

R=0.1 Ro, Tefr= 2885 K, M =0.12 Mo
m| =610%Lo
T | | P | = Compared to Sun

O 02 05T ) 5 0900 50 MIMol/L[Le] =0.12 /6 104 =200
Mass (Mo) —> = 200 times longer

10 =




Fundamental ms

Lifetime orn main sequence

T XM/L

10° |-
. . Lifetime of Sun on main sequence
Mai { on the order of 1010 yr
10" = aln sequence
q ~¢°*
P N
. QO Spectral class 06
g U &< = T~8105 1010yr ~800 000 yr
2 L ‘9\\ = ‘Only”less than 1 million years.
o
k=
i Sun
s Red dwarf star
B Q m T~ 200 1010yr ~21012yryr
\'OQ = 2000 billion years
-4
o= R : : . : = Age of universe ‘only” ~14 billion

Ol (2 05 2 5 10200 50 yearg!
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Evolutionary Time Scales

Overview

e Time scales are a fundamentally important in physics as they highlight
which physical process is important in which context.

= Allows to focus on what is important and derive on“lean” and yet
accurate models

- Changes in a star occur on different time scales at different evolutionary phases.
« Most important:

« Nuclear time scale t,

« Thermal time scale t;

« Dynamical or freefall time scale tq.

e Usually: tg « tr <ty
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Evolutionary Time Scales

Nuclear Time Scale

- Definition: time in which a star radiates away all the energy that can be released by nuclear
reactions

- Estimate (as already done for the Sun) for hydrogen burning
 Time in which all available hydrogen is turned into helium.
. Theoretical considerations / evolutionary model calculations:

m ~10 % of total mass of hydrogen in a star can be consumed
before other, more rapid evolutionary mechanisms set in.

m Of these 10% a mass fraction 0.7 % is turned into energy in

0.007 x 0.1 Mc?

In ~ 7 . Remember: Mass-luminosity relation with
high exponent
o L (0
. For the Sun: R et
M/M Lo M.
R /Mo x 1010 a

L/Lg = M =30 Mo : th ~ 2 million yr
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Evolutionary Time Scales

Thermal Time Scale

- Definition: time in which a star would radiate away all its thermal energy if the nuclear
energy production were suddenly turned off

« Estimate: time it takes for radiation from the centre to reach the surface.

L\ . Ty — —_ T: total kinetic energy of the system
Virial theorem: ( ) p) <U> U: potential energy of the system.

m Kinetic energy of the thermal motion of the gas particles equals half of the potential

energy.
0.5 GMZ/R G: constant of gravity
I ~ : R: stellar radius
L
M/Mp)?
(M/Mo) x2x 10" a

~ (R/Ro)(L/Lo)

« Forthe Sun: t; ~ 20 million yrs ~1/500 t (nuclear time scale)
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Evolutionary Time Scales

Dynamical Time Scale

- Definition: the time it would take a star to collapse if the pressure supporting it against
gravity were suddenly removed.

. Estimate: time for a particle to fall freely from the stellar surface to the centre

« Equals half of period given by Kepler’s third law with stellar radius R corresponding to
semimajor axis of the orbit:

o R} R
=5V oM VoM

« Shortest time scale of the three!

e Forthe Sun:tg ~30min
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Evolutionary Time Scales

Stellar lifetimes

Stellar lifetimes (unit 10° years)

Mass [M] Spectral type on the Contraction to main Main sequénce Main sequence  Red éiant
main sequence sequence to red giant
30 05 0.02 4.9 0.55 0.3
15 BO 0.06 10 1.7
9 B2 0.2 22 0.2 5
5 B5 0.6 68 2 20
3 A0 3 240 9 80
1.5 F2 20 2000 280
1.0 G2 50 10,000 680
0.5 MO 200 30,000
0.1 M7 500 107
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Stellar lifetimes

1,000,000

10,000

2

Luminosity (L )

0.01

0.0001
O B A FGK M
| | | |
30,000 10,000 6,000 3.000
Effective Temperature (K)

—epy--mne —- -0, K R. Lang, Tufts University
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Stellar lifetimes

Impact of metallicity

Metallicity (chemical composition) of a star influences its evolution (time scales)
For Z =0.05 Zo (lower metallicity):

M < 6 Mg : lifetimes get shorter .
© J Lifetimes for stars with low

M > 6 Me : lifetimes get longer metallicity compared to stars
with solar metallicity
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Stellar lifetimes

O 40 000K 100 000 10 0.00001 %
B 10 20 000 K 1000 100 0.1 %

A 2 8500 K 20 1000 0.7 %

F 1.5 6500 K 4 3000 2%

G 1 5700 K 1 10000 3.5 %

K 4500 K 50 000 8 %

- Main sequence stars with same mass have typically similar radius, luminosity and
temperature (only small slow changes during the time of the main seq. and chemical
composition)

e Low mass stars by far most abundant!
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Stellar lifetimes

O 40 000K 100 000 10 0.00001 %
B 10 20 000 K 1000 100 0.1 %

A 2 8500 K 20 1000 0.7 %

F 1.5 6500 K 4 3000 2%

G 1 5700 K 1 10000 3.5 %

K 4500 K 50 000 8 %

« NOTE: This is the total lifetime of the main series (these stars are not older than the universe)

«  No Kor M-type dwarf has left the main sequence yet!



Interactive exploring — helioviewer

web-based version: https:// helioviewer.org/

downloadable application: https://www jhelioviewer.org/

ESA JHelioviewer

©® %+ | o | H

Track Differential |Coronal Multiview

RS

Pan Rotate Axis

Q Q O +1 O

Zoom In Zoom Out Zoom-Fit Actual Size Reset Camera

s ¢
Projection Annotation

Vv Image Layers

D ——————————————
a )

4 ~ 2022-01-22T08:18:09 [3)

> @ Options > 1/94

2022-01-24T08:18:09 (8 CR MW ~

© New Layer ~

¥ HMI continuum
Viewpoint

4 Grid
FOV
Timestamp

Q Sync
X

2022-01-22T08:18:22
2022-01-22T08:18:22

4 Miniview
£4 SWEK Events
PFSS Model

Difference &) None Running Base

Opacity
Blend
Slit
Sharpen

Levels

Color  Gray

Channels @ Red @ Green @ Blue

V¥ Timeline Layers

© New Layer Custom interval

a

¥ SWEK Events

Vv Space Weather Event Knowledgebase
i Flare

NOAA SWPC
0

> Timelines

FOV:

FPSY 1 2253.39 3.69Re | De: 0.984au

-Mm | (p,p):(

1.13Re,

(has more functions)

G =

SDO Cut-out SAMP

+5.71°) | (9,0):( -=°) | (x,y):( =-110”, +1098~") |



https://www.jhelioviewer.org/

