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Component u(eVem™>)  Note
Cosmic microwave background (Tcm = 2.725 K) 0.265 a
Far-infrared radiation from dust 0.31 b
Starlight (hv < 13.6eV) 0.54 c
Thermal kinetic energy (3/2)nkT 0.49 d
Turbulent kinetic energy (1/2)pv? 0.22 e
Magnetic energy B* /87 0.89 f
Cosmic rays 1.39 g

Energy densities in the local ISM

Credit: Physics of the Interstellar and Intergalactic Medium,
Princeton University Press

a Fixsen & Mather (2002).

b Chapter 12.

c Chapter 12.

d For nT = 3800 cm 3 K (see §17.7).

e Forngy=30cm 3, v=1kms™ !, or (ng)=1cm~3, (v?)/2=5.5kms™ 1.
f For median Byt =~ 6.0 uG (Heiles & Crutcher 2005).

g For cosmic ray spectrum X3 in Fig. 13.5.
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Motivation :
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Disc galaxies in the local Universe have
magnetic fields on order of pG

dynamically important at
—>
the current epoch!

...what about galaxy evolution as a whole?

€ lerg pc ]

Simulations were of "isolated" galaxies, but
structure forms hierarchically

...what about mergers?
L . 2 10 8 6 4 2 0
O Adiabatic compression Too late! |
tlook [Gyr] Credit: Pakmor+, 2017
O Shearing

Energy densities over time

O [njection of turbulence — small-scale dynamo? in a cosmological disc



Set-up

Re-simulate mergers from Illustris with ~38.8x better mass resolution

O 4x2 major mergers of disc galaxies at z~0.7

O Recover in relative isolation

O Auriga galaxy formation model (Grand+, 2017)

O Run with/without MHD from same initial conditions

Simulations still -
pti

(reduce assur

ul
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y cosmological

s on merger parameters, initial field, etc)

Zoom-in on merging galaxies (stellar light on DM background)

Credit: Martin Sparre
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Mergers strongly amplify magnetic fields!
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Mergers strongly amplify magnetic fields!

Dashed black lines:
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Magnetic to thermal

Mean magnetic field
strength as a function

Mergers strongly amplify magnetic fields!
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Mergers strongly amplify magnetic fields!
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Magnetic fields strongly affect the outcome of a merger

1330-3M

1605-3M 1349-3M 1526-3M

MHD
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Mock gri visual image from stellar light at z=0



Magnetic fields strongly affect the outcome of a merger

1330-3M
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Case study

O Stellar distribution
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Case study

Time after first closest-approach

+1.7 Gyr +2.1 Gyr +3.1 Gyr +6.4 Gyr
O Stellar distribution 15
initially more compact
in MHD = 2
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and ring morphology
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ultimately becomes
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Mock gri visual image from stellar light for 1349-3M and 1349-3H
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Why the MHD remnants start smaller
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Why the MHD remnants start smaller

Magnetic fields cause a more
effective transfer of angular
momentum --> increases the

gas concentration

This increases the subsequent
stellar concentration

Cum. mass [Mg]
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Why a bar forms in hydro runs and not in MHD ones

Magnetic fields cause a more
effective transfer of angular
momentum --> increases the
gas concentration

This increases the subsequent
stellar concentration

Cum. mass [Mg]
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Why a bar forms in hydro runs and not in MHD ones

Magnetic fields cause a more
effective transfer of angular
momentum --> increases the
gas concentration

This increases the subsequent
stellar concentration

The increasec
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Why a ring forms in
o 300
hydro sims & S
Two other important o 1
. = I R
resonances: co-rotation, and ﬂ ---------------
outer Lindblad (OLR) )
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Why a ring forms in

hydro sims

Two other important

resonances: co-rotation, and

outer Lindblad (OLR)

Key formula:

Q = Vgire /T
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Why a ring forms in

hydro sims B -
——- DM |
........ GaS
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Why a ring forms in

hydro sims

Two other important

resona
outer Lindblad (OLR)

Key formula:

Q = Ugjpe /T

K2 =20 (Q " d”"if")
dr

Intersection of bar pattern
frequency and resonant
gives (radial) position of
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Why a ring forms in
hydro sims

Bar acts to drive gas away
from co-rotation resonance
and towards ILR and OLR (as

expected from theory!)

Results in high gas density
— high star formation rate!

This causes the blue stellar
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Why the MHD remnant
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structure

iv) More compact star
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stellar wind (disrupts CGM)
(and therefore growth of
remnant )
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Magnetic fields have a significant

1605-3M

1605-3H

—30—15 0
r |kpc|

15 30

impact on mergers!
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Summary

i) Magnetic field alters ang.
mom. transport (typically
makes initial remnant smaller)

ii) This suppresses a bar
instability in MHD case

iii) Bar in hydro case forms
rapidly, produces ring
structure

iv) More compact star
formation leads to strong
stellar wind (disrupts CGM)
(and therefore growth of
remnant )

Magnetic fields have a significant
impact on disc galaxy evolution as a whole!

MHD
y [kpc]

Hydro
y [kpc]

—-30—-15 0 15 30 —=-30—-15 0 15 30 —=30-15 0 15 30 —=30—15 0 15 30
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Mock gri visual image of more isolated (but still cosmological galaxies)
from stellar light properties
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The impact on the SMBH
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The impact of the SMBH
(is surprisingly weak!)

MHD
y [kpc]

Ran two extra simulations
with quasar feedback
turned off at start of
merger

MHD (No AGN)
y [kpc]

10

See same morphological
changes anyway; in fact,
differences are bigger
without AGN feedback!

Hydro (No AGN)
y [kpc]

AGN appears to suppress
effect rather than cause it.

Hydro
y [kpc]

p Mo kpc™]

Gas density slices through midplane



Bonus slide

The impact of resolution

Resolution study

mpm = 4.4 x 10° Mg mpm = 5.5 x 10° Mg mpm = 1.6 x 10° Mg
1330-1M 1330-2M 1330-3M

Sufficient resolution is
required to realise the
effect

MHD

This originates from the
need to resolve sufficiently
small-scale eddies

1330-1H 1330-2H ' 1330-3H

Hydro

(i.e. to realise a small-scale
dynamo!)

—30—15 0 15 30 —30—15 0 15 30 —30—15 0 15 30
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Mock gri visual image from stellar light
(resolution becomes finer left to right)



Bonus slide

Evidence for a small-scale dynamo
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Mean radial magnetic field strength in the disc as a function of time
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Bonus slide

Evidence for a small-scale dynamo

Almost identical initial =

increase in kinetic energy

10°°-

[nverse cascade in magnetic =7,
energy -
) |

Higher resolution — smaller

eddies — quicker turnover — *
time e

mpmym = 4.4 x 106 M@

Resolution study

mpm = 5.5 X 105 M@
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Bonus slide

Impact of magnetic field
orientation

Magnetic field typ1cally
oredominantly nor
azimuthal wher a”wpliﬁed

— |eads to efficient ang.
mom. transfer
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Bonus slide

Impact on angular momentum

100 | | MHD | i
- | i i
2 /) ; |
7 6 O 4 7 6 O 4 7 6 O 4 6 0 4 3
Lookback time |Gyr] Lookback time |Gyr] Lookback time [Gyr] Lookback time |Gyr]

Distance between the two merger progenitors over time

Angular momentum transfer speeds up merger

(most effective when merger is "in-spiralling")
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