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What have we learned so far about galactic 5?
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Lopez-Rodriguez et al 2021 NASA-,’-__*_th_e SOFIA. s’cien_ce";/;._l_.g__ >
M82 NASA, ESA, S. Beckwith (STScl), M5
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What have we learned so far about galactic 5?

Large-scale magnetic fields
ordered, coherent
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What have we learned so far about galactic B?

Large-scale magnetic fields = Small scale magnetic fields
ordered, coherent random, fluctuating

2NN Lopez-Rodriguez et al 2021 NASA ‘the SOFIA’ scnence/‘zga‘__:}_- tlaff; # i
il M82 NASA, ESA, S. Beckwith (STScl), M51 il
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What have we learned so far about galactic B?

Seeded by fields produced by
particle-level mechanisms like the

Biermann battery that produce

B~10% —-10 4G
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What have we learned so far about galactic B?

Seeded by fields produced by
particle-level mechanisms like the
Biermann battery that produce
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What have we learned so far about galactic B?

Observations of nearby spiral galaxies
Indicate that...

e Average field strengths:
B~1—-10uG

e Magnetic field strengths decrease
gradually and is dynamically important
within the circumgalactic medium
(CGM) [r <100 kpc]

(Tabatabaei et al 2017, Schleicher and Beck 2013, Basu and Roy 2013,
Heesen et al 2023)
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and many others...
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What have we learned so far about galactic B?

Observations of nearby spiral galaxies
Indicate that...

Seeded by fields produced by
particle-level mechanisms like the

Biermas S im RS e
B~1072 —1071uG |
S/

e Average field strengths:
B~1—-10uG ?

e Magnetic field strengths decrease
gradually and is dynamically important
within the circumgalactic medium
(CGM) [r <100 kpc]

(Tabatabaei et al 2017, Schleicher and Beck 2013, Basu and Roy 2013,
Heesen et al 2023)
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Main science question:

How do galactic magnetic fields grow
to observed uG strengths from minute
seed fields?
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How do magnetic fields grow (in theory)?
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How do magnetic fields grow (in theory)?

GRAVITY

Gas undergoes
spherical collapse
1l and field grows as
B o p2/3
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How do magnetic fields grow (in theory)?

TURBULENCE / SHEAR

Feedback and rotation
drives motions which
/;) 3 stretch, twist and fold
C magnetic fields

) a—B:VX(uxB)

ot

which leads to amplification
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How do magnetic fields grow (in theory)?

GRAVITY == TURBULENCE /SHEAR
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How do magnetic fields grow (in theory)?

GRAVITY == TURBULENCE /SHEAR

Inherently complex and
nonlinear process!
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How do magnetic fields grow (in theory)?

GRAVITY TURBULENCE / SHEAR
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Pakmor and Springel 2013 Pakmor et al 2023

Key tool: maghetohydrodynamical simulations!
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What causes simulation results to differ?

Pakmor and Springel 2013 Pakmor et al 2023

Key tool: magnhetohydrodynamical simulations!
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What causes simulation results to differ?

200 of codes with different schemes

Wang and Abel 2009 [ B & e b

Pakmor and Springel 2013 Pakmor et al 2023

Key tool: maghetohydrodynamical simulations!
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What causes simulation results to differ?

Pakmor and Springel 2013

200 of codes with different schemes

‘M Rieder and Teyssier 2015

Pakmor et al 2023

Key tool: maghetohydrodynamical simulations!
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Solved in an adaptively
refined mesh (Eulerian)

or with particles or a moving
mesh (Lagrangian)
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What causes simulation results to differ?

200 of codes with different schemes

Solved in an adaptively
refined mesh (Eulerian)

‘M Rieder and Teyssier 2015

or with particles or a moving
Pakmor and Springel 2013 Pakmor et al 2023 ? mesh (Lagrangian)

Key tool: maghetohydrodynamical simulations!
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What causes simulation results to differ?

Pakmor and Springel 2013

200 of codes with different schemes

ieder and Teyssier 2015

Pakmor et al 2023

Key tool: magnhetohydrodynamical simulations!
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refined mesh (Eulerian)

or with particles or a moving
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=3

== different initial conditions
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What causes simulation results to differ?
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What causes simulation results to differ?

V:-B=0
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What causes simulation results to differ?

V:-B=0
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Powell
(8-wave Method)
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What causes simulation results to differ?

V-B
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(8-wave Method) (Generalized Lagrange Multiplier Method)
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What causes simulation results to differ?

V:-B=0

Electric fields on cell edges,
Magnetic fields on cell faces

. -

source
pagated and dampened
e aripple on a lake .

V - B = 0 by construction

Powell Dedner Constrained Transport
(8-wave Method) (Generalized Lagrange Multiplier Method)
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What causes simulation results to differ?

Pakmor and Springel 2013

200 of codes with different schemes

ieder and Teyssier 2015

Pakmor et al 2023

Key tool: magnhetohydrodynamical simulations!
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What causes simulation results to differ?

Methods question:

How sensitive is the magnetic field
amplification to the choice of

L

numerical scheme? =~
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Towards reliable simulations of galactic B-fields

We compare simulation results obtained using four (4) cosmological
simulation codes with common initial conditions (Milky Way-like galaxy):

Divergence CT GLM/Dedner Powell GLM/Dedner
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Discretization Grid-based codes Moving mesh Particle code
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Towards reliable simulations of galactic B-fields

We compare simulation results obtained using four (4) cosmological
simulation codes with common initial conditions (Milky Way-like galaxy):

AGORA-like Dynamo Dynamo
Common ICs comparison comparison 1 comparison 2

Simulations Simulations with Simulations with

without magnetic fields but full physics
magnetic fields,

with/out star

ART

Gas and

RAMSES | AGORA
“Old” stars

without star

formation and

formation and feedback

feedback

AREPO Dark matter

SWIFT Uniform B

(HD control) (MHD control) (SF+FB suite)

+ comparable cooling, same SF at different effective resolutions of up to ~20 pc scales...
+ similar supernova feedback presc.
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Towards reliable simulations of galactic B-fields

We compare simulation results obtained using four (4) cosmological
simulation codes with common initial conditions (Milky Way-like galaxy):

Simulations with
magnetic fields but
without star
formation and
feedback

(MHD control)
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Towards reliable simulations of galactic B-fields

We compare simulation results obtained using four (4) cosmological
simulation codes with common initial conditions (Milky Way-like galaxy):

Note:

e No feedback, driven by T —
shear/MRI (|f well-resolved) Simulations with

magnetic fields but
without star

formation and
feedback

(MHD control)
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Towards reliable simulations of galactic B-fields

We compare simulation results obtained using four (4) cosmological
simulation codes with common initial conditions (Milky Way-like galaxy):

Note:

e No feedback, driven by T —
shear/MRI (|f well-resolved) Simulations with

magnetic fields but

e In the kinematic phase (linear  withoutstar
formation and

regime), magnetic energy feedback
growth is quadratic in time
(Dubois & Teyssier 2010)

T=(q0)"

(MHD control)
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Towards reliable simulations of galactic B-fields

We compare simulation results obtained using four (4) cosmological
simulation codes with common initial conditions (Milky Way-like galaxy):

Note:
e No feedback, driven by ™
shear/MRI, 7 = (q€2) ' magnetic filds but
e AGORA LOW (dz = 80 pc) r::xt:itos:zrnd
feedback
(MHD control)
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Towards reliable simulations of galactic B-fields

We compare simulation results obtained using four (4) cosmological
simulation codes with common initial conditions (Milky Way-like galaxy):

Note:
e No feedback, driven by ™
Simulations with
ShQ&l’/MR' T — (QQ) magnetic fields but
e AGORA LOW (dz = 80 pc) :vithout star ]
ormation an
e Similar cooling prescriptions feedback

across all codes + pressure
floor to support disk in the
absence of feedback

(MHD control)

April 29, 2026 Investigating the numerical dependencies of the galactic dynamo RAMSES User Meeting 12



RELIMINAR

Results: Midplane slices, equipartition

Ugalino et al (in prep)
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PRELIMINARY

Results: Midplane slices, equipartition

Ugalino et al (in prep)
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conditions similar to AGORA. Magnetic fields are initially uniform and is pointing -— ART + GLM

—— RAMSES + CT
—— AREPO + Powell
SWIFT - GLM

along the z-direction. Hence, seeds for magnetic field growth along radial and
azimuthal directions are generated a few timesteps into the simulations.
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PRELIMINARY

Results: Evolution of volume-averaged B energv and div(B)
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Results: What if we slow down the Arepo mesh?
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Results: What if we slow down the Arepo mesh?

“ - ugas
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Results: What if we slow down the Arepo mesh?

Umesh — Ugas

Umesh — AUgas
(a < 1)
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PRELIMINARY

Results: What if we slow down the Arepo mesh?

Ugalino et al (in prep)
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Ugalino et al (in prep)
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Results: What if we slow down the Arepo mesh?
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Divergence error (V - B) (dz/B)

109

103}

1074

— RAMSES + CT
ART + GLM
SWIFT + GLM
AREPO x1.0
AREPO x0.5
AREPO x0.3
AREPO x0.1
- AREPO x0.01

1 2 3 4 5 6 71
Time (in Gyr)

RAMSES User Meeting 16




Results: What’s causing the growth?

D (B> B>
—|—]=—V-u)+B-(B:-Vu)—-(u-B)(V:-B)

W - -
shear spurious divergence

compression

Additional notes from Mark: While it is a great metric, dimensionless divergence errors
alone do not provide the entire picture for field growth. One should compare the
divergence term above to physical drivers of growth like compression and shear!
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PRELIMINARY

Results: What’s causing the growth?
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PRELIMINARY

Results: What’s causing the growth?

Shear Compression Divergence Total
(B-Vv)-B/(B% (B%/2)(V - v)/(B?) (v - B)(V - B)/(B%

| Energy growth rate at t=17.8 Gyr
2 10°
B 107 Shear ) [ Compression
107! 10! (B-Vv)-B/(B") || T —(B*/2)(V - v)/(B?)
“1]_ L
_. | 0t S —— - —
:E 0.0 10~ E _I“”'
= 3 0l —
3.1F : _”]2
E 107 Divergence | Total
| a0 ~(v-B)(V-B)/(B) ||~ t="7.8GCyr
E < 10 = '
E “'“[ J 1[\]—2 ‘ “ _,.-—1 /\ - r— -
- 51b ~ 10" Wﬁ —— RAMSES
- ART
—10! ' «— AREPO
10~ 102 — s ‘ — —— SWIFT
1t 10~ 10" 10~ 10"
; - Radius r ([kpe]) Radius r ([kpc])
ﬁ 107 o
saf Red curves show a very noisy measurement due to the fact that we

are computing gradients on a uniform grid for SPH data (currently
working on a fix)

n.l (.0 L | 8.1 0.0 h.l h.1 0.0 5.1 h.1 (.0 h.l
kpe [kpie kpe| kpe|

April 29, 2026 Investigating the numerical dependencies of the galactic dynamo RAMSES User Meeting 17




Investigating the numerical dependencies of the galactic dynamo

Mark I.G. Ugalino (ugalino@umd.edu)

RAMSES User Meeting 2026

Ugalino et al (in prep)
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Watch out for our paper Summer or Fall 2026!
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	Ugalino et al (in prep)
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