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How to measure stellar magnetic fields?

/eeman Broadening
Zeeman Doppler imaging



Zeeman Broadening

Zeeman splitting
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* Broadening: better sensitivity in the infra-red
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/Zeeman Broadening: example of an accreting star

Magnetic field measurements in integrated light (Stokes I)

Ti I: Zeeman sensitive

CO: Zeeman insensitive

Johns-Krull éOdQ

Best fit: multiple
component-field
(distribution of f):
<|Bi|>=)|Bif;

Residual Intensity

g:0. Total unsigned
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Wavelength (um) magnetic field strength:

<|Bi[>=2.1kG
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eeman

Broadening: example of an accreting star

Magnetic field measurements in integrated light (Stokes I)
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Ti I: Zeeman sensitive

CO: Zeeman insensitive

Best fit: multiple
component-field
(distribution of f):
<|Bi|>=)|Bif;

Total unsigned
magnetic field strength:
<|Bi|>=2.1kG

How about the field topology? — tomographic imaging techniques
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How do we map stellar surface magnetic fields®

Doppler Imaging
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How do we map stellar surface magnetic fields®

Zeeman Doppler Imaging Vector magnetic field
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How do we map stellar surface magnetic fields®

Zeeman Doppler Imaging Vector magnetic field

» Zeeman effect: magnetic field
splits lines

« StokesV =0 -0
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How do we map stellar surface magnetic fields®

Zeeman Doppler Imaging Vector magnetic field

» Zeeman effect: magnetic field
splits lines

« StokesV =0 -0
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Azimuthal component
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How do we map stellar surface magnetic fields®

Zeeman Doppler Imaging

» Zeeman effect: magnetic field
splits lines

« StokesV =0 -0

 Track Stokes V — get field
along observer’s direction (Bios)

V(v)
v—~dv
B, = —2.14 x 10 Jo T

AGlanC [ {1 — %f)} dv
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How do we map stellar surface magnetic fields®

« From Stokes V profile = use inversion techniques to derive By,B4,Bs

HD189733 (K2V)
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How do we map stellar surface magnetic fields®

- From Stokes V profile — use inversion techniques to derive By,Bg,Be

HD189733 (K2V)
Fares+(2010)
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How do we map stellar surface magnetic fields®

- From Stokes V profile — use inversion techniques to derive By,Bg,Be
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Comparison between both techniques

Reiners & Basri 2009
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Comparison between both techniques

Reiners & Basri 2009

<B> [kG]

# 1
| ‘ I I <B,> Zeeman broadening: total field
1.0 3 -
: B
° k- <B,> Zeeman Doppler Imaging: vectorial field
©
0.1 3 » -
0.2 0.4 o 3@‘15 0.8 Morin et al 2010
¥
14 % -
. ZDI reproduces ~ 5 - 15% of the field | é
observed by ZB NS
QN 6 % ‘ & | ]
- What causes this discrepancy? 8 I ¢ ’

A: flux cancelation of unresolved regions
of opposite polarity field (small scale)
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/DI typical resolution

- Br,Bs,Be: described as spherical harmonics.
Example:

B,.(0,¢) = Z bim Py (cOs H)Qimqb

[,m

* where the highest order component is

v Sin 1

"FWHM

lmax =~

- Stellar magnetograms: /max ~ 5 to 10

Stellar magnetic fields of young sun-like stars
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/DI typical resolution

Br,Bs,Be: described as spherical harmonics.
Example:

B,.(0,¢) = Z bim Py (cOs 9)€¢m¢

[,m

where the highest order component is

v Sin 1

"FWHM

lmax =~

Stellar magnetograms: Imax ~ 510 10

Solar magnetograms: /max > 192 (?!)
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/DI typical resolution

Br,Bs,Be: described as spherical harmonics.
Example:

B,.(0,¢) = Z bim Py (cOs 9)€¢m¢

[,m

where the highest order component is

v Sin 1

"FWHM

lmax =~

Stellar magnetograms: Imax ~ 510 10

Solar magnetograms: /max > 192 (?!)

V374 Peg
GJ 51
GJ 1156
GJ 1245
WX UMa
DX Cnc
GJ 3622
V2129 Oph
TW Hya
T Boo
AA Tau
¢ Bootis A

ZDI: probes the large-scale field of the star

Stellar magnetic fields of young sun-like stars
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What does this mean??

Zeeman
Broadening
(Stokes |)

Zeeman Doppler
Imaging
(Stokes V)

No: limited to

Total field Yes: large and .
large-scale fields
measured"? small scales
(Imax = 10)
. Yes: surface
Topology studied? | No: average over

(ie, vector B)

entire surface only

distribution of

Br, Be, Be
slow rotgtors (no moderate/fast
Ideal targets rotational
rotators

broadening)

Stellar magnetic fields of young sun-like stars
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What does this mean??

Zeeman
Broadening
(Stokes |)

Zeeman Doppler
Imaging
(Stokes V)

No: limited to

Total field Yes: large and .
large-scale fields
measured"? small scales
(Imax = 10)
. Yes: surface
Topology studied? | No: average over

(ie, vector B)

entire surface only

distribution of

Br, Be, Be
Siow rotgtors (no moderate/fast
Ideal targets rotational
rotators

broadening)
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What have we learned so far?

Results from large-scale field
measurements



Log(Maximum measured IB) (G)

Magnetism increases towards more active stars

- Stokes V (snapshot) survey of 167 solar-type stars with ages up to 9 Gyr
« Mean value of |Bies| is 3.9 G (F-stars), 3.4 G (G-stars) and 6.1 G (K-stars)

IBios| increases with Ca H&K emission

25 Marsden+2014
20F

1.5F

I

Stellar magnetic fields of young sun-like stars

Marsden+2014

110 = ‘ :
B : Non-detections

: Detections

o 1 ng,/
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Ca,~index (This Work)

Magnetic field detection rate almost
100% when Index(Cank)>0.3
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Flield topology depends on rotation

. Petit+08
- Solar twins
» mostly poloidal for low rotation rates,
» significant large-scale toroidal component for fast rotators
slow rotators: Prot~ 20 to 23 days fast rotators: Prot~ 9 tO 12 days
Baon LT ~ ol . 1\ »

: is- 1 8t 1 33' ]
o | meridional .| P s .
o
vy T 0 %3 o 73 o8 + ; o 7 ~ o:u L s o: = .
Rotctional phose Rotational phose Rotstional phase
. -2 [} 2 4 -1 -2 Q2 H 0 -2 -10 ) 0 P
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Fleld topology depends on rotation

: Petit+08
« Solar twins

» rotation threshold at = 12 days: for the toroidal magnetic energy to
dominate over the poloidal component
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Fleld topology depends on rotation

: Petit+08
« Solar twins

» rotation threshold at = 12 days: for the toroidal magnetic energy to
dominate over the poloidal component
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Magnetic Cycles: T Boo
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(Catala+07) (Donati+08) (Fares+09) (Fares+09)
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Magnetic Cycles: T Boo
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Planet-host star:

« 1.34 Mo
¢ Prot:3 dayS
- age ~ 2.5 Gyr

Pcycle — 2 yearS
(Fares+09)
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Magnetic cycles: HD 78366

« 1.34 Mo

» 2 polarity reversals within 3 years

¢ Prot=1 1.4 dayS

- age ~ 2.5 Gyr

Morgenthaler+11
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Magnetic field topology Is very diverse...

Zeeman Doppler imaging: large-scale magnetic fields + Size: magnetic
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Magnetic field topology Is very diverse...

Zeeman Doppler imaging: large-scale magnetic fields
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+ Size: magnetic
energy

« Colour: purely
toroidal (blue) or

poloidal (red) fields.

« Shape: purely
axisymmetric
(decagon) or non-
axisymymmetric
(star).

Variety of intensities
and topologies
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.. and topology depends on the internal structure |

M-dwarf stars:

« sharp transition at ~0.5 Mo
- Multipolar B — dipolar B

- partially — fully convective

* due to lack of tachocline?

Stellar magnetic fields of young sun-like stars
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.. and topology depends on the internal structure |

M-dwarf stars:

 sharp transition at ~0.5 Mo

Multipolar B — dipolar B

partially — fully convective

due to lack of tachocline?

very low mass (M+<0.3Mo):

» strong dipolar versus weak
multipolar: dynamo

bistability? (Morin+2011, Gastine
+2013)

Stellar magnetic fields of young sun-like stars
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.. and topology depends on the internal structure |l

Gregory+2012, Donati+2013
T 7

Magnetic field o1 T13M f1ou, 107 M Josug ]

evolution of very | | : ,
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.. and topology depends on the internal structure |l

Magnetic field o
evolution of very
young Suns (CTTSs):

N

1.Mconv~Mstar: axi-

Bdipole }
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.. and topology depends on the internal structure |l

Magnetic field |

’1.3M@(’10M , 0.4 Mg
evolution of very | ! ,
young Suns (CTTSs):
N
1.Mconv~Mestar: axi-
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. 9] X
Z.Mconv=[0.5,1] Mstar. ®)
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O
5000 T (K)
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.. and topology depends on the internal structure |l

Magnetic field 1

evolution of very
young Suns (CTTSs):

1.Mconv~Mestar: axi-
symmetric, strong 9 -
Bdipole }

D

2.Mconv=[0.5,1] Mstar: o |

axisymmetric,
Bi>dipole dOminates

N
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complex, non-
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Bdipole
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Gregory+2012, Donati+2013
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.. and topology depends on the internal structure |l

Magnetic field 1

evolution of very
young Suns (CTTSs):

1.Mconv~Mestar: axi-
symmetric, strong @ —
Bdipole }

2. Mconv=[0.5, 1 ] Mstar:
axisymmetric,
Bi>dipole dominates

B s

N
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Gregory+2012, Donati+2013
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Evolution from strong & simple axisymmetric fields —
weaker, complex non-axisymmetric fields
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And magnetism evolves in time...

 Global perspective of
the sample:

» average of 104 ZDI
maps

» 90 of which have age
estimates

o
-
|

<|Bv|>
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And magnetism evolves in time...

Vidotto+14b
 GGlobal perspectiveof 4 (T T T T T T T T T T T T T T[T T T T T T T T T T T T T T T T T T TTTTIg
the sample: - @ solar like -
- @ young suns -
» average of 104 ZDI 3 Fa 4 ¥ H-J hosts =
maps ~ A m early-dM =
_ O, E : - o 0655 +0.045 @ Sun -
» 90 of which have age , Ea A accreting stars |-
estimates = 2 - -
A = -
: O |, E -
« Large-scale magnetic o 1K —
field correlated with - -
“magnetochronology” oF - —
:lllllllllllllllllllllllllllll|lllll'lllIlllll

6 7 8 9 10

log(t [yr])
e Compare to Skumanich’s prediction: B « age /2
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What have we learned so far?

Small/Large-scale vs Large-scale fields



Total fleld saturates at low

R0ossby humbers

« Zeeman broadening

Reiners+09,10; Saar+96,01
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Large-scale field saturates at low Rossby numbers
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Large-scale field saturates at low Rossby numbers
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Large-scale field saturates at low Rossby numbers
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X-ray correlates with (total) magnetic flux
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X-ray correlates with (total) magnetic flux
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X-ray correlates with (total) magnetic flux
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X-ray correlates with (large-scale) magnetic flux

* Lx(®v) and Lx(®)) ~agree

Stellar magnetic fields of young sun-like stars
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X-ray correlates with (large-scale) magnetic flux

* Lx(®v) and Lx(®)) ~agree
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X-ray correlates with (large-scale) magnetic flux

* Lx(®v) and Lx(®)) ~agree

* For non-accreting stars:
Lx(Dv) is steeper than Lx(D))
@
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X-ray correlates with (large-scale) magnetic flux
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Small+large-scale vs large-scale fields

 Only a few objects that have measurements of <|B,|> & <|Bi|>
- Comparison made from statistics of 2 samples
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Small+large-scale vs large-scale fields

 Only a few objects that have measurements of <|B,|> & <|Bi|>

- Comparison made from statistics of 2 samples

Large-scale field

Large+small scale field

% |Bv| > « Ro1-38+0.14
(Vidotto+14b)

<|B||> o RO_1'2
(Saar 01)

<|Bv|> o Prot_1 32+0.14

<|BI|> « Prot™1

(Vidotto+14b) (Saar 96)
|y « CDVLSOiO.ZO |y o CD|O.9810.19
(Vidotto+14b) (Pevtsov+03)
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Small+large-scale vs large-scale fields

 Only a few objects that have measurements of <|B,|> & <|Bi|>

- Comparison made from statistics of 2 samples

Large-scale field

Large+small scale field

% |Bv| > « Ro1-38+0.14
(Vidotto+14b)

<|B||> o RO_1'2
(Saar 01)

<|Bv|> o Prot_1 32+0.14

<|BI|> « Prot™1

(Vidotto+14b) (Saar 96)
|y « CDV1.8010.20 |y o CD|O.9810.19
(Vidotto+14b) (Pevtsov+03)

- Agreement between 2 techniques:

» possible coupling between <|By|> & <|Bi|>
» only one dynamo process that generates both fields?
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One-slide summary: unified interpretation

Vidotto+14b
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One-slide summary: unified interpretation
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One-slide summary: unified interpretation
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