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Name:
Priv.-Doz. Dr. Matteo Maturi  =  Matteo

I am coming from:
Madonna di Campiglio (Dolomites, Italy)

Affiliation
Institute of Theoretical Astrophysics / Center for Astronomy
Institute for Theoretical Physics

Research Activities:
Cosmology
Galaxy clusters
Gravitational lensing

Collaborations:
Euclid (ESA
KiDS
J-PAS
LSST

Lecturing style:
Lectures: I will emphasize the concepts, listen to what I say
Script: all computations are step by step
Books: Theoreitical Astrophysics, an introduction (Bartelmann)
Videos: just in case you miss lectures, please come to the gHS!

About me

Theoretical Astrophysics, WS2022/2023 01 introduction

Matteo Maturi 5



The universe… Theoretical Astrophysics

This lectures cover
the physics necessary to deal with astrophysical objects
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Theoretical Astrophysics

Theoretical Astrophysics, WS2022/2023 01 introduction

Matteo Maturi 7



16/10/22                                                            Theoretical Astrophysics (Matteo Maturi) 11

A closer look to one single object
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16/10/22                                                            Theoretical Astrophysics (Matteo Maturi) 12

Emission processes

Plasma

Gravitational 
lensing

Shocks

Stellar systems  
(galaxies)

Gravitational 
lensing

Hydrodynamics

A closer look to one single class of objects
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We use the universe as a lab

- understand the universe as a whole: cosmology

- understand individual classes of objects: astrophysics

- understand fundamental physics: particle physics, dark energy, gravity itself

Theoretical Astrophysics, WS2022/2023 01 introduction
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1) Basics:
Recap on basic concepts

- Special relativity
- Electrodynamics
- Phase-space and Planck spectrum

2) Radiation processes:
Emission and absorbtion in the cosmos

- Thompson and Compton scattering
- Spectra (in general) and quantum transitions
- Synchrotron and Bremsstrahlung
- Radiation transport
- Quantum transitions

3) Hydrodynamics:
How to deal with fluids

- Ideal hydrodynamics
- Viscous hydrodynamics
- Examples and applications
- Shock waves and instabilities 

4) Plasma physics:
How to deal with ionized gasses

- Collisionless plasmas
- Radiation in ionized media
- Thermal plasmas
- Magnitohydrodynamics

5) Stellar dynamics:
Behavior of gravitating N-body systems

- star clusters
- galaxies
- galaxy clusters

Bonus (if there is time)

5) Gravitational lensing:
Massive objects distorts the space time

- General relativity and gravitational 
- Examples of lensing astronomical objecs
- Mapping dark matter and tracing the cosmic expansion

6) Gravitatinal waves:
A new observational channel in astrophysics

- Further concepts behind general relativity
- What are gravitational waves
- Black holes: their merging and their ‘shadows’

Now the full picture… theoretical astrophysics

Theoretical Astrophysics, WS2022/2023 01 introduction
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Nice to meet you:
  Matteo Maturi, Madonna di Campiglio (Dolomites)
  Center for Astronomy & Institute for Theoretical Physics
  Cosmology, gravitational lensing, galaxy clusters

The idea:
   Learn the physics involving celestial bodies such as
   planets, stars, supernova explosions, nebulae, black holes,
   galaxies, galaxy, clusters, quasars, etc..

Contact:
   maturi@uni-heidelberg.de (Matteo, lecturer)
   gdespali@uni-heidelberg.de (Giulia Despali, head tutor)

Lectures:
   Monday 9:15 – 11:-00 (gHS Phil. 12)
   Wednesday 9:15 – 11:00 (gHS Phil. 12)
   youtube:
   https://www.youtube.com/playlist?
list=PLG4KhehRXgYveRVcpac6eKeBN6SderjFo

Lectures material in Uebungen:
https://uebungen.physik.uni-heidelberg.de/vorlesung/20222/1549
   - Lecture notes
   - Additional material (slides, pdf files,…) will be provided
   - Theoretical Astrophysics (Matthias Bartelmann)
   - Radiative Processes in Astrophysics (Rybicki & Lightman)
   - The Classical Theory of Fields: Volume 2 (Landau & Lifshitz)
   - Introduction to Cosmology (Matteo Maturi)
  

Tutorials:
   - First tutorial next week!
   - The exercises will not be corrected and no mark will be given
   - It is possible to hand in exercises to get a feedback

Exam:
  Written

Admission to the exam:  (50% or 3 full sheets) + (3 points)

1) Participate

attend at least 50% of the tutorials (your presence will be registered). If 
attendance < 50%, it is required to hand in 3 full exercise sheets that will 
be graded.

and

2) gain 3 points by:

-  presenting at the black board at least 1/3 of a sheet. If you want, you 
can also present parts from different sheets in different times ( 1 point)

- actively participating in the discussion during the tutorials (max 1 point  
per tutorial).

Technical stuff…

Theoretical Astrophysics, WS2022/2023 01 introduction
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Special Relativity: the concept
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Some abmiguity is left 
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The proper time
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Implication of the Lorentz transforms
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Space-time diagrams

Note:         is not positive definite
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Vectors, 1-forms, tensors

Vector:

Basis set:

Transformation of basis:

Linear map :

Bilinear map :

Components of a vector:

Transformation of vectors:

Theoretical Astrophysics, WS2022/2023 03 the-space-time vectors one-forms

Matteo Maturi 19



The metric

Careful with the components! Those above are the one for a cartesian frame

Example

Theoretical Astrophysics, WS2022/2023 03 the-space-time vectors one-forms
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One-forms = dual vectors = covariant vectors = co-vectors

Theoretical Astrophysics, WS2022/2023 03 the-space-time vectors one-forms
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They are the prototypes of gradients

To visualize it: Useful also to quantify fluxes
across a surface
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Vectors, 1-forms, tensors

Vector:

Basis set:

Transformation of basis:

Linear map :

Bilinear map :

Components of a vector:

Transformation of vectors:
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The metric

Careful with the components! Those above are the one for a cartesian frame

Example
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One-forms = dual vectors = covariant vectors = co-vectors
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One-forms are the prototypes of gradients

To visualize it: Useful also to quantify fluxes
across a surface
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Tensors

Tensors are rulers in physics:

They are a "generalization":

General definition:

Types of tensors:

Types of indeces:

Rank:

a matematical object obaying certain transformation roles
    i.e components have certain transformation properties
    under a change of coordinates

Symmetric tensors

Antisymmetric tensors

Splitting in symmetric and antisymmetric parts:

Theoretical Astrophysics, WS2022/2023 03 the-space-time vectors one-forms tensors v4

Matteo Maturi 27



You already meet tensors!

Components of a tensor

Transformation of the components

Rising/Lowering indexes
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Basis for tensors

Example:

Every tensor can be expressed as a combination of outer products

Theoretical Astrophysics, WS2022/2023 03 the-space-time vectors one-forms tensors v4

Matteo Maturi 29



Tensors operations

Mapping tensors on tensors

Sum/Subtraction :

Multiplication by a scalar :

Outer ptoduct :

Inner product :

Contraction :

Derivative

Theoretical Astrophysics, WS2022/2023 03 the-space-time vectors one-forms tensors v4
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The Levi-CIvita symbol

Kroneker delta

Special tensors:

Theoretical Astrophysics, WS2022/2023 03 the-space-time vectors one-forms tensors v4
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Lorentz geometry

Geometric interpretation of the ct,x plane

The metric is "hidden" in many places!

Theoretical Astrophysics, WS2022/2023 04a lorentz-geometry v3
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Note: above we have choosen a specific basis set (cartesian)
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We are dealing with inertial frames

Relation between frames S, S

This implies a linear transfrmation of vectors between frames

Frame transformations

Here we want c invariant         Lorentz transforms as we have seen in previous lectures

Theoretical Astrophysics, WS2022/2023 04a lorentz-geometry v3
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Another way to define the needed transformation

Theoretical Astrophysics, WS2022/2023 04a lorentz-geometry v3
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Lorentz invariant quantities

Likewise, for Lorentz transforms: define a "rotation angle"

A familiar example: rotation in 3D

Theoretical Astrophysics, WS2022/2023 04a lorentz-geometry v3
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What is a Lie group?

The Lorentz group

What is a groups?

What is the Lorentz group?

Theoretical Astrophysics, WS2022/2023 04a lorentz-geometry v3
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Inverse transformation

Theoretical Astrophysics, WS2022/2023 04a lorentz-geometry v3
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Lie-groups

Lie-algebra

Theoretical Astrophysics, WS2022/2023 04b bonus lie-algebra and-the-Lorentz-group
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The Lorentz group is a Lie group

Invariants under boosts (Lorentz invariance)

Theoretical Astrophysics, WS2022/2023 04b bonus lie-algebra and-the-Lorentz-group
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Conbination of boosts in different planes

Combination of boosts in one plane
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Part II

Neutral particles
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4-vector

World-line

4-velocity

4-acceleration

4-momentum

Relativistic mechanics

Behavejour of paticles in the space-time

Theoretical Astrophysics, WS2022/2023 05 relativistic mechanics
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4-force

Change in rest mass ?!

A convenient expression: energy of a particle measured by a moving observer

Massive particles have 0<v<c

Theoretical Astrophysics, WS2022/2023 05 relativistic mechanics
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Action

Free particle : no external forces

Lagrangian

The metric is hidden in there!

Variational approach

Hamiltonian :

Equation of motion :

Conjugate momentum :

Theoretical Astrophysics, WS2022/2023 05 relativistic mechanics
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Eq. of motion but directly from least action principle

Dispersion relation for massive particles
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Decay of particles

Inverse process

Theoretical Astrophysics, WS2022/2023 05 relativistic mechanics
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Photons

Photons travel with the speed of light

Theoretical Astrophysics, WS2022/2023 05 relativistic mechanics
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Lorentz transform of 4-frequency :

Momentum of a photon
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Toward G.R. : linking gravity to the metric of space-time

Theoretical Astrophysics, WS2022/2023 06 a pinch of GR
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Example: rotating system

Equivalence principle

Free particle

In a rotating system

Inertial frame

Careful!

Theoretical Astrophysics, WS2022/2023 06 a pinch of GR
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Take a non relativistic particle in a given fixed gravitational field

Let's try to find the metric associated to a gravitational field

Connecting the metric to a gravitational field

Theoretical Astrophysics, WS2022/2023 06 a pinch of GR
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Part III

Charged particles - E.M. fields -
Emission/absorption processes
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Electrodynamics: main concepts

It considers electro-magnetic fields and charged particles

How we want it?   1) must satisfy Coulomb's law

2) must satisfy superposition principle

3) Vased on 6 degrees of freedom:

depend on (t,x,y,z)         we need a covariant theory, i.e 

Fields can be 4-vectors or tensors

Anti-symmetry is ensured by if      is expressed as derivatives of a 4-vector

Source of the field:

Final goal:  get field equations

covariant theory

Theoretical Astrophysics, WS2022/2023 07 electrodynamics construct theory
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Particle in an electromagnetic field

- Use a test particle to investigate the field

- The field is a physical entity

- Consider effect of     field  on  particle    (field acting on particle)

  Neglect effect of       particle  on  field

- Consider a fixed field, i.e. 

From mostly empirical consideration we define the action

Theoretical Astrophysics, WS2022/2023 08 electrodynamics charged particles lorentz force cut
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Identifying the Electric and magnetic fields: eq. of motion (3D)

Generalized momentum

Equation of motion, Euler-Lagrange eq.s:
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Equations of motion, covariant approach
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A closer look at the lectro-magnetic field tensor

Transformation of F

Components:

Associated invariants

Theoretical Astrophysics, WS2022/2023 09 F-components F-invariants
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One charged particle

More particles

Toward the continuous limit

Many charged particles: 4-current density
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Continuity equation
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Continuity eqaution and Gauge invariance
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Dynamics of the field: summay
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Energy-Momentum tensor: summary
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Momentum of intensity
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Thomson cross section
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Thomson scattering and polarization
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Eddington luminosity, matter accreation
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Quantum transitions
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Shape of spectral lines
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Collisional broadening
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Thermal broadening
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From theory to observations:

- charged particles in E.M. field
- E.M. fields
- energy-momentum tensor of E.M. field
- emission from accelerated charged particles
- back reaction

- Thompson and Compton scattering
- Synchrotron
- Bremsstrahlung (free-free)
- Planck spectrum
- Quantum transitions

Matteo Maturi
Center for Astronomy  & Institute for Theoretical Physics (Heidelberg University)
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Thomson scattering
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Cosmic
Microwave
Background
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Some history:

• 1946 Robert Dicke.  Radiation of cosmic matter, predic: T < 20K (not yet CMB)
• 1946 George Gamow.  Predict T ≈ 50K assuming H = 3 106 years ant actual temperature of IGM
• 1948 Ralph Alpher & Robert Herman.  Estimate T ≈ 5K
• 1949 Ralph Alpher & Robert Herman.  Correct to T ≈ 28K
• 1953 George Gamow.  Estimate T ≈ 7K .
• 1956 George Gamow.  Estimate T ≈ 6K .
• 1960s Robert Dicke.  Estimate T ≈ 40K name it MBR (Microwave Background Radiation)!
• 1965 Arno Penzias & Robert Woodrow Wilson. Measure T ≈ 3K as BigBang signature (CMB)!

Fixing antennas...

The discovery of the CMB

→ Nobel prize...
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Thompson scattering

NASA/WMAP science team

Cosmic
Microwave
Background
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Black body
the radiation is thermalized thanks to efficient interactions
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Wayne Hu

Hydrogen is ionized,
photons can scatter on free electrons: Thomson scattering

Thompson 
cross section:

Mean free path:

Density of free electron

Thomson scattering
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Flat universe!

Anisotropies!
Theta>7deg

Planck 
      spectrum

- Polarization
- Lensing
- tSZ (clusters)

+ ACT, SPT, Bisept ...

Boomerang 1998

De Bernardis+ (1998)

CMB observations

ESA

Big Bang

Last
Scattering
Surface

Us

redshift

Further away

Back in time0
Plasma

Crowe, Moss & Scott (2008)

Neutral

∞

Detection!
Hot Big-Bang
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Can we understand the size and 
distribution of these blobs?

Yes!    We will see it in Hydrodynamics

The CMB is used to: constrain the amount of baryons, dark matter 
and dark energy in the universe

Planck collaboration, 
2018
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Thompson scattering can give rise to polarization
=> the light of the CMB is polarized!
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Compton scattering
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- CMB photons - Intra cluster medium

- Inverse compton scattering

  Thermal: tSZ

  Kinetic: kSZ

- What for?
Detection
Mass estimates

- Almost z independent

Inverse compton scattering: Sunyaev Zel’dovich

T 10∼ 7−108 K  
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Copyright: ESA/Planck 
Collaboration

Pace et al. 
(2008)

Finding galaxy clusters
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What for? i.e. Cosmology, dark matter, 
dark, energy
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Bremsstrahlung

Theoretical Astrophysics, WS2022/2023 22 observations emission free-charges planck

Matteo Maturi 147



Theoretical Astrophysics

Theoretical Astrophysics, WS2022/2023 22 observations emission free-charges planck

Matteo Maturi 148



11/12/22                                                                      Matteo Maturi 19

Bremsstrahlung: galaxy clusters
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Bremsstrahlung: galaxy clusters
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Bremsstrahlung: 
galaxy clusters

Credit: NASA/CXC/SAO/E.Bulbul, et al.
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Synchrotron radiation
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Synchrotron emission from the Galaxy
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Synchrotron emission on planets

Sweden’s MAX IV facility
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Synchrotron:
Relativistic
Jets

VLA image of the radio source Cyg A
NRAO/AUI/NSF Investigators: R. Perley, C. Carilli, & J. Dreher

Credit: Robert Findlay

Messier 87, Credit: HST/NASA.

Karl G. Jansky Very Large Array (VLA)
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Observing in the microwaves

“How to remove the Galaxy”
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We observe from within the Galaxy
Objects:
   - gas
   - dust
   - localized sources: 

SN remnants, star forming regions...

Process:
   - synchrotron
   - free-free
   - thermal (black body)
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“Remove the Galaxy”
 to observe the Cosmic Microwave Background
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From theory to observations:

- charged particles in E.M. field
- E.M. fields
- energy-momentum tensor of E.M. field
- emission from accelerated charged particles
- back reaction

- Thompson and Compton scattering
- Synchrotron
- Bremsstrahlung (free-free)
- Planck spectrum
- Quantum transitions
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Hydrodynamics: perfect fluid
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Equation of state
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Application: Sound Waves
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Viscosity

Particles diffusion

Continuity Equation for diffusion
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Energy-Momentum tensor, diffusion component
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Viscous Hydrodynamics equations:
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Vorticity and its evolution
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Classical, relativistic classical linear theory in Minkowski space-time

1) Lagrangian density: Similar to electrodynamics, use a classical scalar field

2) Euler-Lagrange eq., equation of motion of the field

Yes!

Energy-Momentum tensor of the field
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More about gravity
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Virial tensor theorem
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Plasmas, propagation of light in a medium
and magneto-hydrodynamics
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