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Rl What is the origin of regular
galactic magnetic fields?
primoridial field, (i.e. frozen-in fossil
record of galaxy formation)
dynamo-generated field,
(i.e. dynamically replenished)

Andrew Fletcher/Rainer Beck,
SuW and Hubble Heritage Team, STScl/AURA
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== What is the origin of regular

galactic magnetic fields?

primoridial field, (i.e. frozen-in fossil
record of galaxy formation)
dynamo-generated field,

(i.e. dynamically replenished)

Beck of the envelope
galactic rotation winds-up B,
To =~ 2m/25kpc ™ kms~! ~ 250 Myr
turbulent diffusion
74 =~ (0.5kpc)?/0.5kpckms™! ~ 500 Myr
large observed pitch angle
strongly favours dynamo



S. Kohle, T. Credner et al. (AIUB)

small-scale dynamo is simple (stretch—twist—fold .. .)

but how amplify regular fields in a turbulent environment?
rotation + stratification — mean-field dynamo
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helical « effect in a single
expanding SNR

remnants expanding out of
the galactic plane

breaking the homogeneity of
the turbulence

Key mechanisms

rotation (and/or shear)
— field-line stretching

helical flow component
— avoid cancellation due
to anti-parallel field

« effect couples the
poloidal and toroidal field
components
reconnection

— restore original
field-line topology



Gissinger, Fromang & Dormy (2008)

encapsulate the effect of the supernovae
model the evolution of the large-scale field



Mean-field approach: p
split into mean + fluctuation

U=U+uand B=B+b
derive mean-field equation

0B = Vx (UxB + £ — 1V xB)

turbulent EMF € = uxb

Andrew Fletcher/Rainer Beck,
SuW / Hubble Heritage Team, STScl/AURA



Mean-field approach: -
split into mean + fluctuation

U=U+uand B=B+b
derive mean-field equation

0B = Vx (UxB + £ — 1V xB)

turbulent EMF € = uxb

Parametrise small-scale effects £

as a functional of U, B, f(u)

for sufficient scale separation

E = aiBi — 7 OB Andrew Fletcher/Rainer Beck,
! 105 — T EjlOkBI SUW / Hubble Heritage Team, STSC/AURA
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Model geometry:
local patch of interstellar medium,
up to 1.6 kpc on edge (A ~10pc)
vertical stratification up to +6 kpc
sheared galactic rotation




Model geometry:
local patch of interstellar medium,
up to 1.6 kpc on edge (A ~10pc)
vertical stratification up to +6 kpc
sheared galactic rotation

Physical ingredients:
non-ideal MHD (+ heat conduction)
optically thin radiative heating/cooling
localised thermal energy input
modelling the supernovae

Korpi, Brandenburg, Shukurov,
Tuominen & Nordlund (1999)
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Gressel, Elstner, Ziegler & Rudiger (2008), A&A 486, L35

dynamo effect
lagl, || ~ 3kms™!

diamagn. pumping
| ~ Tkms™!
directed inward

|| = |y| consistent
w/ SOCA results

effect of
galactic wind z,
balanced by
turb. pumping
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add shear
— dynamo
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Figure 4.10: Same as Fig. 4.9, but additionally including a mixed (: vinmetric contribution

al elements of i (upper panels). Now the lopsided

polar symmetry in the field
reversals persists and closely resembles the features seen in the direet simulation H4 (lower panels).




the role of the multi-phase flow
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dynamo effect as function of

supernova rate ¢ = o/o
rotation frequency Q = Q/Qo
midplane density 5 = p/po

scaling relations:

a =2 km Sil 6'0'4 QO.S /370.1

v, = 12 km sfl &0.5 Q*O.Z ﬁ0.3
n= 2 kkal’Il S*l 6’0'4 QO.ZS PAOA

where og = 30Myr—'kpc 2,
Qo = 25Gyr~!, pp = 1em™3
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Measuring dynamo tensors
Non-linear quenching

magnetic field saturation
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Dynamical quenching (new notation:a=A’, b="H, ...)
non-linear effects in the EMF

0€ = u x (0:b) + (Ou) x b
— a=ak+om=—37k{w-u)+im(j-b)/p

magnetic helicity evolution
0 (A-B)=+2(E-B)—2n{(J-B)
O{a-b)=-2(E-B)—2n(j-b)

time evolution for effective a effect

_ 2 (a(B*) — n(J-B) + fluxes a—oag
6,0z = 27)1kf ( Lng = ne/n )

Blackman (2014)

using ax = const., (£ -B) = (aB-B)—(nJ-B) and (a-b) ~k*{(j-b)

Blackman & Field (2000) Vishniac & Cho (2001) Blackman & Brandenburg (2002)
Vishniac & Shapovalov (2014) Squire & Bhattacharjee (2015a/b)



Stationary-state, dynamical quenching
general form (da/dt = 0):

ag + anm(]-B/ng) + fluxes
1 + Rm (B2) /B2

eq

a =

catastrophic quenching (7 = 0, no fluxes):

a = —K
~ 1+ Rm (B%)/B%

fully helical large-scale field ((7 - B) = knB?):

_ak+m km Rm(Ez)/ng
&= T irrm@E, i 770
Compared to the kinematic value ax ~ ki,
« is quenched by the scale-separation ratio km /.



pumping, 7, [kms™'] dynamo, ey, [kms™']

diffusion, mgy [kpe kms™']

kinematic
= quenched

-2 =1 0] 1

()

-2 - 0 1
guloctic height z [kpc]

Quenching scenarios:

(a) classic: flow quenching
due to Lorentz force

(b) catastrophic: helicity
conservation inhibits growth
(c) similar to scenario (b)
but alleviated by small-scale
helicity removal

Test possible realisations:

quenching sets-in . ..

(@) ... at B~ B

(b) ... at B~ Bq/Rm
(C) ...atB~ Beq l()/L()

Suppression of wind: (c) — (b)



quenching quadratic in 8 = B/B,
magnetic Reynolds number, Rm = ups(kgn) ! ~ 75-125
scale separation ratio, ly/Ly ~ 0.1kpc/1 kpc = 10
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Gressel, Bendre & Elstner (2013), MNRAS 429, 967
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Based on flaring HI disc

Kalberla & Dedes (2008)
expon. + power-law
density profile

NFW-type DM halo
+ stellar disc / bulge

— self-consistent
rotation curve

rotation velocity v, [kms™']
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Goal: perform fully-dynamical MHD + MFD simulations

momentum equation with turbulent viscosity

will capture Parker / Tayler / MRI on long wavelengths
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Some simulation results
emerging dynamo mode

—— Skpe ——|

= = initial NVF leads to transient AQ, —+ SO mode

= S0+A0 produces one-sided vertical field Mao, Gaensler et al. (2010)
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Description of disc model

Some simulation results

model overview

Table 2. Simulation parameters and results.

model dim MF NS halo M&,s seed parity Pn Pot Te  [Bswl comments
[10"Mo] 7171 Gyl [uGl
X1s-0.5 2D e o o 0.57 WN SU/A0 312 47 0374 144 seeFig.3
Xls 2D e o o 1.14 WN S0 287 46 0503 375 seeFigs. 45
Xls-1.5 2D e o o 1.70 WN S0° 327 46 0547 6.34
X1s-2.0 2D e o o 221 WN S0 358 43 0593 907
X2s-halo 2D e o e 114 WN S0 252 -48 0358 405
X3s-VF 2D . o 114 NVF A0-S0  -289 45 0539 375
D e o o 114 NHF S0 287 32 - 375
Nisfd-HE 3D e . ° 1.14 S0 177 26 - 252
3D e o o 114 S0 290 61 0409 375
Nig/d-VF 3D e . ° 114 NVF. B S0 178 27 0407 265 seeFig.8
Nad 3D . o 114 HF+VE A0 53 <16 - 082 seeFig.6
N2d-MRI 3D o . o 114 HF+VE A0 60 05 - 425 seeFig.7

2 sub-dominant A0 outside R = 10kpe,  ” includes 7, and v, ~ © obtained outside R = 15 kpc.

All 2D runs are axisymmetric; mean-field (MF) effects include the ones described in Sect. 2.2; runs including ‘NS’ evolve the Navier-Stokes equation.
The "halo’ dynamo is shown as a dashed line in Fig. 2. The column labelled Mp,s gives the normalisation for the disc mass. For seed fields we use white
noise (WN), net-vertical field (NVF), net-horizontal field (NHF). Pitch angles are given for the inner disc (peak value) and for the outer disc (average
for R > 10kpe) separately. Growth rates Ee for the magnetic field [B|, during an interval for which exponential growth can be identified.

Gressel, Elstner & Ziegler (2013) A&A 560, 93

12N Ge
21/28
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= radial fall-off in pitch angle (agrees with observations)
= — explained conveniently by flaring disc Fletcher (2010)

«O>» «F»r « > « r El= LA™



The Niels Bohr Context
International Academy Turbulent ISM simulations
Going global

Description of disc model
Some simulation results

10.000 £ 4
‘o r ]
2 1.000F 4
he} F E
= [ ]
5 0.100¢ .
> £ E
> I 4
E | 4

0.010 — equipartition _

E — midplane E

0.001 L ‘ ‘ L]

0 5 10 15 20
radius [kpc]
]

» radial scale length ~ 4 kpc for saturated B
= outer disc essentially unmagnetised
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combined MHD / mean-field dynamo

magretc a8, [uc] |

-
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= Parker modes & MRI in outer disc
— pronounced loop structures

= undulating mode with m = 3

= radial scale length ~ 10kpc

wavenumber m

. R A 5 WD. 15 20
= inner disc dominated by m = 0 rodius [kpe]
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height z [kpc]
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Croccionoon Lorono oo actual result from simulation

Elstner, Beck & Gressel (2014) A&A 568, A104
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summary of results

m Measuring dynamo coefficients

= 1D mean-field model matches simulations
= — quantitative scaling relations for sub-grid physics

Non-linear saturation

quenching functions obtained

indications for the presence of helicity constraints
suppression of wind threatens saturation level

Global mean-field models

first fully quantitative global dynamo models

dynamic momentum equation — MRI / Parker / Tayler
parametrisation of small-scale effects is essential

«O0>» «Fr «E)r» «EH» EFl= QAR
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Measuring dynamo coefficients

1D mean-field model matches simulations
— quantitative scaling relations for sub-grid physics

Non-linear saturation
quenching functions obtained
indications for the presence of helicity constraints
suppression of wind threatens saturation level

Global mean-field models
first fully quantitative global dynamo models
dynamic momentum equation — MRI / Parker / Tayler
parametrisation of small-scale effects is essential
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