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The magnetic field of the Earth

_______ B,, at the surface of the Earth
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e B~ 0.5Gauss =0.05mT at the Earth surface,
10 times larger at the top of the core, dominated
by a dipole almost aligned with Earth’s spin axis.

Finlay+ 2020
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The magnetic field of the Earth

B~ 0.5 Gauss = 0.05mT at the Earth surface, &
10 times larger at the top of the core, dominated | m——
by a dipole almost aligned with Earth’s spin axis.
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The magnetic field of the Earth

B, at the surface of the Earth

--------
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e B~ 0.5Gauss =0.05mT at the Earth surface,
10 times larger at the top of the core, dominated
by a dipole almost aligned with Earth’s spin axis.
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 Produced by a dynamo powered by thermo-
compositional convection & ~ 3 TW.
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Schaeffer+ 2017
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o = 1 day
P ~3TW
B ~3mT
U~ 0.5 mm/s

~flat spectra for £ < 10
Roberts+ 2013; Gillet+2015
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tQ — 1 day
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tQ — 1 day
P ~3TW
B~3mT E,
U~ 0.5 mm/s Ly

~flat spectra for £ < 10
Roberts+ 2013; Gillet+2015
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How wouldh

change If the Earth spun
as slowly as Venus?

B = 243 day.
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The classical answer is...

Not much!
Both are « rapidly rotating
dynamos » since their Ekman
number is very small

Ek < 10712

1%
Ek =
QR?
v =10""m2/s kinematic viscosity
R = 3500 km radius of the core
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Scaling [aws for planetary dyhamos

Indeed, the classical scaling law for
magnetic intensity is independent of 1

B P 1/3
——~R

N MR2

Christensen 2010

v =107 m2/s kinematic viscosity
R = 3500 km radius of the core
M = 1.8 X 10°*kg mass of the core
P =3TW convective power
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Scaling [aws for planetary dvyhamos

Indeed, the classical scaling law for

magnetic intensity is independent of 1 However, the scaling law for velocity
predicts a ~6 fold increase

1/3
B Uk
—  ~R Christensen 2010 R P 4/9
\/pu MR? [ ~ — Davidson 2013
Q1/3 MRZ
which implies that the Rossby number
would be ~1500 times larger. P U
O —
(R
v =107 m2/s kinematic viscosity
R = 3500 km radius of the core
M = 1.8 X 10°*kg mass of the core
P =3TW convective power

SF2A, Grenoble, June 23, 2026 Nataf, Schaeffer, Noraz, Brun & Strugarek 5/11



Scaling [aws for planetary dvyhamos

Indeed, the classical scaling law for

magnetic intensity is independent of 1 However, the scaling law for velocity
predicts a ~6 fold increase

1/3
i ~ R i Christensen 2010 R P 4/9
\/pu MR? [ ~ — Davidson 2013
Q13 \ MR2
which implies that the Rossby number
would be ~1500 times larger. U

. <

Ro =

QR

These laws apply to dynamos in the QG-MAC regime L = 1076 m2/s kinematic viscosity
(Quasi-Geostrophic Magneto-Archimedean-Coriolis) R = 3500 km radius of the core
K / M = 1.8 X 10°*kg mass of the core
P =3TW convective power
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QG-MAC characteristic times for the Earth

time (log scale)
f A ‘power’ time & is obtained from the

power & and we recover magnetic
time 7; ~ J in this QG-MAC scenario.

o. 2
F. o \3/ MR
P
* v =107%m/s kinematic viscosity
R = 3500 km radius of the core
______________ '+ = 1da M = 1.8 x 10** kg mass of the core
€2 y P =3TW convective power
3D n=1ms magnetic diffusivity
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QG-MAC characteristic times for the Earth

time (log scale)

fT = 400000 years T, =

R2
H

o‘ 2
; _ o \3/MR
Odays = =4/ 7

T’?

______________ o = 1 day

SF2A, Grenoble, June 23, 2026

A ‘power’ time & is obtained from the
power & and we recover magnetic
time 7; ~ J in this QG-MAC scenario.

However, Ohmic dissipation occurs at
small scales yielding dissipation time f..

v =107%m/s kinematic viscosity
R = 3500 km radius of the core
M = 1.8 X 10°*kg mass of the core
P =3TW convective power
n = 1m2/s magnetic diffusivity
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QG-MAC characteristic times for the Earth

time (log scale)

R2
fT = 400000 years T, = =
-f R
oIy = 250 years v=7
7 Ry
B~ T =3years =
o MR?
ays =4/
Yy T,
______________ o = 1 day

SF2A, Grenoble, June 23, 2026

A ‘power’ time & is obtained from the
power & and we recover magnetic
time 7; ~ J in this QG-MAC scenario.

However, Ohmic dissipation occurs at
small scales yielding dissipation time f..

With 7. larger than 7, one gets 7, > 1, :
the flow is quasi-geostrophic.

v =107%m/s kinematic viscosity
R = 3500 km radius of the core
M = 1.8 X 10°*kg mass of the core
P =3TW convective power
n = 1m2/s magnetic diffusivity
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What about Venus?

time

fT,,] = 400 000 years

o
G
;..
O
o
7
o v =107%m/s kinematic viscosity
R = 3500 km radius of the core
M = 1.8 X 10°*kg mass of the core
______________ P=3TW convective power
3D n=1m2/s magnetic diffusivity
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What about Venus?

time time

an = 400 000 years f

o
..
7 |
o o
.. ..
F g 4
S PR | o = 243 days
s te =9 days * 3D v =10"°%m2/s kinematic viscosity
R = 3500 km radius of the core
M = 1.8 X 10°*kg mass of the core
______________ P=3TW convective power
3D n = 1m2s magnetic diffusivity
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time

x =9 days

an = 400 000 years f

What about Venus?

time

I Is now smaller than 7, and

a QG-MAC scenario would
yield a very rapid flow

[ =~ Iz ~ ln, Which would not
be quasi-geostrophic anymore.

:‘tUzthzf”f:Byears

o
r 4
------------------- o = 243 days
* 3D v =107%m/s kinematic viscosity

R = 3500 km radius of the core
M = 1.8 X 10°*kg mass of the core
P =3TW convective power
n = 1m2/s magnetic diffusivity
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What about Venus?

time time

an = 400 000 years f

I Is now smaller than 7, and

a QG-MAC scenario would

~ R yield a very rapid flow

The QG-MAC scenario fails for Venus t;; ~ ty ~ to, Which would not

‘ \_ ), . .
o be quasi-geostrophic anymore.

i :“tUzthg’:Byears

................... o = 243 days

a L = 9 days * 3D v =10"°%m2/s kinematic viscosity
R = 3500 km radius of the core
M = 1.8 X 10°*kg mass of the core
P =3TW convective power
3D n=1m2/s magnetic diffusivity
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Another object has :. smaller than z, : the Sun
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Another object has +. smaller than ¢, : the Sun

lts Kinetic energy is larger
than its magnetic energy.

Small-scales dominate
over large-scales.

The Solar dynamo can be
modeled with an IMAC
scenario, in which inertia
plays an important role.

NASA/SDO/AIA/LMSAL image
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Another object has +. smaller than ¢, : the Sun

Sun
- - - 102+
lts Kinetic energy is larger
than its magnetic energy. 101" E .
o | U g
. © _' o
Small-scales dominate £ ',
over large-scales. ° 107
Q- ;
5 L] F
The Solar dynamo can be g 107 Ep . .
: f o ®
modeled with an IMAC B ale
scenario, in which inertia j
lays an important role. 4l S
p y p 10 10° 10!

Spherical harmonic degree

spectra adapted from
Proxhauf, 2021 s N
and Finley & Brun, 20213 NASA/SDO/AIA/LMSAL image
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[IMAC characteristic times for the Sun

° m Y =2 months

____________ <ax---{ I = 25 days

3D . i v =107 m2/s kinematic viscosity

| R = 200000 km  thickness of conv zone
M = 5.4 x 10*° kg mass of convective zone
. P =19 YW convective power 5%Lsol
* n =3 m?/s magnetic diffusivity
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[IMAC characteristic times for the Sun

. < 1n In the convective zone of the Sun.
time An IMAC force balance controls the

4 dynamo and f;; < 1.

° m J =2 months

———————————— < 6 e e o tQ — 25 dayS

3D e i v =107 m2/s Kinematic viscosity

| R = 200000 km  thickness of conv zone
M = 5.4 x 10*° kg mass of convective zone
i P =19 YW convective power 5%Lsol
* [ = 100 s n =3 m2/s magnetic diffusivity
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[IMAC characteristic times for the Sun

. < 1n In the convective zone of the Sun.
time An IMAC force balance controls the

dynamo and f;; < 1.

o g =450 years
O
11y = 15 years
el Inertia-Magneto-Archimedean-CorioIis)
. O

° m Y =2 months

———————————— Xzé)gg———- tQ — 25 dayS

3D . v =107 m2/s kinematic viscosity
| R = 200000 km  thickness of conv zone
M = 5.4 x 10*° kg mass of convective zone
i P =19YW convective power 5%Lsol
* [ = 100 s n = 3 m2/s magnetic diffusivity
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An IMAC force-balance dynamo for Venus

time

m J = 0years

-____-----——-————-;‘ tQ — 243 dayS
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An IMAC force-balance dynamo for Venus

time
+ An IMAC force-balance
scenario for Venus predicts
¢ 15 = 30000 years that its large-scale magnetic

field would be 10 000 times
| smaller than that of the

o 1;; = 200 years Earth.

It would be dominated by
small-scales, and might
therefore have escaped
detection...

tmmmmmmmmmmmmeeend o = 243 days Zonal flows could be strong.

3

m J = Oyears
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An IMAC force-balance dynamo for Venus

" 10-2 Earth Venus
Ime
+ Ej (Earth) An IMAC force-balance
¢ ® === gcenario for Venus predicts
¢ 75 = 30000 years 10-+ that its large-scale magnetic
field would be 10 000 times
; . Ly (Venus) . smaller than that of the
o iy=200years £ . Earth.
| > ¢ o oo |t would be dominated by
9 Ey; (Earth) _
o > small-scales, and might
mJ =6years © -
| 2 therefore have escaped
| detection...
rmmmmmmmmmmeeeeeod I =243 days E, (Venus) Zonal flows could be strong.
*t*=9days _‘ . e °°
3D | ;
10—12

100 10!
SF2A, Grenoble, Ju Spherical harmonic degree 1aeffer, Noraz, Brun & Strugarek 10/ 11



Take-home messages

The classical view is that both Earth and
Venus should belong to the same class of
« rapldly rotating dynamos ».
Stevenson, 2003, 2010
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We show that Venus cannot be
a rapidly rotating dynamo.
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Take-home messages

The classical view is that both Earth and
Venus should belong to the same class of
« rapldly rotating dynamos ».
Stevenson, 2003, 2010

We show that Venus cannot be
a rapidly rotating dynamo.

The classical explanation for the absence of a magnetic
fleld on Venus is simply that its core would not be

convecting today (or not strongly enough).
Stevenson+, 1983; Nimmo, 2002; Christensen, 2010
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Take-home messages

The classical view is that both Earth and
Venus should belong to the same class of
« rapldly rotating dynamos ».
Stevenson, 2003, 2010

We show that Venus cannot be
a rapidly rotating dynamo.

The classical explanation for the absence of a magnetic
fleld on Venus is simply that its core would not be

convecting today (or not strongly enough).
Stevenson+, 1983; Nimmo, 2002; Christensen, 2010

Our analysis suggests an alternative speculative scenario:
Venus is producing a weak small-scales dominated

magnetic field that could have escaped detection...
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[ = tallocated

Thank you!
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to dwell furtherwithr > ¢, -

» Nataf H-C. & N. Schaeffer, Dynamic regimes in planetary cores: 7 — ¢
diagrams, Comptes Rendus Geoscience, 356, 1-30, DOI, 2024.

 Noraz Q, A.S. Brun & A. Strugarek, Global turbulent solar convection: a
numerical path investigating key force balances in the context of the
convective conundrum, The Astrophysical Journal, 981 206, DOI, 2025.
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https://doi.org/10.5802/crgeos.256
https://doi.org/10.3847/1538-4357/adad59

r — 7 dlagrams

Earth QG-MAC _JA rotating convective dynamo Venus QG-MAC _JA rotating convective dynamo
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r — 7 dlagrams

Sun IMAC rotating convective dynamo Venus IMAC rotating convective dynamo
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