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Stars are the building
blocks of the Universe.



Stars 101

* Born out of the collapse of massive molecular clouds
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Stars 101

* Born out of the collapse of massive molecular clouds

e Sustained by nuclear fusion in the core: balance between gravity
and radiation

* Their lives are entirely predetermined by two factors*

e their initial, or birth mass

. O1H\‘ “H @ Proton

e nuclear physics OH/'%:/\ e @
'H

‘He

*The first rule of binary star evolution is that we don’t talk about binary star evolution



The problem

 What stars are out there? What state follows what? How long
do they live? What happens in the inside?

o All* stages of stellar evolution are too slow to observe on human
timescales

*Not all, guess and/or ask me in the end



The two problems

 What stars are out there? What state follows what? How long
do they live? What happens in the inside?

o All* stages of stellar evolution are too slow to observe on human
timescales

o “At first sight it would seem that the
deep interior of the sun and stars is
less accessible to scientific investigation
that any other region of the universe. ...
What appliance can pierce through the
outer layers of a star and test the
conditions within?”
- Arthur Eddington, 1926




The Hertzsprung-Russell diagram




The Hertzsprung-Russell diagram




The Hertzsprung-Russell diagram
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The Hertzsprung-Russell diagram

Hertzsprung-Russell Diagram
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In some places stars are not
in complete (hydrostatic)
equilibrium




Spectral type
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Spectral type
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pulsating stars

og [luminosity (L )] (dex)
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Pulsating stars

One or more global, self-sustaining, coherent oscillations
Either sound waves (ringing) or gravity waves (rippling)
Periodic changes in the:
e brightness

e surface temperature

e surface velocity
e radius

Period proportional to the average density —> physics!



The light echoes of RS Puppis

Eecsa

www.spacetelescope.org
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A crucial discovery

e Henrietta Swan Leavitt, 1912:

e Cepheid stars in the Magellanic
Clouds: ~same distance

e stars with longer periods are
also brighter
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A crucial discovery

e Henrietta Swan Leavitt, 1912:

e Cepheid stars in the Magellanic
Clouds: ~same distance

o stars with longer periods are
also brighter

e Period-luminosity relation,
a.k.a., Leavitt’s law:

e if we know how bright Cepheids
should be at a given period, we
can measure their distances

brightness

log(Period)
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A crucial discovery
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A crucial discovery . im0
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e Standard candles: we can s JANEEER S
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measure the Universe 2 e
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e Fast forward 70 years:

* One reason behind the Hubble
Space Telescope was...
to measure Cepheids




THE ASTROPHYSICAL JOURNAL LETTERS, 934:L7 (52pp), 2022 July 20 Riess et al.

Figure 4. Pseudocolor images of all Cepheid-bearing galaxies analyzed in this work. From top left, 37 hosts of 42 SNe Ia presented in the same order as Table 1. The
last row includes our three anchors (NGC 4258, MW, and LMC) and two supporting galaxies (SMC and M31). Galaxies are presented at arbitrary plate scales, though
in most cases the panels encompass the entire ACS or WFC3/UVIS field of view. Credits: SN hosts and NGC 4258—ESA Hubble site; MW, LMC, and SMC—ESA
Gaia site; M31—STScl.




THE ASTROPHYSICAL JOURNAL LETTERS, 934:L7 (52pp), 2022 July 20

Figure 4. Pseudocolor images of all Cepheid-bearing galaxies analyzed in this work
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Figure 4. Composite visual ( F555W) or white-light ( F350LP) Cepheid light curves. Each HST Cepheid light curve with 10 < P < 80 days is plotted after subtracting
the mean magnitude and determining the phase of the observation. Two fields (F1 and F2) are shown for M101.



THE ASTROPHYSICAL JOURNAL LETTERS, 934:L7 (52pp), 2022 July 20 Riess et al.
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How Do We Really Know Our
Universe is Expanding?
'

We checked.

1:05:40 - Public lecture by Adam Riess astrophysicist (Johns Hopkins University, Space Telescope Science Institute) >




Good vibrations
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Helio- and asteroseismology

e The Sun doesn’t seem to... do much

2011 Sep 25 08:00:00




Helio- and asteroseismology

Unless we look close enough

Five-minute oscillations

Strongest oscillations among
a variety of modes

Convective motions
continually re-excite
damped oscillations
—> solar-like oscillations




Helio- and asteroseismology

e Oscillations can be described with

spherical harmonics

e We see the Sun’s surface

resolved
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Helioseismology wins

e How does the Sun rotate, below the surface?

* Different oscillation modes probe different depths

o Assumption: differential rotation is a set of cylinders:



Helioseismology wins

How does the Sun rotate, below the surface?
Different oscillation modes probe different depths

Assumption: differential rotation is a set of cylinders:

Inversion of seismic data:

it actually scales
with latitude, and
rotates rigidly below




Helioseismology wins

* The solar neutrino problem

* Neutrino observatories detect less electron neutrinos than
predicted by solar nucleosynthesis models

e [s something wrong with the Sun?

e ast-rotating core?

o different chemical composition/opacities in the core?



Helioseismology wins

nature
T h e S Ol ar n eut ri n O p rO bl e m Explore content v  About the journal v  Publish withus v Subscribe

nature > letters > article

Neutrino observatories detecCt 1€S e oromme s

Evidence from solar seismology against non-standard

predicted by solar nucleosynthesi sojar-coremodels

Y. Elsworth, R. Howe, G.R. Isaak, C. P. McLeod & R. New

Nature 347, 536-539 (1990) Cite this article

101 Accesses \ 65 Citations | Metrics

[s something wrong with the Sun’ asstac

GLOBAL oscillations of the Sun! have been used to test solar modelsZ, but modelling the

oscillation frequencies to their measured accuracies of a few microhertz has proved difficult,
mostly owing to ignorance of the structure of the Sun's outer layers>. The frequency
separation between closely spaced modes in the acoustic spectrum is expected to depend
more on core properties*, however, and thus to provide constraints on models of the solar

S ei S m i C m O d el S Of t h e S u n : core. Our observations combine data from a global network of observing stations, which
reduces the masking effect of daily sidebands in the spectral analysis. Here we present

h S b4 fi precision measurements of fine structure and its variation with frequency. Our results agree

t e un l S n e with standard solar models>7, and seem to remove the need for significant mixing®? or
weakly interacting massive particles (WIMPS)'%1in the core, both of which have been
advanced to explain the low measured flux of solar neutrinos'>13. This suggests that the solar

th e n eut rl n O S h ave neutrino problem must be resolved within neutrino physics, not solar physics; neutrino

oscillations and a finite neutrino mass form a possible explanation.
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Can we do the same for
other stars?



The Sun as a star

e Can’t resolve the surface of stars

 We're limited to the lowest degrees

 We have A LOT less incoming flux
e SNR~+/N

e How would the Sun look from afar?
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e Can’t resolve the surface of stars

Power [normalized)

e We're limited to the lowest degre

The Sun as :
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The big (space) guns

* Asteroseismology requires:
» very high photometric precision (10-100 ppm)
e fast observing cadence (Sun goes brrr in § minutes!)
e long, continuous data (no night-day cycles, no weather)

e GO to: space



The big (space) guns

* Asteroseismology requires:
» very high photometric precision (10-100 ppm)
e fast observing cadence (Sun goes brrr in § minutes!)
e long, continuous data (no night-day cycles, no weather)

e GO to: space

 Happy coincidence:
requirements for transiting exoplanet search are the same!



The big (space) guns
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The asteroseismic revolution
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The asteroseismic revolution
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The asteroseismic revolution
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The asteroseismic revolution

* A plethora of continuously re-excited modes is not... aesthetic

in the time domain (it’s basically structured noise)
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The asteroseismic revolution

e Butitisin the Fourier domain
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The asteroseismic revolution

e Butitisin the Fourier domain

x1014

2.00F
- — KIC 12069424

1.75§—
1.50§—
¥ 125F
~ 100F

ppm?
U

0.75§—

Power

0.50 &

025

0.00 —_1 | | [ I | | | | [ | I [ | | [

1500 2000 2500 3000 3500
Frequency [UHZ]



The asteroseismic revolution

e Butitisin the Fourier domain

frequency at maximum power
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The asteroseismic revolution

e observed mode frequencies scale with physical parameters
e we can build stellar models to predict them
 We can:

e Determine physical parameters from model fits

e Test the fidelity of our models with benchmark stars



The asteroseismic revolution

observed mode frequencies scale with physical parameters
we can build stellar models to predict them

We can:

e Determine physical parameters from model fits

e Test the fidelity of our models with benchmark stars

We can:

e be extremely precise! ~5% in mass, ~2% in radius

° 10-20% in age!

e (also: stellar rotation and inclination, internal structure)



The asteroseismic revolution
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The asteroseismic revolution
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The asteroseismic revolution

o “What appliance can pierce through the outer layers of a star and test
the conditions within?” - Arthur Eddington, 1926

o Solar-like oscillations!



The asteroseismic revolution

?????????

“What appliance can pierce through the outer It ]|

the conditions within?” - Arthur Eddington, 1g -

Solar_lil<e Oscillations! 10° _ e ;:: | ‘ | -
%

This spot: two different
types of stars

Red giant branch:
shell H-burning, inert core

Red clump:
core He-burning




The asteroseismic revolution

 RGB and RC stars can look the same, but cores are different
e Sound waves sample the envelope, gravity waves sample the core

e Hard to detect both, but if we can...



The asteroseismic revolution

 RGB and RC stars can look the same, but cores are different
e Sound waves sample the envelope, gravity waves sample the core

e Hard to detect both, but if we can... with Kepler:
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The asteroseismic revolution

e RGB and RC stars can look the same, but cores are different

Sound waves sample the envelope, gravity waves sample the core

e Hard to detect both, but if we can... with Kepler:

500 @ —r & ¢ ¢ 3@

He-core -buring RC stars
2 OM

H-shell-buring RGB stars ]

1 1 1 1 1 1 I 1
3 5 10 20
Av (LHZ)

P mode (sound wave) frequency separations



The asteroseismic revolution

e Characterize exoplanet hosts —> better planet parameters
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The asteroseismic revolution

e Characterize exoplanet hosts —> better planet parameters

Kepler red giant sample: Kepler planet sample:
positions got revised by seismology positions got revised by seismology
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The asteroseismic revolution

e Characterize exoplanet hosts —> better planet parameters

e Galactic archaeology —> map the structure and evolution of the
Milky Way

more massive stars
live in the Galactic disk:




Is a Nobel for helio/asteroseismology close?

THE & KAVLI PRIZE ASTROPHYSICS
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Jorgen

| Conny Aerts
Christensen-Dalsgaard

Roger Ulrich

“for their pioneering work and leadership in the development of
helio- and asteroseismology.”

The Crafoord Prize in Astronomy

The Crafoord Prize in Astronomy 2024 is awarded to Douglas Gough, University
of Cambridge, UK, Jargen Christensen-Dalsgaard, Aarhus University, Denmark,
and Conny Aerts, KU Leuven, Belgium

“for developing the methods of asteroseismology and their application
to the study of the interior of the Sun and of other stars.”
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Whatwe do



The SeismoLab group
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Plus all the juniors

Csilla Kalup, Rozalia Adam,
Vazsony Varga, Déra Takacs,
Anett Simon-Zsok,
Viktéria Frohlich,
Alexandra Groész,
Balazs Kertész...




Measuring Betelgeuse
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Measuring Betelgeuse

The Great Dimming of 2020 - will it blow up? (...please?)

Brightness variation of Betelgeuse
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Measuring Betelgeuse

e Can we explain it with our models?

e No, but we could say a lotof o e T
other things! = - |

e Cooperation between me
and Meridith Joyce
(currently a Marie Curie
Widening Fellow at Konkoly)
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He works with She develops
observational data stellar models



Measuring Betelgeuse

e We determined the pulsation periods (with added new data)
 We modeled those pulsation periods
* We determined updated values for

e its birth mass (18-21 Msyn), it’s current mass (16-19 Msun)

e its current radius (764 +- 80 Rsun)



Measuring Betelgeuse

We determined the pulsation periods (with added new data)
We modeled those pulsation periods

We determined updated values for

e its birth mass (18-21 Msyn), it’s current mass (16-19 Msun)

e its current radius (764 +- 80 Rsun)

But Betelgeuse is big enough
to be resolved:




Measuring Betelgeuse

e We calculated its physical radius (764 +- 80 Rsun)
e Others have measured its apparent diameter on the sky (43 mas)

e —>we have a new way to measure its distance!
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adius (764 +- 80 Rsun)
parent diameter on the sky (43 mas)

B \sure its distance!
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Hope to be in the news again
with more discoveries!



Thank you for your attention!
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Stellar evolution in real time

e End of the red giant life: H-shell burning around the inert core

e quite unstable: He shell periodically ignites violently

1.2 million years
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e T Ursae Minoris:

a Mira variable whose period suddenly started to drop
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Pulsation period (d)
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e T Ursae Minoris:

a Mira variable whose period suddenly started to drop
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