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AbOUt me UNIVERSITAT

HEIDELBERG

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 | 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!
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The universe... Theoretical physics
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This lectures cover
the physics necessary to deal with astrophysical objects
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A closer look to one single object

16/10/22
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A closer look to one single class of objects o e

SEIT 1386

Gravitational
lensing

Stellar systems
(galaxies) . L
A
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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
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UNIVERSITAT

Now the full picture... theoretical astrophysics P

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

SEIT 1386

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’

Matteo Maturi
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Technical stuff...

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)

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

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).

Matteo Maturi
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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 |
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Vectors, 1-forms, tensors (kerpm)
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* One-forms = dual vectors = covariant vectors = co-vectors
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— They are the prototypes of gradients
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Vectors, 1-forms, tensors (kerpm)
K= {w&l, ef V\:\P\
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|
<l

A =

« Transformation of basis:

ey
e L”W%“M
(AIYI = /\31’ = /\ = A N T =2y = EJF/\[)'}éi $=8

b AN =85 A A)'KzaK E5 Vsomeben dells

o Linear map :

‘Ti\/"(r T("—F\‘-‘—TA’P:/\_(J’\F}:.I\TT /u-é:\/ MJ—(:&

T+ ) =TEE)T@)  weV  dofubabic
TG ) =T (+) SeU Ly

« Bilinear map : T:VxV = ¢ T (&, o) = T, A U

Divanrr ian by oo | ﬂ ke l/oﬁ_a,owym L. T(sweha )< 2T +bT (@) 2beR
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« The metric

~ Mow &Wb mre 5} (m%JmF A/C)

~Ttb a bbimes pnap Gt Lo e ocalon \')/LD':JMc}_
8:\/7<V~> N (G#) — 6(12,47) =2laT,7r=2 wreV selk

- Tt A@)G-W/&/VWL /W\A-P Z@M/&lﬂg\\ }}LLZ_ oFny) \/amal V

s V>V (7)- §(v,-) =% Wia fp eV (rifeV

2 .
l,l,opul‘leo :
. S(UT{/lT‘)—;O VaeV = =0 (4.—_> ,,(4,{-(8)?50) Mo o[ﬂ(%g,vm]'e,

. 3(.6/"7)2 LT, = FI" i &PAM He moton of o vecka
362 36 E g) s W g (€ 8) s wiagy omponh 4 8 py= 8(2,E))
by o
C 7 Side'Jv ﬁ;).,.Jxe‘ -85 Wdo = 35785 3 o r»ymmbv becoune o the
JSZ) 0 = RAMMAQM r)l)o-Ce_ 7“"7_%&(‘ #.:ﬂ/m 4 JS

t;lszA >=0 = P/uw.otu‘— &WM OPQ-CE

.5(;,G)=é ___J(LL('@—”,U-S &) Porms <
:8(&'-‘6_[;/4]_le3> ‘?uwwt Sl éé”)\ ) ()./\Vo_m;ow\)'

Example
_A o © 0

o0 470 |2 dig ) (et Boane)
o o ©A4

— P ~ 3
\8({4,/\") = %_/AV WY = UL :—-uu/\ro_‘, l’L4NA+ L&zl\rt"_ q‘?l\r él[{

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

Fi tnfomce - Jslf—( xa)l+(o\x“3l+( W) d)
-&u pdy +OD+J3
\ (\cﬁk_t;\\/ﬁ( (,Jbi"b\l) + Akalhlf

© 4/, 0 ©
= Jw3v+ ia 4_41 = ML: <4;;. (: f\ (;>

© o 6 4
S ame o[’-'\chI_ Lul‘z;(l'ywy}&J N c[/#"\/%«\l_ ):’vy\‘o nc[’

z
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* One-forms = dual vectors = covariant vectors = co-vectors

VK w2y k) =m RS wT eV eVt
WMF /T)—_*E 8(/\7]-) 5% O(Mo»e Vech{z_ QJDQGQ"Q V

oreoe ae A- Fcfw\/)
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— § Lawms 1L i
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@ to ke cone !
- %oo}—/& UCC)'«V),QM,\-] /{—Pa’bvm Ne f@(rwz/ufl mp/}

~N/

FoVUoR - §FE) =A@ W)

#VaR  jFe): @)

— Bantn o‘z ove— Ln./ww: ia'z
/’\\f-='\)'.I &' i MM & Vzchq’): &= e: (Lower l:\«all)(>
L= o=y J-fh am[)m\w}"a# - bonin

ZaaN |

/T}‘U:\: A oo (u@Eﬂ = N';Wj /U\J'i(;e:o') = AL u = ooi\j = 8:;"(5\0 = 8‘-) = % S;“-V\M’NJRM Albe
o
J-th ﬁc)/-A\VQJ\‘-\/C— s,‘)\ NA i-He Doa’lp\a:uoi\g
in how X! ;

aj)‘l/‘ﬂ/‘ﬁ Hie P/w)“o (‘2)92 Gﬁiyvkchw}o
it W’\QD‘M\ bonys im c,a/z}’e/vw #A/M — g'\: (wij) - (OO\'”,WL, ....):(&ny." éAYI; §m¥;>= c&"’x-‘
MM PG ("l", '~-/°) E,=CA,9,..AIO)T
Q" =(0,4-,9) T a(o4.0)
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(N L E) = Nz~ Ny

| J

\ i ) 1 Co T i
:rU'T,ao" :A.{’[ﬁ W' = (j\:}':/\,ilwl 3= /\0 e

—T/&AB ﬁo/l/lobw( }‘('om WMM}_-QM Hf\-e- lf‘V‘VW'oW\Ce. # 4‘1;|Al“e/tv0_@>
0
y
%-(w) /u-—’e,(fv\f'oo) !

f\;j-‘-'é'..@\ff-\oo)) /\ f\r@.(/\ :wwD /\ /\ .’U‘M ﬁ(w:‘)

'"/\ /\ ’U"W'- = /U'w R twvarcant ésbn

&S)

— One-forms are the prototypes of gradients

(@) ()R> R — N seaklor %UML/\‘DM
?((’D) — P.wqwh«é_ wunve
U_=i_;_-_ illi_r — e"\-f\-bw w ks %
S =5 (% e s ) Lischimal Joivahie
: ) A4 /OLWEX(T)
(i) =2 eR < Uomgeof ¢ wlomgxed @) wdié-Ved
(b (@) i Pearmidin formmolim Sp= §65
/ R
ome veclon
&bé ca}" )w}'opdwwp&%-e, eV ri«&'k}f)&& ’:ém/) 15 71,&,9_ W;/m dfﬂ Mt’_ } /Zlo«v\

Covecken 4)//4 ) ) & ove

J¢
S

To visualize it:

$3(dx) = Spdx' - 4 dage o 4 Aot dx

6,‘47 JX;
7 N\ -
& A c,ﬂ\omy_ Jﬁ,f)&-cefmmf Vacld‘L d"/

1 7 > x4
(f):cmml' = %:J\J?JT(:O 17w-£aVvﬂJ)

- Useful also to quantify fluxes
across a surface

0)3; P/L,o}.o }"3 pe u# vec }E’l (i )%oe/w\emg

C e (pedind)
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Tensors

Tensors are rulers in physics: melve b ( opwe-l‘t'm«@)

o&lhmwya}n ¢ foma
M% /Vworv"\l/m \‘emdz

They are a "generalization": Sealons : @ imolece, () - Vedhn o A4 Gnolex (&)
Matinic s 2 ondecen C%’), Towsts: N twalecen
ﬁ (Twomm/e_ mmo,bﬁkm L»w}' mot oL m«sbuxeo rone 'h»mo’w)

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

Types of tensors: s }EIV\DO'L o‘ﬁ ’-ZF{ <ﬁ) v oo /&M& mQﬂ?\,v\; 6{;
M /1’121\/‘«') amd A vechan e ncatans (Mri ';‘VD""““M,_)
T a Valan = R el

M N
e—#oﬁ mpuf A'PMM/) (l}v\olm(v- )
Types of indeces: j—Wt (/‘/G) P veckws (ot DV; )
© qy n u e Loy wn
Rank: f‘ofoﬁ M/t(jw\lom# [molecen

‘5- 7;_& g JLQMJ? =3 "‘3})& G_)
24, jn Y2 Ay am K4 ey

A’V\?’ (/‘:'W\[’m"’/"\l;) (/W\‘J/;W‘UVVV{D'V\G./Q VLLl'\{L q?@éé \/ 1—8 \/=\P\M>

Symmetric tensors T(T ) :=Tlw,7) < T,-J-JE Yorwey — (>

S)

. . o R
Antisymmetric tensors T(«F,&'r)::l_(&,r,) = Tr‘)'=:E; \/fu;/w'é\/ — (o°o>

Tz SiA=Gik l"oj,wvw«%l b be ,omlf-vmmbh‘c

Splitting in symmetric and antisymmetric parts:

T~ ‘(’)PL hm“T ,ﬁb' T +”E'ﬂ it ’El)) z( +T> Sz““"bﬁhl”"‘}p

1 _
"),o‘kw/\ yeum.a/; e i l[.‘)‘;] = Z( i :[:)_l) AML\\OB/W tm?. Fo’!-[_
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You already meet tensors!

Tope (8): vcabn  a:R-R alh)zc eR 3bcelR
TBP" (3) ) I(/{‘{z’l‘"”“ < olual vechn = covechor = covariant veckn
Q,;.,merp ]/5:\/—%1[{ ’[\5(47)=>. cR Tey PeV
TZPC (g) : Vef-f—ﬂ = th\s—iw\a‘cxml_v‘fl‘o'z_j {_m,?m}’vec,‘e"t_
Qiwaot mop PV >R Pl#)=2cR FeV* Pev

Tzre(’,})= PV'RV SR PF®=3eR eV el

Tjg?c(i) PV SR P(F )= R A eV
. The me b /1,5 l 4Z=1Mle—> IR 'XZ(A?,@):(,\F/M?> =4@P4r°‘w? T &M

/

Rising/Lowering indexes

P, 25)- Flor'e, i &3) = P21 o 5) = P, 059) = mry £ P
[)=(0) Aoy 5 56T =T ”
()=(2) womg 3 QXYT”PPT”H‘ = Ty T
Components of a tensor

comporinly et vl o fechion (S maiog) wlin s aguirsaly one Hoe by
£23, 853 of He frome. &

Povav =R PGFA)= Pluie; i 85) waiur Ple &)= wins PO | Pla;, at5) = P

Transformation of the components

P P(eted) = PON 5 N, oob)= A Pl Pl 6 ¥ ot

) Cx*xP
Y-y, &) =P (A .e,*,/\ 50 KR Hes) | PISEN e

% )=

)= K

NN
Pl P(fll; 0) P( /\1‘/\ (_’,M—) P'l-l SX &X%P

S
£0%) | Pt a et

e Al

’0”

F =Pesh gy ) =P (N,

(5 o(l
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Basis for tensors

- We. hare boann P’JLVC(,'_L)’V) fey amd 4- J IR g"’ﬂ)
= veclow //1— Pcﬂ/w) w0 Limeor Lombima bion o# boniy Ve om//l P‘*’LM . Kear g /w w: &'

—DomMwa@(\_fwm/)? "2 Tanpen l’YF"”‘””’J on Dijaon mbm»/(»mgz?w}ﬁqf
-fmae( ) PV SR Lk for somebhing Lbe PP O

F-\ —\'/_\) rv&z@ (e,/ J) =2 @KQ(?"/ J S?c&i 7 8(_'—%—=(AK.
v —Sié:) | K e L iy i

oelo p«,wl/w_ - ot £ |_
T

/C\,;KLE'.> o (_Q—I))
e ol S *H &S -) —
C’/\SK ® G')L é:l ) Q‘))
AV
Bwb

YDM B‘_A_\,L Voo \Lwy) k? (.o’W)};uQ.c,"A- lﬂemodl

Every tensor can be expressed as a combination of outer products

e ?'Vb"‘ ?') ,‘7 eVt ( fn tzxcw\Pfo_) vrl« cam/w(uomy: buidd o s w2 TZ’}S@%/ E“\'S(—)ﬁ(—) T:VxV—=R)

TG =P T / ?(wﬁ (@) TweV imppreal @ ook commnhibive

So% 4 5 67
é'?lvcfowb ?,w—j'u-*)_lp 'M7Pmrlﬂ\5)&%€m£ A7 L P A

Example:

%Pe (2) A-formn: V>R 7ol £S5 basio of A-foren

‘h?j‘,e (’é) veckt «  AF 1\/*_‘7 \K A =ar! €'| EE]K LWJJ J vec}-dzo

e (2) PV >R P, Csiocs) aa.wbuc 515 oy

'}var{ (/31) P :v*x\/* V<V —-R P-= Pljv\l TeteSte g,

-IM]' }vc umimorw\ﬁﬂgfihw,)m ‘OMolo)ecr H/\-J’ (Ju\mbo 1msz'~()-["}>fﬂe, \Mﬁﬁbw
I R ¢
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Tensors operations 3 Fomrows o Ha yeame Wz, boned om e naame vec b pece
/
- Sum/Subtraction : 5 =T+V

—TE)_ +\/|J = T(E,'/ZJ) ‘l‘\/(gl‘/ €)> = S(E()—é:‘j): Sl‘)

{

- Multiplication by a scalar : L& IR S=4T S’) oL T~

- Outer ptoduct : (

-0
®
—o
N
~

|
il

2) =@ FieV §3eV (307) Rk 2
(3a901)(%,%2)- () B(E)R6) - tlom)70)

T N S e =
ten  =EeDEES)
- Inner product : \

g5 T2 SEN= T3S, 20)=QE)  inmen pordach bebuoon? fumnonn T and S

N %/‘"’U) A mog Fomnst Q
TS 75 ST— : Tibsi 7£ TI\)S Ml‘b«ww“o/}‘('va

- Contraction :

g Rawh3 Tunr T(= = =)= (T )

‘Pfx&\) woune gnolex
v N
T(Q:;L/ i —épL) = SC’) Kum&‘/l rﬂ/\Md'L
N i - - ? .
(,M"\Pd"‘l/"\l’.)i g{b: (L’:DD{IG,(N (9‘\) T—T 0&(5 v,ﬂ/ - 8 v T\? %d\ <NFM-+2J1 “’Qkﬁx 'Wr/ i’““"’\s
1

1\

= (QV‘\_(\IQ-CI_IO'V‘

We oblaim o Lewer namb fowser S

—~ Derivative :

2 T = R/ ((M W §—T!> (33 = (i) Tewoor with o Dplor aonebh
S8 e whid Fowma o AL ST
(1)
Mapping tensors on tensors

T(‘/‘/'U‘) A € \/ 12(“41 f.? we WI'DLC ou.ey\ fwo ‘ 1%\;(»“4“ \x,e.}ml ~ el Sy

=) '}_(—l._ll\—r‘)ES(—,‘) h Wﬁ—?. Fomgsn
T /\M&,?S &Vcci'ﬂ, r l%}r ~ WE—Z ]L.LryL))o’l 5

Gmporsaly =3 |52 508,15 )2 T (8,,5,7) = | T ¥

- fov

,o/v\,o]'/aven_zg \)(/(-)E T(E/_/:\T«) &_/Xr 6\/ )&\'xea( =D \)(/J\MQZ4 Fhnan (VCC}<1>

W(&,) :T(zlgwﬁ) = Tyus L
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Special tensors:

« The Levi-Clvita symbol

+4 evean P-?/Vw&M.i-O—hO’Wﬁ x£ 0/41 4,3
Euprs >

1 W . ,,hth;ai Wil £ =4

0 oHhorine (i.c. pame L}wolu\)

'68- c{o/{zg:/t goyg:"{ f_o,’z,,:—’t Z,ng:_,’ 5/‘032_:/[

A\
E o420 :—2\741\) = Evaw 2O vao 1,273
= ! !

o applics i DB 268, = ((R-8R) & +(5,8,-4,)7 +(1B,-5,5)%

L7 VO oun }' umolen &W’% /./quP_xl_M}‘]m’l N Wﬂ}o%— Lme (mJl»«W)

+ Kroneker delta

&‘; = 2(/0{ = The oomme it c.ooﬂaL}mMLa §7)}%~0 amd Y rJJ’JO-%—hm

T¥#)

'h?mmcrus e mmopn = (&;) i Hhe u(.wlrlg Mﬁ P\NV'A vcc,‘c’lo }'r ve( }m
&-' V=V é("_ﬁ):/\_r é?’U‘": /U‘-J it ”N/glct:“w C,O’W\POMM/\}_ wl'u\nuh}@\% F
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\q,tzMG(A‘ hmnd‘d)
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193-
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|
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Lorentz geometry

Geometric interpretation of the ct,x plane

DQ&«M ~ \/ectﬂ o?zuﬁ,

* 7=()§/‘>= (X O/ Xd lexa) K[‘—Ve.éf—bfl x°=ct —)Zé |M |M NnA}v\zgxa\K/OAL- f)}')_o_(g

/

. SCPDJU&-HUWB (7 }_/e/ﬁ leoOe— [-(‘/vy\e, QN 2)(\')/\/84‘»60’ L2 h& 4‘\};4"%[/5.1_ al;

= Dl.":hv'\(,on ~ohe M\UJ/)MI\&J tn b/tmw 4f1 ) m,}w'o =) /w%bm'c va,\:gt n’P°—6€—

0\21:~ 1c1)<1-)- J)(z{—a\\az+-d%1 4‘1Ai‘o/u/aj = Vcchﬂ, n|7u4c .ig—éIM vq}g\_ I~ W@z&ow,o&[ ,;loo-ce

h i é_o/}zmo I dx” /Wu/mgowo% /\/N.bm't- = o (' 14,04, 1) ~ f 2 Z
,o/«— 4[ 7 "z 1o o 4 3

L VJX/’\OJXV ‘ r ) 0O O o

‘ 4{/‘ e é«m}&m M}@Jﬁ o BW, o Q’M _=>_ (,Q_,.mlz,yv%}b

Legdy T mdilebeeny e

-_i/V(CA{:,J?) oMM (@) =0 eR Zrem btﬂmfmf l:(ub)flyng e healon procluct
2 Ly, > sedon produch

LIX{R) nz(v,-)sv- FM-R (@) -2eR (RzziFel” 1M Dasl rpoce £ M
4—%/ duol vecter bi,«—i%l_v“}or_.m

DS ER mormm o A5 EM 2 wvoranl it an ke m}.f}.;c!

Heve we w,e«-,//l[ bt Hay Fdlxmo/&/yw. i vadrd f&u Amamlpl}“ m}:ﬂac fl i afm#wu 575"[)
The metric is "hidden" in many places!
Dpn bme T 1\-d" = {—\/—%Jxﬂ,)xv - 2\5,42(455,41)

1
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Note: above we have choosen a specific basis set (cartesian)

X =X"2&, =x"¢e
TN
e.;.elTi/é' s 4?/;,’4 J,,A{QFQM_M{_ §235 Lul 24 %

A

G-vect gy n Liman oo'w\[m‘,vw{fom ‘*@ bonn
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/]\
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W\CLQ?*&‘ M\—\/Ccl'{)_ | Z :_(/1 [o2"] D)T E :_(O A o o)T
2020 bers 25 0d A e
2 4 5 feavme. 32 % - () () (Vs ()

/W\M'/\ﬂ?owok\[ /W\me‘(, /‘Z (R /on)r LR N}‘ebw . ZX'DV\»«P[( urth # l:wy\;';:

cLS— -c -“,‘ .l)uru\ia #02 = C_(,cu: rJX)(Coléﬁ\X} +ela +a]g. 2 JLLJ/U‘ +<lv +JZ—
4 e~—

=dh =dr
-1 ®o0 0
_ O A0 o~9°
/‘1‘ o 040 /‘z ,OA’O
O o oA 0004

O"/Le’l Ooo’Lol/VV\O/IC. P\,wv\%: ()oLJJL ) MJMAI)/LNG/Q / Zouxyg}w‘am'ﬁb@}um y o
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Frame transformations

— We are dealing with inertial frames

Ji/m J/A\_ ! D+ Lovialn I'On 2 Poun
Wt ek (M et a2 )
cl_)(//"\o J;ﬂllo (M M(eﬂd/\m.lﬂ—:%)
drt ar*
,Q\ue_)uxe Po/w:m }m{ae_ Xﬂ(z\) uou’“k Pf\ﬁ}?m C/W\Qrc‘, );w] %M Fomm}n W’ae uoeol
/\ 1+ b
— Relation between frames S, S'
s ></‘|(></“('b)> ﬂ”; S_X/AIJL’“ SX/ Focobon J Fle

Y Sy b R O U S
WM (,cmyomwxf vovntinf

d 4 @4: 4[4 50). G W, 5

17t Je\dtT S 4T )T (e dT AT W Jt

JdT

=0

Z’ \ 2z |
&7(/- =0 0 —:\S&VA )(/"‘cl)(‘7 w& \‘e_ ‘oa Fefl )
§ 38w~ Sx?§x” ml.-x “"Ffjﬂ

— This implies a linear transfrmation of vectors between frames

x/*l:/\/“‘v x¥ 74_/ :> B;A‘m/ao /ﬂ\,omodufmb, (7(':/\2 "QAMJ/ZG/DB

mo‘fmj@vm+ (b"‘.y*‘ ‘7}5‘4”') — C.e.waw\uo Hr:ow&/z |>/"°°L’L°/_ LG, T =L,

— Here we want C invariant =) Lorentz transforms as we have seen in previous lectures

¥ -BY o o ct |
&/ | o Q “ . - ® ck i),‘?
K)=(R)<[2 23] bt ], L2,
0O o o A >4

(<) A()
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Another way to define the needed transformation

)T,e\e_ L= in I'q/\voje NWW))’ Lc l/./\VOJVlQ/w\_ i‘r /be'JMVC J\dwvaoﬂﬂme/\a

2%%&
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Lorentz invariant quantities |
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The Lorentz group
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Inverse transformation (v~ —) x/’l'_> x
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Lie-groups
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The Lorentz group is a Lie group
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Combination of boosts in one plane
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Relativistic mechanics

— Behavejour of paticles in the space-time
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- Massive particles have O<v<c
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Variational approach

— Free particle : no external forces
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- Eq. of motion but directly from least action principle =
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Decay of particles
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Photons

ct
~ Photons travel with the speed of light
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- Momentum of a photon

d
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06 a pinch of GR

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

B AM °LJ“CI\0 P“’N' with Hhe naAne. soccefina b ( l;ﬂ name i bl w»LM)

WAV ZoN l:ﬁ 7 M) A Zz nulmramc&
\I/_I;W,;ok—w
y/,-s :"Me—ﬁhﬁ Le. M= m, . (2,8 N :-—75
L//ym.v('h»b;mml W

= M= Gy o e bl Luntpans |

- Lebo_ - @7wu"va/€0mce PM)M,JP,&_

/O—MAVN/Itq,Q,)QuQ/mL 1" W/‘ }\u- ,o,immll‘o/(Zm—we 7&”&}

1 v
\ wivdut b 29
; bttt I

buk Pﬁ?’”%a o ol fferonnS

- Ca/v\\)llc e oy olea s oorw){}m}'/o— CﬁVOJ\A\q/v\,l- ’7';70'2 Ji«&m}aw Yes\. c'\\;’

- ml;{:;g P

= weoh bl Lt § <> $

‘1#~wl)

s,

Matteo Maturi

52



Theoretical Astrophysics, WS2022/2023 06 a pinch of GR

Example: rotating system

-~ Equivalence principle : MMJ%W «—> Y&V{%

— Free particle - s ]&L@J/ ie. mo ex el quz_

— Inertial frame : d151=— rdE 4 it a4 L2l
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Connecting the metric to a gravitational field

— Let's try to find the metric associated to a gravitational field
— Take a non relativistic particle in a given fixed gravitational field
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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 i.e. T _fo/ ,FJA = 2. 4{2,‘91&\,) d[& th;ﬁo
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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
Neglect effect of particle on field o

- Consider a fixed field, i.e. EDA/A =0

(field acting on particle) Gr—-

« From mostly empirical consideration we define the action
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Theoretical Astrophysics, WS2022/2023

Identifying the Electric and magnetic fields: eq. of motion (3D)
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Equations of motion, covariant approach
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\

oY= 1R wor Foote + Foe?) = TERubA- 0, A u b1 (850,-5,4)0)
7

(S;AD—XO A,)

Matteo Maturi 60



Theoretical Astrophysics, WS2022/2023 09 F-components F-invariants

A closer look at the lectro-magnetic field tensor

+ Components: F/N-_ SA-S, A,
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10 collection of charged particles

Many charged particles: 4-current density

- One charged particle
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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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13 enery-momentum-tensor summary

Energy-Momentum tensor: summary
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Momentum of intensity (&
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14c spectrum of charged particle
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¢« Thomson scattering and polarization
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Eddington luminosity, matter accreation
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Shape of spectral lines
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Collisional broadening
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From theory to observations:

- charged patrticles 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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'@ pro-main-sequence star

paneary dob
e
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Thomson scattering
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The discovery of the CMB

Some history:

» 1946 Robert Dicke. Radiation of cosmic matter, predic: T < 20K (not yet CMB)

» 1946 George Gamow. Predict T = 50K assuming H = 3 10° years ant actual temperature of IGM
» 1948 Ralph Alpher & Robert Herman. Estimate T = 5K

* 1949 Ralph Alpher & Robert Herman. Correctto 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...

Arno Penzias

MAP990045 Robert Wilson - NObeI prizell L]

11/12/22 Matteo Maturi 6

Matteo Maturi 136



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

COS m I C Dark Energy
M ICrOWave Afterglow Light

Pattern  Dark Ages Development of

Background e ;
57" L R R s A

F UEREE
A

Accelerated Expansion

Galaxies, Planets, etc.

Inflation ’

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

) 13.7 billion years
NASA/WMAP science team

Thompson scattering

11/12/22 Matteo Maturi 7
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the radiation is thermalized thanks to efficient interactions

Cosmic Microwave Background Spectrum from COBE

1 | | | | 1
COBE Data FH—+—

Black Body Spectrum

=
w
_—
=
—
=
=
w
=
[+F]
=]
=

l |
10 12 14

Frequency [1/fcm]

11/12/22 Matteo Maturi 8
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Thomson scattering

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

Qe Big Bang

Zduilitily)

Yy+e —v+e

Mean free path:

1 1 /0.0125 0.9 1000\ 2
A\ = ~ AMpe—
r aneor_ che ( Qph? ) (1 —Yp/2) (1+z)

71

Density of free electron Thompson
cross section:
—25 2 We can only see
or ~6x10""cm the surface of the
PRESENT cloud where light
13.7 Billion Years was last scattered
after the Big Bang
The cosmic microwave background Radiation’s
“surface of last scatter”is analogous to the

light coming through the clouds to our
eye on a cloudy day.

11/12/22 Matteo Maturi 9
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CMB observations

Big Ban

Crowe, Moss & Scott (2008)

11/12/22

Matteo Maturi

Boomerang 1998

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

W sr- o

10

Matteo Maturi
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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

T T

Planck collaboration,
2018

60

30
ih“ull lh”n“.um.\ it 0
:]* Tmﬂ M Sttt tatt \HL

-30
4-60
L L 1 L
1000 1500 2000 2500
0

11/12/22 Matteo Maturi 11
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Thompson scattering can give rise to polarization
=> the light of the CMB is polarized!

Quadrupole

Anisotropy
Isotropy

SO
Thomson Thomson

5 ! Scattering

—~ ! Scattering

Linear
No Polarization Polarization

11/12/22 Matteo Maturi 12
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Compton scattering
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Inverse compton scattering: Sunyaev Zel’dovich SE 1566

SEIT 1386

- CMB photons - Intra cluster medium
T~10"-10° K
- Inverse compton scattering

Thermal: tSZ

AT kgot [

= =g (x), y=-—22T j dineTe,
T MeC-

— 'x.

" tanh (x/2)

g.(X)

Kinetic: kSZ
AVA
7 =

—~MThe Cosmic Microwave Background

b=
S|
O

Y T
Blackbody
y = 0.15, 1% Order y = 0.0005, 1% Order
y = 0.0005, Exact

- What for?
Detection
Mass estimates

- Almost z independent

11/12/22 Matteo Maturi 14
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Planck "445% 3 T 3 UNIVERSITAT
B P b HEIDELBERG
sk ] X 1 ZUKUNFT
] [ ik SEIT 1386

100 Frequency (GHz)

100 Frequency (GHz)

Finding galaxy clusters

11/12/22 Matteo Maturi 15
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What for? i.e. Cosmology, dark matter,

HEIDELBERG

dark, energy

z€[0.1,0.3] Z€[0.3,0.45] z€[0.45,0.6]
Planck18

WMAP9
@ AMICO KiDS-DR3

—— Counts + Lensing
Lensing

Weighted counts
AMICO KiDS-DR3

—— AMICO KiD5-DR3
++ Planck18
—-:- WMAP9

AMICO KiDS-DR3
=== Plancklg
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Bremsstrahlung
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Bremsstrahlung: galaxy clusters ErsIAr

ZUKUNFT
SEIT 1386

ABELIs370 1 ABELL 2744
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Bremsstrahlung: galaxy clusters

ABELIs370 1 ABELL 2744 : . RL | ZwCl1358+62
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Bremsstrahlung:
galaxy clusters

Credit: NASA/CXC/SAO/E.Bulbul, et al.

11/12/22
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Synchrotron radiation
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Synchrotron emission from the Galaxy
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Wide-Field Radio Image of the
Galactic Center
SgrD HII g
Sgr D SNR

SNR 0.9+0.1

Sgr B2 SNR 0.3+0.0

SNR 359.1-00.5

11/12/22 Matteo Maturi
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Synchrotron emission on planets
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Observer sees blazar

SynCh rotron: \ Observer sees

Y radio loud quaser

Relativistic y

Observer sees

J etS radio galaxy

Gas clouds in narrow
line region

Observer sees
Seyfert 2 galaxy
Beam of =AW 1 -

il tion disk ;

Broad line region

Observer sees

i e . Seyfert 1 galaxy i ; 1
\ ( : A b ‘5\__\‘ N % : (
N Neutron b ) __Puls
\ i - W 5 % : 4
Magnenc ¥ e *
Wagnetic : '

axis

Beam of
radiation

Copyright © 2005 Pearson Prentice Hall Inc.

VLA image of the radio source Cyg A !
NRAO/AUI/NSF Investigators: R. Perley, C. Carilli, & J. Dreher Messier 87, Credit: HST/NASA.

Matteo Maturi 156



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

Observing in the microwaves

“How to remove the Galaxy”
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UNIVERSITAT

We observe from within the Galaxy HhbeLBEne

SEIT 1386

Objects:
- gas
- dust
- localized sources:
SN remnants, star forming regions...

Process:
- synchrotron
- free-free
- thermal (black body)
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UNIVERSITAT
HEIDELBERG

“Remove the Galaxy”
to observe the Cosmic Microwave Background

Eurspean Space Agency

Hsyne (1) Frgalr) Bausele)
L Lt " L
_) +Tfree (_) +¢TGMB a{”]"‘Tdusr (_)

L L LA
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From theory to observations:

- charged patrticles 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 162



Theoretical Astrophysics, WS2022/2023 23 hydrodynamic equations all

Hydrodynamics: perfect fluid
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Equation of state
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Application: Sound Waves
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Viscosity
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Energy-Momentum tensor, diffusion component
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Vorticity and its evolution
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Classical, relativistic classical linear theory in Minkowski space-time
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More about gravity
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Virial tensor theorem

_%M:/&-Zo«h\ofv\ °10 Hee \/l)n‘af Horonn T+% V=0 = Z7L/UVZ\L/MM/W\
Iar(.ofa% Fol‘ml_/WW’VJ I/-V\ JLL[|- T-‘- ?'I:rw\’T'

- MNow szAe/n w@ cm\ce,])f l‘mh/wm 42 /vvxomem)‘um oﬁ l:vxm)'l‘a_ 1:3 42 o'zé»{l'fng Loefa
I'= ngx gX{X.J Trahil toma £ ~ L«Ja X030 mat Fime o(e_’aemlemf
V Ve el volime

b
= ﬂ«j com Fornmi

j—}d (seM—rv)ng&gxixs i g 1E ,@ng) p=
= —gvcﬁ( XB[J gk(g’lrl§ Z‘S {w S(x;d) g,u- &Jx XJ(\ T( _,_Xlégj‘))g,u—x
= Svfx(r\r"xb +4;5><")g =0 Gou %

JIV. (VJ%( % § (g4 i—Xié(_(‘f/\I_))}

G|

/tréxo

de-
Londs 338 (o)t TV

A T \Y
S xoéflfwz XJBD(QU\H) = 88V = x5&t(§/w')

pebed wll b 5

b) Mo, coms &J—°i+ 557—6-‘=0 &QTOL—(SJT‘)I xj&,T’]:— x’b&ﬁ: - (Sd(x.6 TB) + T)d édxb
> Thelew) -y

= SVJBX(TBIJFI"“) = ngclgfl/? = Z[gg«ﬂﬂJi + &USPJQ + Ub] =0
v v A
<¥dl ?Ul'?%+ ’,26"'14 : Tﬂ: g’lf‘-ﬁ +?5Fj+—|_f5 v) (f’F“—O D 08>+W o (m 07UM'£JQJ|AU/I/V‘>

> Viril fower. Thestom - K944 [é\)g P+ UIJ} =0
Koncke (We@mzmuw) wenh %3 pramie. ?fm?*"“' o ey

3—-‘.)
d

K= /Iggrmrchx = gvx -

Matteo Maturi 191



Theoretical Astrophysics, WS2022/2023

29 fluids-with-gravity

o~ 81008 ;
T - 2 N0 980 S50 185508y £ g8583]

4T &

\_]

67\—{7 = 4T6—g Poimon .

Matteo Maturi

192



Part V

Plasmas, propagation of light in a medium
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