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Outline

Magnetic fields: a crucial ingredient of stellar physics
m Stellar magnetic fields are ubiquitous
m Stellar magnetic fields play a key role
m The origin of stellar magnetic fields
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Stellar magnetic fields are ubiquitous

B Measured across H-R diagram

All masses
All evolutionary stages

B \Wide variety of properties

Intensity /geometry/variability

V374 Peg, 0.3 Mg Donati et al.(2006b)
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Magnetic fields play a key role (1/2)

B Activity

Observable across
electromagnetic spectrum
Impact of B on all
atmospheric layers

Credit: F. Espenak
B Formation

Phase where B has
strongest impact
e Jets launching
e Magnetospheric
accretion

Credit: ESO
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Magnetic fields play a key role (2/2)

B Rotation

During formation

e star—disc interaction
Post T Tauri

e Magnetized winds

e Much more efficient than

non-magnetized
Schatzman (1962)

B Star—planet interaction

Stellar wind

Coronal mass ejection
- Planetary magnetosphere
-> Planetary atmosphere

Credit: NASA / JPL-Caltech / R. Hurt
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Magnetic fields play a key role (2/2)

B Rotation

During formation
e star—disc interaction
Post T Tauri

e Magnetized winds

e Much more efficient than
non-magnetized
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B Star—planet interaction

Stellar wind

Coronal mass ejection
- Planetary magnetosphere
-> Planetary atmosphere

Credit: NASA / ESA
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The origin of stellar magnetic fields (1/2)

1895 (L/Lo)
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Adapted from Reiners (2008)
star sketches credit J. Bennett et al.

High-mass star:
Simple steady field

Partly convective star:
Complex B
temporal evolutions

Fully convective star:
No tachocline
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The origin of stellar magnetic fields (1/2)

High-mass star:
Simple steady field

Fossil field ?

Partly convective star:
] Complex B
E temporal evolutions

Solar-type dynamo
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The origin of stellar magnetic fields (1/2)

High-mass star:
Simple steady field

Fossil field ?

Partly convective star:

1895 (L/Lo)

] Complex B
E temporal evolutions

Solar-type dynamo

Fully convective star:
No tachocline

sirllorr PP

Non-solar dynamo

b bl

Adapted from Reiners (2008)
star sketches credit J. Bennett et al.

Julien Morin

I I I L I I I .
15000 12000 10000 80007000 6000 5000 4000 3000 Relatlon

Ter [K]

* parameters
<> B properties?

Exploring cools stars' magnetism with spectropolarimetry 07/05/2013 7/21



The origin of stellar magnetic fields (2/2)

B Amplifies and sustains B Massive
Conversion Eyin = Enag star Very low
Inguction effect mass star
B
— =Vx(uxB)+ nAB
Ot ~——— ——

induction dissipation

B Solar dynamo
Q-effect: poloidal = toroidal

Poloidal field regeneration? Radiative Convective  __ Fully

| | : :
envelope enveloppe interior

Role of tachocline

B Stellar magnetic fields
Different regime of parameters
Non-solar dynamo
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The origin of stellar magnetic fields (2/2)

B Amplifies and sustains B
Conversion Eyin = Enag
Induction effect

induction dissipation

B Solar dynamo Poloidal + Toroidal
Q-effect: poloidal = toroidal
Poloidal field regeneration?
Role of tachocline

B Stellar magnetic fields

Different regime of parameters
Non-solar dynamo Adapted from figures by
J. Braithwaite and T. Gastine
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The origin of stellar magnetic fields (2/2)

B Amplifies and sustains B
Conversion Eyin = Enag
Induction effect

OB <
= =Vx(uxB)+ 7nAB \\\\ N //
ot —_— —— LN —/
induction dissipation \7 1 : f'
B Solar dynamo G
Q-effect: poloidal = toroidal -
Poloidal field regeneration?
Role of tachocline
B Stellar magnetic fields
Different regime of parameters
Non-solar dynamo
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The origin of stellar magnetic fields (2/2)

450 nHz

425

B Amplifies and sustains B
Conversion Eyin = Enag
Induction effect

B
a—IVX(UXB)+ ﬁAB |
t v Y Internal angular velocity

induction dissipation Shu et al., 2006; from
SOHO-MDI data

B Solar dynamo
Q-effect: poloidal = toroidal
Poloidal field regeneration? 2
Role of tachocline :

logio (/Le)

B Stellar magnetic fields
Different regime of parameters i
Non-solar dynamo

3 . . . . . I LR
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Outline

Detection and characterization of stellar magnetic fields
m Indirect measurements: stellar activity
m Direct measurements of photospheric magnetic fields
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Indirect measurements:

stellar activity

B |nteraction B <> atmosphere
Spots, plages
e Vis. photometry/spectroscopy
Chromosphere, TR, corona
¢ Radio 2 X-rays

B Usual proxies for stellar B

Catr H&K emission
Coronal X-ray emission

B S cyclic variations

B Rotation—activity relation
Growth + saturation

Rossby number : Ro = rot
Te
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Indirect measurements: stellar activity

B |nteraction B <> atmosphere

Spots, plages

e Vis. photometry/spectroscopy -2
Chromosphere, TR, corona .
¢ Radio & X-rays R

B Usual proxies for stellar B

Catr H&K emission
Coronal X-ray emission

B S cyclic variations

B Rotation—activity relation -3

Growth + saturation
rot

Tc

Rossby number : Ro =
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Direct measurements of B: unpolarised light

B Direct Bppotosph Measurements

= Zeeman effect

B Measure “magnetic flux”: {|B|)

Atomic lines
Molecular lines

B Multi-component models

B Weakly sensitive to B orientation

Partly degenerate

B | ow to moderate vsini

Julien Morin
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9948 9950 9954

Wovelength[A] 9952
GJ 729, FeH Wing-Ford band
Reiners & Basri (2006)
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Direct measurements of B: spectropolarimetry

B Zeeman-induced polarisation

circ. pol.: longitudinal field

. . 4173.45 4177.70

lin. pol. : transverse field 22148 2=16
= 15 detection on another star

than the Sun: Babcock (1947)
= |nformation on vector B

B Differential measurement /
weakly affected by modelling error

B Requires high S/N (~ 10%)

Multi-line techniques (LSD)
Donati et al. (1997)

Babcock (1947)
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Direct measurements of B: spectropolarimetry

B Zeeman-induced polarisation

circ. pol.: longitudinal field
lin. pol. : transverse field &
= 1% detection on another star 5
than the Sun: Babcock (1947) os
= |nformation on vector B

B Differential measurement / .
weakly affected by modelling error =

B Requires high S/N (~ 10%) o8

\\ \/
\/

\/

= Multi-line techniques (LSD)
Donati et al. (1997)
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Direct measurements of B: spectropolarimetry

Radial Field

B Sensitive to vector properties
B Partial cancellation

Blind to small-scale field

B [nterpretation/modelling
Longitudinal/transverse field

monitoring e // \\\
= Dipolar model = \ /
Zeeman-Doppler Imaging . U
Semel (1997) * N 7
Donati & Brown (1997) » \ /
= Use full information = \ /
o \

e N S S N
Velocity (km.s™")
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Direct measurements of B: spectropolarimetry

B Sensitive to vector properties

B Partial cancellation
Blind to small-scale field

Radial Field

2000 4000

o

—4000  —2000

B |nterpretation/modelling ,
Longitudinal/transverse field o
monitoring £, AN
= Dipolar model =
Zeeman-Doppler Imaging .
Semel (1997) b N 7
Donati & Brown (1997) o Vo
= Use full information = \\ /
o Y/
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Direct measurements of B: spectropolarimetry

B Sensitive to vector properties

B Partial cancellation
Blind to small-scale field

B [nterpretation/modelling

Longitudinal/transverse field
monitoring

= Dipolar model
Zeeman-Doppler Imaging

V/I. (%)

Semel (1997)
Donati & Brown (1997)
= Use full information

Julien Morin Exploring cools stars’ magnetism with spectropolarimetry

T m
Velocity (km.s™")

07/05/2013

T s & W00 1

13 /21



Direct measurements of B: spectropolarimetry

B Sensitive to vector properties

B Partial cancellation
Blind to small-scale field

B [nterpretation/modelling
Longitudinal/transverse field
monitoring

= Dipolar model
Zeeman-Doppler Imaging
Semel (1997)

Donati & Brown (1997)
= Use full information
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Outline

A selection of results
m A new window opened on stellar magnetic fields
m Main sequence fully-convective stars
m Young low-mass stars
m Solar-type stars from ZAMS to mature MS
m Cool evolved stars: down to the sub-gauss level

Julien Morin Exploring cools stars’ magnetism with spectropolarimetry 07/05/2013

14 /21



A new window opened on stellar magnetic fields

LSD profiles of profiles HR 1099, 1995 Dec. 08

B First stellar studies
Bright and very magnetic stars
Ap/Bp
G-K: RS CVn/FK Com/PMS

B New instrument generation

| I L 1 L 1
—200 =100 0 100 200

2005: CFHT/ESPaDOnS velocty (km/)
2006: TBL/NARVAL HR 1099 Donati et al. (1997)

= High resolution, high efficiency, S
full optical range

> Systematic exploration of HRD

B Since 2010:
La Silla 3.6m/HARPSpol

o0 om  om B _aw _ om _am

o
L
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Fully-convective stars

Dynamo action in FC stars

B Solar dynamo
Tachocline: crucial role?

Very low
Sun mass star

Fully
convective
interior

Tachocline

Internal structure of cool
main sequence stars
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Fully-convective stars

Dynamo action in FC stars

B Solar dynamo
Tachocline: crucial role?

B Fully convective stars
Fachoehne > selardyrame

= observable effects?

Tachocline

Sun

Very low

mass star

Fully
convective
interior

Internal structure of cool
main sequence stars
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Fully-convective stars

Dynamo action in FC stars

B Solar dynamo
Tachocline: crucial role? ' ' ‘ ‘

4 5
B Fully convective stars = K B
Fachoeline > solar-dyrame ® 1000F

= observable effects? = v
B Activity g 1008 _
B B from Zeeman broadening .
= No change at the 0 Tis 1o cos oo

fully-convective boundary log (Ro)

Rotation-total magnetic field relation
Reiners, Basri & Browning et al. (2009)

Julien Morin Exploring cools stars’ magnetism with spectropolarimetry 07/05/2013 16 / 21



Fully-convective stars

Dynamo action in FC stars

B Solar dynamo
Tachocline: crucial role?

B Fully convective stars
Fachoehne > selardyrame

= observable effects?

B Activity
B B from Zeeman broadening

= No change at the
fully-convective boundary

B 1st spectropolarimetric survey
Sharp transition ~ 0.5 Mg,
Multipolar = Dipolar B
Significant dQ = ~ solid-body

Julien Morin

Mass (M)
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Ro=0.01
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Prot (d)

Axisymmetry [shape] / Poloidal [eolor]

240405

9.00+03

3.0e+03

Donati et al. (2006, 2008), Morin et al.

E. Hébrard et al. in prep.
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Fully-convective stars

Dynamo action in FC stars

B Solar dynamo
Tachocline: crucial role?

B Fully convective stars
Fachoeline = solardyname

observable effects?

<

B Activity
B B from Zeeman broadening

= No change at the
fully-convective boundary

B 1st spectropolarimetric survey

Sharp transition ~ 0.5 Mg . )
Multipolar = Dipolar B Coronal extrapolations by M. Jardine from

Significant dQ = ~ solid-body surface magnetic fields reconstructed by
Donati et al. (2008), Morin et al. (2008)
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Fully-convective stars

Dynamo action in FC stars 0 X
07
-

B Solar dynamo

Tachocline: crucial role?
B Fully convective stars
Fachoehne > selardyrame

= observable effects?

B Activity

B B from Zeeman broadening

= No change at the
fully-convective boundary

B 1st spectropolarimetric survey

[ ]
GE Boo 08

Mass (M)

Axisymmetry [shape] / Poloidal [color]

3
B 10 Re=0.01 Ro=0.1

1 10

Sharp transition ~ 0.5 Mg P (d)

Multipolar = Dipolar B
Significant dQ = ~ solid-body
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Morin et al. (2010,2011)
Gastine et al. (2013)
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Young low-mass stars

B T Tauri stars

age 1 — 10 Myr
Fossil or dynamo field?
Field geometry?

10910 (L/Lo)

M dwarfs

L TR I
15000 12000 10000 80007000 6000 5000 4000
T [K]

Julien Morin Exploring cools stars’ magnetism with spectropolarimetry 07/05/2013 17 /21



Young low-mass stars

B T Tauri stars

age 1 — 10 Myr
Fossil or dynamo field?
Field geometry?

B MaPP LP CFHT
Evolution on ~ 1 yr
e Dynamo-generated

Variety properties
e Position in HRD
e Similar behaviour as MS stars

Impulse new models

log(L,/Lo)

< q
- \ S
. \
XN N
N X
o\l 4
a L
\ /
o,
PRI BRI | PRI & P

3.8 3.7 3.6 3.5
log(Tey) (K)

Gregory et al. (2012)
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Young low-mass stars

B T Tauri stars

age 1 — 10 Myr
Fossil or dynamo field?
Field geometry?

B MaPP LP CFHT
Evolution on ~ 1 yr
e Dynamo-generated

Variety properties
e Position in HRD
e Similar behaviour as MS stars

Impulse new models

Romanova et al. (2011)
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Solar-type stars from ZAMS to mature MS

B [arge observing campaigns

Bcool project
TOUPIES project

B Evolution topology w/ rotation

faster => toroidal
solar twins
extended to solar-type stars

B Large-scale field evol. w/ age

B Magnetic cycles of 7 Boo

N w s o
S 8 S 8

Mean magnetic field (G)

i
=]

e, N

100

90

80
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40

10

12 14 16 18
Rotation period (d)

20 22

Petit et al. (2008, 2014)
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Solar-type stars from ZAMS to mature MS

. . 25 I T T T T  T TT TT
Large observing campaigns B B 000 ¥ e | ]
- @ young suns| -
. 20— 7 Hhests | ]
Bcool project B . . o |
. r - un ]
TOUPIES project _isf e e =
5 ® ]
A C ]
. . E: 1o o i
Evolution topology w/ rotation 50 ]
faster = toroidal R E
solar twins oo ]
extended to SO|ar_type Stars :\ Lrrrrildl | Ler el ‘ Lre ey | Lt I.\ 11 | I \7

6 7 8 9 10

logit [yr])

Large-scale field evol. w/ age

Magnetic cycles of 7 Boo Vidotto et al. (2014)
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Solar-type stars from ZAMS to mature MS

Radial magnetic field

ay,

B | arge observing campaigns

Bcool project .
TOUPIES project

T
o
£

-1 -5 [ 5

0.50
) L,
w e
o]
0.00

Radial magnetic field

B Evolution topology w/ rotation

faster = toroidal
solar twins
extended to solar-type stars

B | arge-scale field evol. w/ age

B Magnetic cycles of 7 Boo

Farés et al. (2009)
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Cool evolved stars

: down to the sub-gauss level

B First survey of RGB stars

Rotation—activity relation
Outliers : EK Eri

e Ap star-descendent?

B 1st detections on supergiants
Betelgeuse

e Local dynamo and giant
convective cells?

Wider survey Grunhut (2013)

1st detection on a Mira star

Related to shock-wave?

Role of B in mass-loss?

Julien Morin

Exploring cools stars’ magnetism with spectropolarimetry

Auriere et al. (2013)
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Cool evolved stars: down to the sub-gauss level

B First survey of RGB stars a | ]

Rotation—activity relation .
Outliers : EK Eri s I]
o Ap star-descendent? : J

B 1st detections on supergiants T oo

Betelgeuse Auriere et al. (2010)

e Local dynamo and giant
convective cells?

Wider survey Grunhut (2013)

B 1st detection on a Mira star

Related to shock-wave?

Role of B in mass-loss?

Chiavassa et al. (2010)
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Cool evolved stars:

B First survey of RGB stars

Rotation—activity relation
Outliers : EK Eri

e Ap star-descendent?

B 1st detections on supergiants

Betelgeuse

e Local dynamo and giant
convective cells?

Wider survey Grunhut (2013)

B 1st detection on a Mira star

Related to shock-wave?

Role of B in mass-loss?
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down to the sub-gauss level
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Outline

Summary
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Summary

B Magnetic fields
Crucial for stellar physics
Origin? Properties?
B Spectropolarimetry
Very high potential
Important developments/results
B Ongoing projects

Binamics
e B of close binary systems
Matysse
e B of young stars & survival of
close-in exoplanets

B Future
CFHT/SPIRou

CRIRES+
UVMag
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