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Which goals can we not reach yet?

. ~iChemical ‘enr'i‘.c',hment‘__ i
Star formation g
-

vc__o‘rtdu'ctvio_h? -

4 -C_Qsmic rays. ..

4 Anytyhi_ng yo,u cah think of -

Alexander Arth (USM)

Magnét_crﬁ'e}‘cis :

Numerical treatment of physical processes

Overview
00000




Subgrid models
00000

Which goals can we not reach yet?
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But how?

Gravity
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But how?

Gravity

I : Huge magnitude of scales to
Hydrodynamics

consider!

—

Electromagnetism

—

Particle physics :> SUbgrid mOdEIS

—

Atomic physics

i

Quantum mechanics
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Subgrid modelling
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Subgrid modelling
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Subgrid modelling

* Input: Simulé’gi_on state

* Statistica | épproath .

R N. Balley, Wlkl
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Star formation & evolution

STELLAR LIFE CYCLE TR

R 6o Holo B

Plonetary Nebul

[ Birth | Main Sequence] Oid Age
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Star formation & evolution

STELLA.R LIFE CYCLE- e

Gas cooling (see later)

Instabilities o

Multiphase ISM

Winds and outflows (stellar —’ ——-—)' : —) &

and galactlc)
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Springel & Hernquist 2002

Subresolution phases

of the ISM: Cold clouds

Cooling

/'\

Evaporation

Supernovae Star formation
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Sprmgel & Hernquist 2002

Su b‘resolutlon phases

of the ISM: Cold clouds

Stars

Stellar density, SN mass fraction

Star formation dp* sl e ¢

ty

SF timescale

Hot densit
Cloud evaporation y d(j’th = Agte
evap 5
Cloud growth dpe| _ _ dpn| _ Auet(ph,un)
v dt TI dt TI up—uUc
Cold density

Radiative losses
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The full equations of S&H 2002

it S
supemova temperature

Thermal energy budget:

d c " c
a (Prun + potte) = —Aner (pPrs un) + 5%USN -(1- 5)'%M=

Total energy Cooling Feedhack Loss to stars

d P — fu
(petie) = ~Pu — AR ue + =200
te te Up — Ue
1 normal cooling

0 thermal instability

cold clouds: d
ol

d P u, — fu
hot phase a (prun) = ’i (“SN + ) + A’j it — —— N
it Up — U

Mass transfer budget:
Star
formation

dp. Pe pe  (1=1f)
_ b pgle VT J)
dt t* ﬁt*+uhiuc

Evaporation Cloud Growth

don — ,pe pe  (1=1f)
=plepapte - T
dt ¢, + 61; Up — U

Supsmovas

cold clouds Anet

hot phase
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The full equations of S&H 2002

. Thermal energy budget: supsinova Lemperaturs

d c " c
a (Prun + potte) = —Aner (pPrs un) + 5%USN -(1- 5)'%M=

Total energy Cooling Feedhack Loss to stars

d e = fluc
(pette) = —Pu, - Aﬁ’%uc+7f)”

Aper
cold elouds: dt s * Up = Ue

= 1 normal cooling C:
0 thermal instability |

wy, — fu, N

d P
hot phase a (prun) = ’i (“SN + ) + A’j it — —— N
it Up — U

Mass transfer budget:

star McKee & Ostriker 1977,

formation

d 1—
cold clouds Pe = 7& — ‘ + (7fAnet

dt te Up — Ue

Evaporati

: Parameter
Ph Pe Pe - f)

=pg—+4+ A4 A
dt Tty A5 t, oup, —

Supsmovas

het phase net
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The full equations of S&H 2002

A S b VS i N R G AR

Thermal energy budget: supsinova Lemperaturs

d c " c
a (Prun + potte) = —Aner (pPrs un) + 5?*USN -(1- 5)'%M=

Total energy Cooling Feedhack Loss to stars

d pe (1= flu
o Aj— R
&t (pette) = uc s e + —

Aper
cold clouds:

= 1 normal cooling
0 thermal instability

d P u, — fu
hot phase a (prun) = ’i (“SN + ) + A’j it — —— N
it Up — U

Temperature evolution:

duh

FT [usy — (A +1)(un — ue)] ﬁ?—j — fAuet §

hot phase ph

cold clouds temperature assumed to be constant at ~ 1041«

equilibirum temperature for star formation
+ thermal instability
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full equations of S&H 2002

| Thermal energy budget: superncva temperature

d - )
d77‘ (phuh + .Ucu.:) = _Anet([)h, uh,) + 'B%USN - (1 - 6) %Iucs

Total energy Cooling Feedhack Loss to stars

d o
" (prur)—*?uc 4ﬁ%uc+

cold clouds:
1 normal cooling

0 thermal instability |

d
hot phase i — (ppup) = ﬂp—r(ﬂSN +ue) + A;ﬁ'&ut -
it ty ty

Temperature

hot phase

dt

cold clouds temperature assumed to be constant at ~ 1041«

equilibirum temperature for star formation
+ thermal instability
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Callibration of SF model:

2

t5=0.53 Gyr

LR L LR R L

log Tger [ Moy kpe

FRTTTRETI FERTETENNI FITIRNNRT] FTRTEUTI MUY

el M| L
100 1000
I [Mope?]

©V. Springel

Kennicutt 1998 i
1.4+0.15

_ —4 Y gas Mg

| Tsrr = (2.5+0.7) - 10 (7%;6,2) My

i XY
SSes
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Callibration of SF model: More ingredients

Life-time: Maeder & Meynet 1989; Padovani & Mat-
teucci 1993
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Callibration of SF model: More ingredients

Life-time: Maeder & Meynet 1989; Padovani & Mat-
teucci 1993

Salpeter; Kroupa; Chabrier; Arimoto &
Yoshi

IMF:
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Callibration of SF model: More ingredients

Life-time: Maeder & Meynet 1989; Padovani & Mat-
teucci 1993

Salpeter; Kroupa; Chabrier; Arimoto &
Yoshi

IMF:

AGB (Groenewegen; Karakas), SNla
(Thielemann), SNII (Woosly & Weaver;

Stellar yields:

Romano; Kobayashi; ... )
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Callibration of SF model: More ingredients

Salpeter55
MillerScalo79
Kroupa0O1
Chabrier03individual
Chabrier03system

Mass Function &(m)Am

10° 10*
Mass [Solar mass]

Y
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Feedback processes

i 101 . %’"5 P Red Giant
Different origin 3 N

N

/

Luminosity (L,

AGB stars

0000 20000

10000 5000 2500
Temperature ()

WWW.noao.edu
Supernovae type la ©

Supernovae type |l

©NASA

©D. de Mello et al.
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Feedback processes

4 ST - L __—="" | RedGiant
Different origin j

Forizontal Branch |
ol o | Branch

/

AGB stars =

0000 20000

Luminosity (L,

10000 5000 2500
Temperature ()

Supernovae type la (©www .noao. edu
Supernovae type |l

Different form

©NASA
Thermal heating

Kinetic wind

©D. de Mello et al.
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Exemplary galactic wind model

 Observations by Martin 1998, 1999: My, = nM,
% Relate to SN energy: 1My v, = xesyM,

% Typically n ~ 2, x ~ 0.25, vy ~ 250km/s
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Exemplary galactic wind model

 Observations by Martin 1998, 1999: My, = nM,

% Relate to SN energy: 1My v, = xesyM,

*

Typically n ~ 2, x ~ 0.25, vy ~ 250km/s

*

Star formation quenching by strong winds

*

Popular approach to produce thin disks in simulations

*

Recent observations hint to weaker feedback (Genzel et al. in
prep.)

= Deposit energy and metals in the halo

Alexander Arth (USM) Numerical treatment of physical processes



Subgrid models Star formation 0 G \ ic Conduction
00000000e o

SN driven galactic fountain

©V. Springel
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Outline

L9 Recap and overview: Subgrid models
&) Star formation and SN feedback

© Cooling and Metallicity

) AGN feedback

) Magnetic Fields

) Thermal Conduction

(D Final overview
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Basic process and assumptions

* Sampled gas contains multiple particle species: H, He

(& higher?)

n=3

= Photons

% Spontaneous & driven (de-) excitation I T n=2
l n=3l
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Basic process and assumptions

* Sampled gas contains multiple particle species: H, He

(& higher?)

n=3

= Photons

% Spontaneous & driven (de-) excitation I T n=2
l n=3k

* Following photon field (radiative transfer) very expensive

= lonization equilibrium
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H & He Cooling function
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H & He Cooling function
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Adding heavier elements

10-% T i
- detailed balance

e principle 3

10-= |
—lo= b
T Fell
e 01
T E Sl |
g CII \ —
salo= = | 1
3 i
<o | 1

10w [ 1g3--" ]

[ 7
o=l / 108
[ !
/ . ®—— H_ + HD
1078 | e ! 1 _\ N |
10! 10 100 10 0 100 0 1
T [K] Maio et al.

e
Alexander Arth (USM

2007

*

*

*

*

Cool below 10*K
Produced in stars

Distributed by

supernovae

Metal diffusion

(transport processes, see

later)
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Cooling function with redshift

A/ in erg cm? s~

H, He
Bremsstrahlung
Total Cooling

c

IC Cooling

ergemés !

I\ 1
10° 10° 10° 10°
TinK, ny=10"* cm

TinK, ng=10"* cm*

b

Alexander Arth (USM)

Numerical treatment of physical processes



Cooling
00000@00000

Cooling function with metallicity

107

H, He
Bremsstrahlung
Total Cooling

10'24 'l L A
10* 10°

Z primordial |{

10%

1021

IC Cooling

Alexander Arth (USM) Numerical treatment of physical processes



Subgrid models Star formation Cooling Magnetic Fields Conduction
o 00000080000 oc o

History of Gadget

* Katz et al. 1996: Basic modelling

% Springel & Hernquist 2002++: Primordial composition,
ionization equilibrium, UV background (e.g. Haardt & Madau)

* Yoshida et al. 2003++: Hj cooling at low T

* Scannapieco et al. 2005++: Multiphase model, metals

* Tornatore et al. 2004:++: Complex stellar evolution and
metal model

* Maio et al. 2007: H,, HD and metals at low T

x Schaye et al. 2009++: Metals using detailed Cloudy tables

* Murante et al. 2010: Dynamical sub scale model Muppi

Alexander Arth (USM) Numerical treatment of physical processes
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Excursion: Cloudy — cooling tables

% See Ferland er al. 2013 and https://www.nublado.org/

x Open source!

*

Spherical symmetric model
x Central ionisation source, UV background
* Dependsonp, T, z, Zs

= Fraction per species

Alexander Arth (USM) Numerical treatment of physical processes
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* Gravitational collapse x Cooling flow
x Cooling x Entropy loss

x Collapse due to energy loss

Alexander Arth (USM) Numerical treatment of physical processes
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Chemical Enrichment (Tornatore et al. 2004/2007)

* Model rate of SNla

% Adopt stellar lifetime function 7 (m)

* Adopt metal yields pz (m, Z)

* Fix IMF for number stars / mass bin

* Follow evolution equations for SNla, SNII, AGB stars along
with metal production

* Let feedback enrich surrounding medium with H, He, Fe, O,

C, Mg, S

Alexander Arth (USM) Numerical treatment of physical processes
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Chemical Enrichment (Tornatore et al. 2004/2007)

Salpeter Kroupa

H
=

= L
v 1
v Moc 1

4 6
e Mpe |

T om o om 10 P The wm W 0% e Om 1w
- 10

4 © 4 4 ©
o b Mpe | el i Mpe i Mpe |
Relauve *ontnhutmn by SN II Tumatore et al. ’(I[IT
= - R
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Code Comparisons: Feedback models

Mon. Not. R. Astron. Soc. 423, 1726-1749 (2012) doi:10.1111/5.1365-2966.2012.20993.

The Aquila comparison project: the effects of feedback and numerical
methods on simulations of galaxy formation

C. Scannapieco,™ M. Wadepuhl,? O. H. Parry,>* J. F. Navarro,’ A. Jenkins,?

V. Springel,®7 R. Teyssier,®° E. Carlson,!” H. M. P. Couchman,'! R. A. Crain,'>!3
C. Dalla Vecchia,'* C. S. Frenk,® C. Kobayashi,'>'® P. Monaco,'”-'® G. Murante,'”!°
T. Okamoto,?® T. Quinn,'? J. Schaye,'? G. S. Stinson,?! T. Theuns,*?? J. Wadsley,'!
S.DDM. W
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Code Comparisons: Feedback models

G3-CR
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Outline

L9 Recap and overview: Subgrid models
&) Star formation and SN feedback

&) Cooling and Metallicity

O AGN feedback

) Magnetic Fields

) Thermal Conduction

(D Final overview

Alexander Arth (USM) Numerical treatment of physical processes



Subgrid models Star formation Cooling AGN Magnetic Fields Conduction Overview
000000 000000000 00000000000 ©0®000 00000000000 000000000 00000

AGN Basics

Inner Structure of an Active Galaxy

|—| Shock
0.1 lightyears

Relativistic Jet

™~

Supemassive
Black Hole

Accretion Disk

Opaque Brus
(Inner Regions)

(©Wikimedia Commons
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Conduction

Seeding

~
Accretion

Merging

~
Positioning
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* Seeding in galaxies with M, > 2.3-1019M,,

% Constant seed mass ~ 10°M,
* M — o relation seeding
Accretion '
100 L
~ 8
= 400
Feedback 5
)
= 108
~ 4
. 2 107
Merging £
@ 10°
~ \
a . - 10 L
Positioning 50 100 200

Stellar Velocity Dispersion o [km s™'] W|k|med|a COm
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Aspects of AGN models

* a-Bondi (Springel et al. 2005):
Seeding

: oK 2 L, 4t G>M2p
Spherical Mg = a - 4ntRgpcs =~ a - )2
M, = min (MB; MEddington)
Eddington limit: p,,4 stops infall
Feedback
~
Merging
~
Positioning

Alexander Arth (USM) Numerical treatment of physical processes



Aspects of AGN models

* a-Bondi (Springel et al. 2005):

Seeding : : 3 4 G2M2
Spherical Mg = a - 4ntRgpcs =~ a - (—;::\W%
M, = min (MB; MEddington)
Eddington limit: p,,4 stops infall
% [-Bondi (Booth & Schaye 2009)
Feedback 1 for ny < n,f
o7 — N
< (¥> else
Merging
~
Positioning
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Aspects of AGN models

* a-Bondi (Springel et al. 2005):

Seeding : : 3 4r G2M2
Spherical Mg = a - 4ntRgpcs =~ a - (—;::\W%
M, = min (MB; MEddington)
Eddington limit: p,,4 stops infall
% [-Bondi (Booth & Schaye 2009)
Feedback 1 for ny < n,f
Ll A
< (¥> else
Merging * Cold / Hot (Steinborn et al. 2015)
i M, = min (MB,hot o MB,cold, MEddington)

Positioning oot = 10, aeolg = 100

Alexander Arth (USM) Numerical treatment of physical processes



Aspects of AGN models

* Thermal (Springel et al. 2005):
Seedi : :
il Eid —€r © Ly = /P VT
l with €, ~ 0.1, ¢, ~ 0.05 to fix M — o

Accretion
Feedback

Merging

|

Positioning

Alexander Arth (USM) Numerical treatment of physical processes



Aspects of AGN models

* Thermal (Springel et al. 2005):

Seedi ; ;
sl Eid —€r © Ly = /P VT
l with €, ~ 0.1, ¢f ~ 0.05 to fix M — o
Accretion

* Bubbles (Sijacki et al. 2007):
Radio mode (thermal) zjo quasar mode
Feedback (kinetic bubble injection)
Fermi bubble?
Merging

|

Positioning

©NASA
Alexander Arth (USM) Numerical treatment of physical processes



Aspects of AGN models

* Thermal (Springel et al. 2005):

Seedin ; .
& i = L= ere e
l with €, ~ 0.1, ¢, ~ 0.05 to fix M — o
peraion + Bubbles (Sijacki et al. 2007):
Radio mode (thermal) — quasar mode
z—0
Feedback (kinetic bubble injection)
* Mass dependent (Steinborn et al. 2015):
Merging Mechanical and radiative as thermal due to
l resolution
Po/L L/L
Positioning €0 = U—_—M%\Zjd. Eres 77—'—,\,,‘//,3‘;;

Alexander Arth (USM) Numerical treatment of physical processes



Aspects of AGN models

Seeding
* Based on distance:
fi—Bl<h
Accretion
* Based on velocity:
4 i — v| < ¢
Feedback
* Instant merging:
: 2 particles become 1
Merging
*
Positioning

Alexander Arth (USM) Numerical treatment of physical processes



Conduction

Seeding

~
Accretion

* Free floating

% Pinning to potential minimum

Merging

Positioning

Alexander Arth (USM) Numerical treatment of physical processes



AGN
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Black Hole Growth

Cooling ~ Feedback

= Slow growth

Rapid Growth

Alexander Arth (USM) Numerical treatment of physical processes



Subgrid models Star formation

AGN Jets

©V. Springel
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Subgrid models Star formation

AGN Jets

©V. Springel
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Outline

L9 Recap and overview: Subgrid models
&) Star formation and SN feedback

&) Cooling and Metallicity

) AGN feedback

© Magnetic Fields

) Thermal Conduction

(D Final overview
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Magnetic Fields
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Observational evidence: Radio clusters

Diffuse Synchrotron emission
Radio halo

= Relativistic electrons

= Cluster magnetic fields

Cosmic rays (transport see

later)

Alexander Arth (USM)
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Observational evidence: Radio clusters

** A3667 |-
¥

l\ip; w5 :
i . O Peripheral Synchrotron emission
e R e Radio relic
Jie - = Related to merger or accretion
ankt)ell)z:rill): al 1997 N ':‘ ) ShOCk

w15 Mmoo a o
RIGHT ASCENSION (J2000)

= Shock acceleration

DECLINATION (42000)

Bagchi et al. 2006

o
Alexander Arth M) Numerical treatment of physical processes
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Observational evidence: Rotation Measure

Alexander Arth (USM) Numerical treatment of physical processes
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Observational evidence: Rotation Measure

20 kpe

Taylor & Perley 1993

T T T T
Snl5nd3. 0a Shl5maz. 5a [ 5315ndl. 52 9n15mdl. 0

; - 2 ,
Numerical treatment of physical processes
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Ideal MHD equations

* Hydro equations (remember yesterday)

+ Magnetic pressure terms pg = B2/87

Alexander Arth (USM) Numerical treatment of physical processes
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Ideal MHD equations

* Hydro equations (remember yesterday)
+ Magnetic pressure terms pg = B2/87

+* Maxwell’s equations

+ Infinite conductivity

= ldeal induction equation %—t =V x (\7 X §)

1

& No magnetic monopoles V - B = 0 (more in a bit)
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Ideal MHD equations

* Hydro equations (remember yesterday)
+ Magnetic pressure terms pg = B2/87
+* Maxwell’s equations

Infinite conductivity

Ideal induction equation %—’f =V x (\7 X §)

1

T
=
& No magnetic monopoles V - B = 0 (more in a bit)
=

Field lines flux frozen in fluid

Alexander Arth (USM) Numerical treatment of physical processes
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Origin of magnetic fields

Stellar (Biermann) battery Battery + dynamo
in first stars in first AGNs (2=37)
ermann battery 1 ,.
Stellar dynamos Jets
Dynamo (turbulence) +
Stars SN + high-B pulsars Extended rladin lobes
|
x Supernovae !
I
1

Crab-like remnants
1

% Galactic Winds i 1

6 ' . .
107 remnants in Formation of disc

or
Y AGN, Jets a young galaxy from infalling matter
"contaminated" by

* ShOCkS radio lobe

+ Structure formation

=107 G "seed field"

Dissipation :
. Aieander Art (usm ]

Numerical treatment of physical processes



Magnetic Fields
0000®000000

Origin of magnetic fields

Stellar (Biermann) battery Battery + dynamo -
in first stars in first AGNs (z=35 D

Y
Stellar dynamos

Dynamo (turbulence) +
Relatlve motion of electrons and ions:

+ high-B pulsars Extended radio lobes
= = > 6p><§p |
=V x (vx B) + const - =55

|
|
..b-like;remmlm\ i
% Galactic Winds i 1
i : g 106 remnants in Formation of disc
* AGN, Jets a young galaxy from infalling matter
"contaminated" by

: *,_ ShOCkS radio lobe

+ Structure formation
e el 210G "seed field"

F Rl 4 A i MRS
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Galactic Wind Seeding

S R B
- dipole (1/10)

©Donnert et al. 2009
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Supernova Seeding

% Attach to supernova feedback of star formation model
* Bubbles around supernova events

* Inject dipoles to satisfy vanishing divergence

Alexander Arth (USM) Numerical treatment of physical processes
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Star formation
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Supernova Seeding

Redshift
9.00 4.00 2.33 1.50 1.00 0.67 0.43 0.25 0.11 0.00

1.0 1.0

©
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The V - B problem

* Physics: V.-B=0 always given
% Numerics: Discretisation & finite computation accuracy

L v B> 0; Small error but accumulates!
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The V - B problem

* Physics: V.-B=0 always given

% Numerics: Discretisation & finite computation accuracy
= V. B > 0; Small error but accumulates!
= Cleaning scheme of some sorts

- Powell 1999: Source in momentum, induction and energy egs.
- Dedner et al. 2002: Evolve scalar potential which contains V - B and
subtract it's gradient; pump difference in internal energy

- Mocz et al. 2014: Constrained transport technique

Alexander Arth (USM) Numerical treatment of physical processes
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The V - B problem

-10 0 10 -10 0 10
x [kpc] x [kpc]
m 1 . A
-2 -1 0 i

log hidiv BI/IBI

T

R 2 L & % - & i i ¢ & o & < AN
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Non-ideal MHD

Three additional source terms %—‘f:

* Ohmic resistivity: Drift electrons - ions; Collisionally coupled

to neutral gas

Alexander Arth (USM) Numerical treatment of physical processes
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Non-ideal MHD

‘Three additional source terms %—‘f:
* Ohmic resistivity: Drift electrons - ions; Collisionally coupled
to neutral gas

* Hall effect: Drift electrons - ions; Electrons tied to é ions

collisionally coupled to neutral gas
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Non-ideal MHD

‘Three additional source terms %—‘?:
* Ohmic resistivity: Drift electrons - ions; Collisionally coupled
to neutral gas
* Hall effect: Drift electrons - ions; Electrons tied to é ions
collisionally coupled to neutral gas

* Ambipolar diffusion: Drift ions - neutrals: Electrons & ions

tied to B
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Non-ideal MHD

Three additional source terms %‘f

* Ohmic resistivity: Drift electrons - ions; Collisionally coupled
to neutral gas
* Hall effect: Drift electrons - ions; Electrons tied to é ions

collisionally coupled to neutral gas

* Ambipolar diffusion: Drift ions - neutrals: Electrons & ions

tied to B
Possibly important if P, = %= = 7;2’: Ao _5%;;] !

= cold, dense systems

Consistent with low ionisation fractions from Saha-Boltzmann

Alexander Arth (USM) Numerical treatment of physical processes
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Galaxy simulations with SPMHD (Gadget3)

;10 0 10

x [kpcl
-26 -25 -24 -23
log density [g/cn?] 7 eryigen | logeliniel

(©Steinwandel, Arth et al. 2018
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Galaxy simulations with SPMHD (Gadget3)

L e e B B e B S B S e

—— Disc MW-snB

—— Disc MW-primB
CGM MW-snB
CGM MW-primB

) -6
log [B]in[G]
S
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Galaxy simulations with SPMHD (Gadget3)

N B B 5.0 T T T T
I —— Disc MW-snB . - 1
| —— Disc MW-primB I MW-prim ]

Schekochihin et al. 2004
Vazza et al. 2018
55 — — — - Disc scale height

6----- CGM MW-snB
----- CGM MW-primB

o) -8
m ()
o -6.0
3 g
= -10
s !
B B el il R o 65 \
' ’
i L |
L S |
-14 I 1 1] 1 : 1
oLl v v b v b b W s
0 1 . 2 3 15 -1.0 -0.5 0.0 05 10
time [Gyl’] log curvature K [kpc']

e ¥ ¢ b . S Sk i

processes
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Galaxy simulations with SPMHD (Gadget3)

N B B 5.0 T T T T
I —— Disc MW-snB . - 1
| —— Disc MW-primB I MW-prim ]

Schekochihin et al. 2004
Vazza et al. 2018
55 — — — - Disc scale height

6----- CGM MW-snB
----- CGM MW-primB

o) -8
m ()
o -6.0
3 g
= -10
s !
B B el il R o 65 \
' ’
i L |
L S |
-14 I 1 1] 1 : 1
oLl v v b v b b W s
0 1 . 2 3 15 -1.0 -0.5 0.0 05 10
time [Gyl’] log curvature K [kpc']

e ¥ ¢ b . S Sk A

processes
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Cosmological simulations with SPMHD (Gadget3)

©K. Dolag
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Outline

L9 Recap and overview: Subgrid models
&) Star formation and SN feedback

&) Cooling and Metallicity

) AGN feedback

) Magnetic Fields

© Thermal Conduction

(D Final overview
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Basics of thermal conduction

% Macroscopic: Transport of heat energy along a

temperature gradient without movement of gas

* Microscopic: Exchange of energy due to

collisions of particles

% Isotropic transport if particle movement is

unrestricted
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Basics of thermal conduction

% Macroscopic: Transport of heat energy along a

temperature gradient without movement of gas

* Microscopic: Exchange of energy due to

collisions of particles

% Isotropic transport if particle movement is

unrestricted

« Consider charged particles in magnetic field:

Movement along field lines introduces an

DOO0000

anisotropy

x =Suppressed conduction perpendicular to B

Alexander Arth (USM) Numerical treatment of physical processes
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The conduction equation

General diffusion equation

%‘t) =V (—FaﬁA)

* K = const %it’ = —rAA

Alexander Arth (USM) Numerical treatment of physical processes
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The conduction equation

General diffusion equation

%‘t) =V (—FaﬁA)

* K = const 5 = —kAA
* k=K(X):R3=R %it’:_ﬁ.(,@ﬁ,q>
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The conduction equation

General diffusion equation

%‘t) =V (—FaﬁA)

S 0P _
* K = const 9f = —KAA
* k=k(X):R3—=R %it’:_ﬁ.(,@ﬁ,q>
¥ =ik (x): R3 1 R3S %’z—ﬁ-(nﬁA)
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The conduction equation

General diffusion equation

%i; =V- (—mﬁA)

% Kk = const %A: = —rAA
* k=k(X):R3—=R %——6-(%6/4)
A 2\ . @3 3x3 £ 2

Jubelgas et al. 2004 Arth et al. 2014

%O(—ﬁ‘ [T5/2§T] %O(_ﬁ. {T5/2§(§.6T>]
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Final con ion equation

normal suppressed vanish for large B

% X —6 . |:I€||6H T+ filﬁJ_T TF fi/\énorm X 67—}

collisional non collisional

with Spitzer like coefficients k o< T°/2

Alexander Arth (USM) Numerical treatment of physical processes
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normal suppressed

gltloc V |:I€||VT+@VJ_T+I€/\%6T}

collisional / non collisiomb

with Spitzer like coefficients k o< T°/2
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Final conduction equation

%oc—ﬁ- [(H“—RL)§<§'6T>+I€L6T]

with Spitzer like coefficients x o T°/2
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Final conduction equation

— —

%O(—V' |:(I<LH—I€L)B<B-6T>+HL€T]

with Spitzer like coefficients x o T°/2
How are these coefficients related?
K /kL = [(wgT)™ + 1] B

eB

with ¢ =1 or 2 andwg:mC
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Temperature maps for different settings

AnisoPerp

T [keV]
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Radial temperature profiles

95699754
90272097
94606589
96802296
91657050

. Sscpctrd .o
0.1 1. 0.1
log(r / rvir) log(r / rvir)
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Radial temperature profiles

R

95699754
90272097
94606589

96802296
91657050

Ll
0.1
log(r / rvir)
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Temperature fluctuations

6 L A e e ;
[ £=0.001 o
5F 3
Fk=0.3
4 :_Aniso 1
F AnisoPerp <>
[ AnisoPerpQ
= <>
[] L
= 3F e E
¢ f s
2F 3
1F - 3
-
obr ol
0 5 10 15
T [keV]
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Temperature fluctuations

6o T T T o S e e T EE s e s e |
x£=0.001 =0 §
£=0.003 £=0.3 ,

5 5F AnisoPerp 4
K
£=0.3

4 _An!so 4F 3
AnisoPerp <> :
AnisoPerpQ [

a; [keV]
W
T

a; [keV]
W

e
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Observational evidence

630 kpe

10 aremin

'

X-Ray image of
Hydra

Wise et al. 2006
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hot bubble A3667

630 kpe
galaxy A

10 aremin

cold ‘!rom
v
-
-
X-Ray
image of
A3667
Vikhlinin et al. 2000
500 kpc

possible bow shock
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Other examples for diffusion equations
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Conduction
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Other examples for
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Outline

L9 Recap and overview: Subgrid models
&) Star formation and SN feedback

&) Cooling and Metallicity

) AGN feedback

) Magnetic Fields

) Thermal Conduction

@ Final overview
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ICs (Cosmolo;

Magnetic Field Evolution
Dissipation ?

Numerics ?
Resolution ?

Structure Formation

Turbulence
i >

¢ A >
e = Numerics ? :

Nora Dol & Sara 2010

Cosmic Rays
Description ?
e Diffusion ?

axies

—~ UHECM}

y-ray SB =

Radio SB =

©K. Dolag
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Galaxy formation over time

©D. Schlachtberger

Alexander Arth (USM) Numerical treatment of physical processes



Subgrid models Star forma 0 G \ ic Conduction Overview
O [SJeTeY 15}

Fly through simulation

©K. Dolag
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Sources

% Lecture of Volker Springel

*

Lectures of Klaus Dolag

* The Encyclopedia of Cosmology

*

My PhD thesis ©

*

Several papers as mentioned . ..
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Sources

% Lecture of Volker Springel

*

Lectures of Klaus Dolag

* The Encyclopedia of Cosmology

*

My PhD thesis ©

*

Several papers as mentioned . ..

Now, break and tutorials!
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