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Abstract
Magnetic fields have been shown to have a crucial impact on star formation and evolution, activity,

angular momentum evolution, and interaction with protoplanetary disks and short period exoplanets.

While a wealth of data have been obtained on pre-main sequence, main sequence, and giant stars, we

are still missing an understanding of how magnetic properties evolve with time from the PMS to the late

-MS. The aim of the present Large Program is to bridge the gap between early PMS stars (1-5 Myr)

and mature MS stars (2-5 Gyr), by deriving the magnetic topologies of young solar analogues in open

clusters that sample the age range from 20 Myr to 600 Myr. We will thus trace the Magnetic History of

the Sun. The datasets to be obtained will allow us to investigate the behavior of stellar dynamos as a

function of age, rotation and depth of the convective zone as these young suns evolve from the PMS to

the MS. Comparing the magnetic properties of early suns to those of mature ones, we will identify the

critical parameters involved in dynamo field generation, including the strong rotational shear at the

tachocline predicted by angular momentum evolution models.
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 A ESPaDOnS N/A (classical) Observing mode: Polarimetry Read-out mode :
Normal
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Field RA Dec Epoch Runs Moon Seeing
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S/N Magnitude Diameter Comments

Mel25-21 04:16:33.47 +21:54:26.8 J2000 A any 300 9.14 Hyades,
SpT=K0,
Prot=10.3d

BD-072388 08:13:50.99 -07:38:24.6 J2000 A any 150 9.3 AB Dor,
SpT=K0,
Prot=0.325
d

HIP 11437 02:27:29.25 +30:58:24.6 J2000 A any 150 10.12 beta Pic,
SpT=K5,
Prot=12.5d

AV523 12:12:53.23 +26:15:01.3 J2000 A any 300 10.99 Coma Ber,
SpT=K2,
Prot=10.8d

BD+29
2215

11:48:37.70 +28:16:30.5 J2000 A any 300 10.59 Coma Ber,
SpT=G8,
Prot=9.43d

BD-091108 05:15:36.51 -09:30:51.5 J2000 A any 150 9.9 Col-Hor-
Tuc,
SpT=G5,
Prot=2.72d

Mel25-5 03:37:34.97 +21:20:35.4 J2000 A any 300 9.36 Hyades,
SpT=G5,
Prot=10.6d

HII2462 03:49:50.35 +23:42:20.1 J2000 A any 150 11.49 Pleiades,
SpT=lateG,
Prot=6.93d

BD-20951 04:52:49.52 -19:55:01.6 J2000 A any 150 9.9 Col-Hor-
Tuc,
SpT=K0,
Prot=5.2d
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HMS: the History of the Magnetic Sun
P. Petit, C. Folsom, J. Bouvier, J. Morin, J.-F. Donati, F. Gallet, S. Brun, V. Reville, L. Jouve, L. Amard,
A. Lèbre, A. Palacios, C. Charbonnel, A. Vidotto, S.Matt (Toulouse, Grenoble, Montpellier, Saclay, Genève,

Exeter)

Foreword: This proposal is an updated resubmission of the 2012 LP Proposal entitled “History of the Magnetic
Sun” (PI. J. Bouvier). A full account of preliminary results obtained in the framework of this project through
PI programs performed at CFHT and TBL is given at the end of this Section.

1 Scientific justification

1.1 Context

Stellar magnetism is ubiquitous across the HR diagram. Thanks to the advent of spectropolarimetric techniques,
magnetic fields have been detected in pre-main sequence stars, both low-mass T Tauri stars (e.g., Donati et
al. 2010, 2011a) and their more massive Herbig AeBe counterparts (e.g., Alecian et al. 2008, 2009), in main
sequence dwarfs, from fully convective M stars (e.g., Morin et al. 2008, 2010) to solar-type twins (e.g., Petit et
al. 2008) and up to massive stars (e.g., Alecian et al. 2011; Petit et al. 2011; Neiner et al. 2012), as well as in
evolved GKM giants (e.g., Konstantinova et al. 2010; Aurière et al. 2010). A detailed review of these results
is given in Donati & Landstreet (2009). Already, clear trends seem to emerge that relate the strength and
topology of the magnetic fields to fundamental stellar properties, such as mass and rotation. Figure 1 shows
how the magnetic properties of cool stars depend on rotational period and mass (through the extent of the
outer convective envelope): fully convective stars appear to exhibit magnetic fields that are organized on the
large-scale while partly radiative stars have more complex magnetic geometries, and, at a given mass, slower
rotators appear to have simpler magnetic geometries and weaker magnetic fields than rapidly rotating stars.
While these results stand for main sequence dwarfs, similar trends start to be seen in pre-main sequence objects
(Gregory et al. 2012).

These innovative results, clearly led by the French community, provide formidable contraints on theories
of magnetic field generation in stellar interiors, namely on how the underlying dynamo process varies with
stellar mass, internal structure and surface rotation. They also highlight the impact of magnetic fields on stellar
evolution and on the interaction between the star and its environment. Indeed, it has long been suspected that
magnetic fields have a major role in a star’s life, all the way from protostellar collapse to supernova explosions.
To give just a few examples, the first magnetic maps obtained for young pre-main sequence stars at CFHT
have revealed the incredible complexity of their strong surface fields (Donati et al. 2005, 2007, 2008a), held
responsible for their X-ray activity (Jardine et al. 2008, Gregory et al. 2006), and connecting the stellar surface
to the inner accretion disk (Gregory et al. 2008). Those strong surface magnetic fields are believed to actually
be the central engine that drives the accretion-ejection structures in young stars and regulate their rotation rate
(Bouvier et al. 2007); in more mature stars, beyond the full characterization of the magnetic intensities and
topologies, dynamo cycles started to be addressed (e.g., Morgenthaler et al. 2011; Donati et al. 2008b); and
in the continuously increasing number of stars hosting closeby exoplanets, the interaction between the star and
planet magnetospheres may play a crucial role in determining the orbital and physical properties of the orbiting
planetary objects (e.g., Reiners & Christensen 2010; Scharf 2010; Cohen et al. 2009).

Hence, within a few years, stellar magnetism has evolved from the status of an elusive and often embarrassing
ingredient, usually neglected or included as a free parameter in stellar models, to that of a well-characterized
fundamental stellar property that cannot be overlooked any more in modern stellar physics. The results obtained
so far have focussed on specific populations (PMS stars, MS dwarfs, evolved giants), thus revealing the connection
between magnetic and stellar properties at a given evolutionary stage. The goal of our project is to go one step
further and add a third dimension to the magnetic mass-rotation plane shown in Fig.1, namely time. This will
be done by addressing the temporal evolution of magnetic fields in solar-type stars. Indeed, we aim at filling
the evolutionary gap between 1-5 Myr PMS stars on the one hand, and 2-5 Gyr field dwarfs on
the other, by deriving the magnetic properties of young solar-type stars in the age range from 20
to 600 Myr. We will thus expand our understanding of stellar magnetism in solar-type stars from
the current mass-rotation plane to the mass-rotation-age cube. Our ultimate objective is to trace the
evolution of magnetic fields in solar-type stars from their birth to the end of their main sequence evolution, as
we did in recent years for their rotational evolution (e.g. Gallet & Bouvier 2013, cf. Fig.2). A major difference,
however, is that while we need to monitor thousands of stars in young clusters to derive the age-dependence of
rotational distributions (see Bouvier et al. 2013 for a review), we only need to sample a few tens of solar-type
stars with known age and mass to investigate their magnetic properties as a function of rotation and age.
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1.2 Immediate objective and strategy

We have selected 8 clusters and stellar associations that cover the age range from 21 to 625 Myr (cf. Table 1 and
Figure 3). For each cluster, we have selected solar-type stars with a mass between 0.70 and 1.0 M�, with known
rotational periods (Prot) and projected rotational velocities (v sin i) to investigate their magnetic strength and
topology. The targets were specifically selected to sample the full extent of the rotational distribution at any
given age, from slow to fast rotators. The stellar samples are described in more details in Section 1.4. Deriving
the magnetic properties of these solar-type stars at various stages of evolution will allow us to address the
following science cases:

• Investigate how the magnetic strength and tolopology of solar-type stars evolve with time. How do these
properties vary with the shrinkage of the convective zone from the PMS to the ZAMS? How do they depend
on surface rotation rate at a given age? Are the trends seen between magnetic and stellar properties for
mature stars (Petit et al. 2008; Morin et al. 2010) still valid for younger suns?

• Measure latitudinal differential rotation at the surface of young solar-type stars from ZDI maps (e.g.
Marsden et al. 2011a; Waite et al. 2011a); investigate how it depends on rotation rate, magnetic structure,
extent of the convective zone, and confront the results with theoretical models of differential rotation laws
(e.g., Kuker et al. 2011)

• Determine the magnetic obliquity, i.e., the angle between the large-scale magnetic axis and the rotational
axis, from ZDI maps. The Sun’s magnetic obliquity is negligeable, but that of pre-main sequence solar-
type stars is found to range from '10-20 deg. up to being nearly perpendicular to the rotational axis
(e.g., Johnstone et al. 2014) . Whether this is an evolutionary effect or whether it depends on stellar
properties and/or the interaction with the disk is currently unknown.

• Compare the magnetic properties of young suns to those of mature stars (Petit et al. 2008; Morgenthaler
et al. 2011) and of protostars (Donati et al. 2010). For a given mass and rotational period, do the
magnetic field topology and strength additionally depend on age? If so, does it reveal a third parameter
acting on stellar dynamos? Could it be the rotational shear at the tachocline, which models predict to
culminate near the ZAMS and on the early-MS (Gallet & Bouvier 2013; Bouvier et al. 2013)?

• Can we find evidence for dynamo fields replacing fossil fields among the youngest stars of our sample, prior
to the ZAMS (Duez & Mathis 2010)? Or, have fossil field already dissipated long before the late-PMS
(10-30 Myr)? How do the observed surface fields impact on transport processes in the stellar interiors
(Mathis & de Brye 2011)?

• How does the evolving magnetic structure of solar-type stars dictate the properties of stellar winds? Can
it account for the braking of solar-type stars during their evolution on the main sequence (Pinto et al.
2011)? How can these results be incorporated into new angular momentum evolution models for solar-type
stars (e.g. Matt et al. 2012)?

• Is the observed evolution of magnetic structure ultimately responsible for the evolution of stellar chromo-
spheric and coronal activity on the ZAMS and MS (Wright et al. 2011)?

• How do the magnetic strength and topology observed for young solar-type stars actually compare to
dynamo models developped for young suns (e.g. Jouve et al. 2010; Bessolaz & Brun 2011)? Does the
observed variation of magnetic properties with age corroborate dynamo model predictions?

• Young planetary systems are formed by an age of a few 10 Myr. How are they impacted by the magnetic
properties of young suns? How do young closeby planets magnetically interact with their active host star
(e.g. Vidotto et al. 2010; Cohen et al. 2009; Fares et al. 2010)?

The measurement of magnetic strength and topology in a sample of young suns will thus allow us to
start addressing some of the most fundamental issues in stellar physics. What are the critical parameters
governing stellar dynamos? How important is the rotational shear at the tachocline in defining the magnetic
properties of a solar-type star? Do we understand the correlated evolution of stellar magnetism, rotation and
activity on the main sequence? What is the impact of stellar magnetism on stellar evolution? How do stars
magnetically interact with their environment? What was the magnetic environment of young suns and their
forming planetary systems? These issues will be addressed by tracing the magnetic properties of solar-type
stars along their evolution, indeed the main goal of our “History of the Magnetic Sun” project. Besides, the
proposed observations will provide unique constraints to the quickly expanding development of 2D-3D dynamo
models, and will yield improved physical insight to be implemented in angular momentum evolution models
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(magnetic braking, magnetic transport processes). While our project is currently restricted to solar-type stars
(to be possibly extended to lower-mass stars with the advent of Spirou), this new set of results is expected to
yield as important achievements as those recently obtained from spectropolarimetric studies of stars across the
HR diagram. Indeed, we will expand upon those recent results by adding the “arrow of time”: by targetting
members of associations and open clusters, we will provide for the first time a complete magnetic census of a
significant number of young sun-like stars with precisely known age.

1.3 Global approach and stellar samples

The science goals of this project can only be reached by fulfilling the following requirements:

• In order to trace the evolution of magnetic field in solar-type stars, we need to fill the gap between the
younger T Tauri stars (<10 Myr, LP’s MaTYSSE & MAPP, P.I. Donati) and the more mature stars
(≥1 Gyr, Bcool project, P.I. P. Petit). We therefore selected targets covering the whole age range from
20 Myr to 600 Myr.

• To get a clear view of the dependence of magnetic properties on both rotation and age, and to disentangle
their respective role, we need to probe at least 4 time steps within this age range with at least 5 stars per
age step. We have therefore selected targets at 20-30 Myr (β Pic, Tuc-Hor), 120 Myr (AB Dor, Pleiades),
250 Myr (Her-Lyr), and 600 Myr (Coma Ber, Hyades). The resulting age sampling, log(age/Myr) = 1.4,
2.1, 2.4, 2.8 dex is thus nearly even.

• At a couple of critical time steps, we need much more than 5 stars to investigate the impact of rotation,
and especially internal differential rotation on magnetic field properties. At these selected ages, we need to
derive the magnetic properties of at least 10-15 stars that sample the full range of rotation rates. A critical
time step is the zero-age main sequence (∼120 Myr = AB Dor + Pleiades) where core-envelope decoupling
is expected to culminate, thus yielding maximum tachocline shear according to Gallet & Bouvier (2013)
angular momentum evolution models (cf. Fig.2). Another critical time step is located at the end of the
rotational spin down convergence on the Main Sequence, when the core and the envelope have recoupled,
and the star is solid-body rotating. According to Gallet & Bouvier (2013) models, this occurs at about
600 Myr (= Coma Ber + Hyades).

Based on these requirements, we have selected 18 solar-type stars to be observed in the course of the
CFHT Large Program with Espadons. Targets span the mass range from 0.6 to 1 M�, rotation periods from
0.325 to 12.5 days, and ages from 21 to 625 Myr. The selected targets are listed in Table 1 and a graphical
representation of their location in the Period-Age plane is shown in Fig.3. This sample will complement
previous results, including both already secured magnetic maps and positive snapshot detections (see report on
preliminary results below), to yield an optimal coverage of the magnetic properties of young solar-type stars in
the age-rotation parameter space.

The targets are members of either young associations or young open clusters with well-determined ages. It
should be emphasized that only a few young open clusters and stellar associations are close enough to the Sun to
provide bright enough solar-type targets that are amenable to spectropolarimetric observations at CFHT. Those
we have selected are amongst the closest ones and offer a perfect time sequence to investigate the “History of
the Magnetic Sun”, from 21 to 625 Myr: β Pic (21 Myr, Binks & Jeffries 2014); Col-Hor-Tuc (30 Myr, Mentuch
et al. 2008); AB Dor (120 Myr, Barenfeld et al. 2013); Pleiades (125 Myr, Stauffer et al. 1998); Hercules-Lyra
(257 Myr, Eisenbeiss et al. 2013); Coma Ber (584 Myr, Delorme et al. 2011); Hyades (625 Myr, Perryman et al.
1998). All the selected targets have known rotational periods and most have vsini measurements (cf. Table 1).

Table 1: Target list
Name RA Dec Age Prot Memb SpT V Vsini S/N Total time (h)

(Myr) (days) (mag) (km/s) (/spec.pix.) (15 obs/star)
HIP11437 02:27:29.25 +30:58:24.6 21 12.5 BetaPic K5 10.12 5 150 4.66
TYC5908-230-1 04:59:32.00 -19:17:42.0 27 4.06 ColHorTuc K6 10.6 12 150 6.70
BD-20951 04:52:49.523 -19:55:01.65 27 5.2 ColHorTuc K0 9.9 N/A 150 4.56
BD-081115 05:24:37.249 -08:42:01.76 27 0.758 ColHorTuc G6 9.8 72 150 4.37
BD-091108 05:15:36.518 -09:30:51.55 27 2.72 ColHorTuc G5 9.9 18 150 4.81
HD6569 01:06:26.153 -14:17:47.10 120 7.13 ABDor K1 9.5 10 150 3.24
BD-072388 08:13:50.99 -07:38:24.60 120 0.325 ABDor K0 9.3 130 150 2.91
PELS056 03:43:27.125 +25:23:15.28 125 0.67 Pleiades lateG 11.23 >40 150 14.50
HII2462 03:49:50.357 +23:42:20.17 125 6.93 Pleiades lateG 11.49 5.4 150 18.25
HII2665 03:50:21.303 +23:05:46.97 125 5.38 Pleiades K0 11.36 6.1 150 14.61
AV1693 12:27:20.68 +23:19:47.4 584 9.05 ComaBer G8 10.45 5 300 24.38
NewMemb 11:48:37.70 +28:16:30.5 584 9.43 ComaBer G8 10.59 N/A 300 27.64
AV523 12:12:53.23 +26:15:01.3 584 10.8 ComaBer K2 10.99 N/A 300 35.53
Mel25-5 03:37:34.97 +21:20:35.4 625 10.6 Hyades G5 9.36 3.4 300 9.70
Mel25-21 04:16:33.47 +21:54:26.8 625 10.3 Hyades K0 9.14 3.9 300 7.47
Mel25-43 04:23:22.85 +19:39:31.1 625 9.9 Hyades K2 9.4 4.3 300 8.72
Mel25-151 05:05:40.37 +06:27:54.6 625 10.4 Hyades K2 9.92 3.3 300 13.68
Mel25-179 04:27:47.03 +14:25:03.8 625 9.7 Hyades K0 9.49 3.3 300 10.05

Total: 215.78 h
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Figure 1: Basic properties of the large-scale magnetic topologies of cool stars, as a function of stellar mass
and rotation rate. Symbol size indicates relative magnetic energy densities, symbol colour illustrates field
configurations, while symbol shape depicts the degree of axisymmetry of the poloidal field component. The
smallest and largest symbols correspond to mean large-scale field strengths of 3 G and 1.5 kG, respectively.
From Donati & Landstreet (2009).

Envelope

Core

Figure 2: Angular momentum evolution models for 1 M� stars from birth to the end of the Main Sequence.
Data: Individual measurements of rotational periods for stars in young open clusters from 1 Myr to the age
of the Sun are converted to angular velocities and shown as crosses. Models: Angular momentum evolution
models were computed for slow (red), median (green), and fast (blue) rotators. For each model, the solid line
shows surface rotation and the dashed line the rotation of the inner radiative core. The models show the onset
of internal differential rotation between the radiative core and the convective envelope during the PMS, which
culminates on the early MS. From Gallet & Bouvier (2013).
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Magnetic maps 

Expected data (14A)

Snapshot detection

CFHT LP2015-2016

TBL NARVAL 2015-2016

Figure 3: Spectropolarimetric targets are shown in the rotational period (days) vs. age (Myr) plane. Dashed
lines: angular momentum evolution models for fast and slow rotators (from Gallet & Bouvier 2013, Gallet &
Bouvier 2014), which define the lower and upper envelopes, respectively, of the rotational evolution of young
suns in the Prot-Age diagram. Black dots: stars for which we have secured magnetic maps from previous runs.
Red squares: data expected to be obtained in 2014A. Blue triangles: stars for which we got a positive magnetic
field detection in snapshot mode during previous runs. Open circles: proposed targets for the CFHT
2015-2016 Large Program. Open triangles: targets that will be proposed with TBL/NARVAL in 2015-2016.
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Figure 4: Left panel: Mean surface magnetic field, measured from ZDI maps, as a function of age. Observations
obtained for the HMS project are in red, other observations are collected by Vidotto et al. (2014) are in blue
and black. Right panel: Mean surface magnetic field as a function of rotation period, for the same stars as
the left panel.
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2 Legacy

We acknowledge that our proposed Large Program only includes members from the French community among
CFHT Agencies. One reason is that the spectropolarimetric expertise mostly resides in France, and our group
also holds all the modelling skills required to address the science cases listed above (numerical dynamo models,
angular momentum evolution models, MHD stellar wind models). Another reason is that this Large Pro-
gram is the cornerstone of the ANR Toupies project, which, by construction, includes only French teams (cf.
http : //ipag.osug.fr/Anr Toupies/). We therefore refrained from artificially adding co-I’s from other CFHT
communities whose contribution to the project would be minor.

The project we propose as a Large Program at CFHT will nevertheless provide a unique database on
the magnetic properties of solar-type stars as they evolve from the PMS to the late-MS. After their pro-
prietary period, all data from the HMS project will be made available through the PolarBase data base
(http://polarbase.irap.omp.eu). A description of this database, which includes reduced spectropolarimetric
data from ESPaDOnS and NARVAL, as well as LSD profiles and magnetic detection criteria, can be found in
Petit et al. (2014). It will also serve as a first time step to investigate magnetic cycles in young solar-type stars
on the longer term (Morgenthaler et al. 2011; Petit et al. 2009; Brown et al. 2011).

3 Current status of the project

Thanks to the generosity of CFHT’s French TAC and TBL’s TAC, we are glad to present initial results for
this project that we had originally submitted as a Large Program in 2012, and was eventually initiated as PI
programs at both telescopes every semester since 2012B (CFHT 12B, 13A, 13B, and 14A pending; TBL 13A,
13B, and 14A pending) . Indeed, of the 17 targets we observed during these semesters 15 have have yielded a
positive magnetic field detection (success rate = 88%), and whenever monitoring has been performed, a robust
magnetic map has been derived.

The strategy so far has been to use TBL to obtain snapshot observations, in order to assess the feasibility
of magnetic field detection on some targets, and then to perform monitoring with the CFHT, to provide the
high-quality datasets necessary for Zeeman-Doppler-Imaging (ZDI). Good monitoring datasets for 8 stars have
been obtained at CFHT as part of this project. Additionally, older datasets are available from the TBL for 2
suitable stars, which were obtained by members of our team for projects that were precursors to this program.
A list of the stars with monitoring datasets, successful snapshot observations, and observations planned for
2014A is listed in the Table provided in the Technical Section.

In the monitoring observations obtained so far, we reliably detect magnetic Stokes V signatures with good
S/N (typically S/N ∼150 in the observations, and S/N > 6000 in least squares deconvolution (i.e. corss-
correlation) pseudo-profiles). In the snapshot observations, we again consistently detect magnetic fields, pro-
vided we have a peak S/N of 150 or more for the younger (≤300 Myr) targets, and a S/N of 300 or more
for the older (≥500 Myr), more slowly rotating ones. We have obtained a good rotational phase coverage for
the targets we monitored, typically with 15 observations spread over a few stellar rotations. Thus, the phase
sampling is sufficient to reconstruct large scale stellar magnetic fields through ZDI, and the observations cover
a short enough time-span to avoid intrinsic evolution of the magnetic fields. All these observations and the
strategy we adopted clearly demonstrate the feasibility of the proposed program, with a very high success rate
indeed.

For the 10 stars with full monitoring datasets we have already performed ZDI, successfully reconstructing
their surface magnetic fields. We have also used the spectra to confirm and refine the fundamental properties of
these stars. Through spectrum modeling we have measured Teff , log g, metallicities, Li abundances, and v sin i.
Using the rotationnally-modulated magnetic variability, we have measured rotation periods for the stars, and
for the higher quality datasets begun measurements of differential rotation. Additional measurements, such
as radial velocities, emission indices (e.g. the S index), and the disk integrated line of sight component of the
magnetic field, have been made for all observations.

While the sample of young stars with precisely known ages for which we derived magnetic field properties is
still small, we can start to compare our results to those of similar studies focusing on more mature stars. The
Bcool project (Marsden et al. 2013, Petit et al. 2014b), has derived magnetic maps for a number of solar-type
field stars with an age of a few Gyr. Also, a few young suns have been previously observed, though usually
more massive than our HMS sample (Donati et al. 2003, Marsden et al. 2006, Petit et al. 2008, Waite et al.
2014). The comparison of these various samples is shown in Fig.4. Firstly, it is seen that our preliminary sample
already triples the number of young suns with known magnetic properties (5 previously known, 10 new ones
from HMS). Secondly, a clear trend is revealed for a global decline in mean magnetic field strength with age, for
stars older than 100 Myr (Fig.4, left panel). For stars younger than 100 Myr, there is a hint of a plateau for the
magnetic field strength, which could be related to a saturation of the dynamo process at low Rossby numbers,
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and needs to be further documented. Thirdly, we also find a general decline in mean magnetic field strength
with increasing rotational period (Fig.4, right panel). However, our preliminary results suggest that the HMS
young suns lie significantly above the extrapolation of the correlation derived from older main sequence stars.
This may be the first hint that another parameter, related to age, may impact on the magnetic properties of
solar-type stars, possibly internal differential rotation that culminates near the ZAMS (cf. Figure 2).

All the results discussed above, which stem from a straight comparison of the HMS young suns with more
mature stars, are totally new. A forthcoming paper by Vidotto et al. (2014), which includes several co-Is of
the present CFHT LP proposal, reports on these preliminary results. In addition, for a few mature stars in the
Bcool sample with similar masses and rotation rates to the HMS stars, we can directly compare their magnetic
morphologies. Over the narrow range of rotational periods currently covered in our sample, we see no clear
trends with rotation. However, there is some evidence for a changing magnetic geometry with age, specifically
the fraction of magnetic energy in the dipolar component of the magnetic field declines between the HMS (∼60%
of the poloidal component) and Bcool samples (∼20% of the poloidal component).

While the observations obtained so far are quite encouraging, and already produced innovative results, they
are clearly insufficient to achieve the ultimate goals of the HMS project. In order to understand the evolution
of magnetic field generation and properties in young suns, a much more complete coverage of the Age-Rotation
space is required. As shown graphically in Figure 3 (see also Table 1 in Technical Section), we lack any stars
between 125 Myr and 1 Gyr (only 4 are expected in 14A), and have only 1 star between 20 and 120 Myr. Indeed,
our age sampling is yet extremely scarse. Moreover, at the few time steps we have, we are far from sampling the
full range of observed rotation rates. Thus, to detect clear trends in stellar magnetic strength and morphology
with age and/or rotation rate, for stars located at the end of their PMS evolution and at the start of their MS
residence (20 Myr - 600 Myr), we need to probe a significantly larger fraction of the parameter space.
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Technical justification

Feasibility

Due to their location in specific associations and open clusters sampling different ages from 20 Myr to 1 Gyr,
most HMS targets are faint stars that require ESPaDOnS observations to reach S/N values consistent with the
objectives of our science program.

Data collected during previous HMS observing runs at CFHT (semesters 12B, 13A, 13B) and related snapshot
runs performed at TBL (11A, 13A, 13B) provide us with a detailed view of the feasibility of this program on
both telescopes. They confirm that the most active HMS targets (rotating in less than about 6 d) produce Stokes
V Zeeman signatures well above noise level as long as we collect individual polarized spectra with S/N of about
150 (at 732nm). These detections are free from any significant spurious signal in the “Null” check parameter.
This S/N threshold is therefore valid for most members of clusters and associations younger than ≈ 200 Myr,
for which fast rotation ensures very efficient dynamo action and surface magnetic fields of the order of 100 G
(Donati et al. 2003). Preliminary analysis of data sets collected for the youngest associations can be found in
a poster presented at IAUS 302 (https://www.dropbox.com/sh/up0xo794kuknlon/SrGXUZ4 s3/folsom26.pdf,
http://arxiv.org/abs/1310.2073), although the analysis has progressed significantly since this publication.

With an age of 600 Myr, stars in Coma Berenices and in the Hyades rotate more slowly (with typical
rotation periods between 9 and 11 d) and their surface field drops to a few 10 G (which is similar to field stars
rotating at a similar rate, Petit et al. 2008). Snapshot observations obtained at TBL show that S/N≈ 300
is enough to get clean Zeeman detections in all observed stars. Even if these targets are significantly brighter
than, e.g., Pleiades HMS targets, their much weaker polarized signatures do not make them adequate targets for
TBL, unless impracticably long exposure times are adopted (due to the necessity to get signatures sufficiently
separated from the noise to reconstruct reliable field maps).

Spurious signal in low S/N observations

Technical problems have been encountered during preparatory runs for HMS for observations with low S/N
(< 70). In these observations, spurious signal in the diagnostic “Null” has been found, which appears to also
contaminate the Stokes V profile. In light of this, the engineering run 12BE96 was devoted to investigating the
problem. The conclusions from this run are that the problem stems from imperfect background subtraction
during the data reduction phase, and that the problem can be resolved by ensuring a peak S/N above 100
(which matches our experience with preparatory observations for the HMS project).

For observations made after 2012, where we maintain a S/N above 100 (typically 150) we do not encounter
any significant spurious signal in individual observations. However, for some older observations obtained with
NARVAL at the TBL in 2009 where the S/N falls below 100, a weak spurious signal in the null profile can be
observed. In these cases, the spurious signal is generated in the blue most spectral orders, where the S/N is
lowest, and hence the spectrum is most vulnerable to small errors in background subtraction. If we restrict our
analysis to the red part of the spectrum (e.g. > 500 nm), we can avoid this spurious signal. Furthermore, since
there is very little real signal in those blue-most orders, doing so has virtually no impact on the sensitivity of
our observations.

For the currently proposed LP, the target S/N ≥ 150, necessary for reliable detection of magnetic fields,
will also ensure that this spurious signal does not occur. The observations will all be checked for any hint of
a spurious signal in the null profile. Should any spurious signal be detected (e.g. if poor weather degraded
the S/N achieved in an observation), the observations can still be salvaged simply by discarding the blue-most
portion of the observation where the spurious contamination occurs.

Observing strategy

For this project, ESPaDOnS will be used in its polarimetric configuration (using the “Normal” CCD readout
mode) to collect Stokes V spectra. The integration time is adjusted to each star, using the ESPaDOnS exposure
time calculator, and is set to reach S/N of 150 (at 732 nm) for stars younger than 200 Myr. This requirement
imposes exposure times between 4x135 sec=540 sec for the brightest target (HD 6569, in the AB Dor association)
to 4x1050 sec=4200 sec for the faintest one (HII 2462 in the Pleiades). We base our estimates upon the
necessity to detect Stokes V Zeeman signatures at the 5σ level. This detection level ensures the accurate
reconstruction of magnetic topologies from polarized time-series. In the older Coma Ber and Hyades clusters,
similar considerations lead us to adopt exposure times ranging from 4x400 sec=1600 sec to 4x2100 sec=8400 sec
(note that Stokes V sequences with exposure times above 3600 sec will be split into consecutive sequences of
less than 3600 sec).
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We will gather 15 observations for each star in the selected sample, at different rotational phases and over
at least two successive rotation cycles. This temporal sampling is defined to avoid any significant phase gap
in the rotational coverage of the star, thus keeping to a minimum the tomographic biases due to unobserved
rotational phases. Covering two successive rotation cycles of the star will enable us to check the stability of the
surface magnetic topology and estimate its progressive evolution under the effect of differential rotation. Since
literature rotation periods are available for all stars in the sample, we can define precise observing strategies to
achieve the desired phase coverage. To avoid our results being impacted by the intrinsic evolution of the large-
scale magnetic geometry (through the birth or decay of surface active regions), we will collect the time-series
of observations for an individual star during a single 2-week ESPADONS run.

Stars with rotation periods longer than 2.5 d will be observed once per night (over 15 consecutive nights).
Stars with rotation periods between 1.2 and 2.5 days will be observed twice per night (over 8 nights), as it is
possible to cover more than 10% of their rotation cycle in a single night. For stars rotating in less than ≈1 d,
individual strategies will be adopted to optimize the daily phase coverage.

The total required exposure time therefore is 15 measurements times 13.6 hr, i.e., 204 hours. To this total
exposure time, we must add overheads (read-out + 4 polarimeter positional changes), that amount to a total
of ≈12 hours. Thus, the total time we request is 204+12=216 hours.

Data analysis

The data analysis will be performed using tools developed in our group and optimized for ESPaDOnS data.
The first step will consist in refining the stellar parameters of the targets (Teff , log(g), [M/H], v. sin(i), micro-
turbulence; ALi) using the ZEEMAN spectral synthesis code (Landstreet 1988, Wade et al. 2001). From the
atmospheric parameters, a list of lines will be built from the VALD atomic data base and used to compute
LSD pseudo-line profiles (Donati et al. 1997), which is a necessary step to increase the S/N to the point where
Zeeman signatures actually reach the 5σ (typically S/N≈ 6, 000 in Stokes V LSD profiles). The rotation period
will then be refined using rotationally-modulated features available in the raw spectra and in LSD profiles
(longitudinal magnetic field, radial velocity, chromospheric S-index).

The surface magnetic geometry of the star will then be reconstructed by means of the Zeeman-Doppler-
Imaging tomographic technique (ZDI, Semel 1989, Donati et al. 2006). Several quantities will be derived
from the magnetic geometry (average and maximal field strength, dipolarity and axisymmetry of the field,
poloidal/toroidal splitting of magnetic energy, Petit et al. 2008). The time-series will finally be used to evaluate
the latitudinal shear of the star generated by its surface differential rotation (Petit et al. 2002), a critical
measurement at an evolutionary stage where the intensity of internal differential rotation (and its surface limit)
is expected to be different from its counterpart in older main-sequence stars (Gallet & Bouvier 2013). This full
data analysis has already be successfully carried out for the preliminary set of HMS observations, and thus has
proven feasibility.

Program splitting between CFHT, TBL and ESO

The brightest stars from the HMS sample will be observed from Pic du Midi with NARVAL. Active HMS stars
for which S/N=150 can be obtained within 1 hr of TBL time will be proposed for future TBL observations. The
exceptions to this rule are stars that rotate so fast that we need CFHT observations to keep exposure times to
a small fraction of the rotation period (e.g. BD-072388) or stars that are too far South to be easily accessible
from TBL (e.g. HD 6569). In total, 10 additional targets will be restricted to NARVAL observations, for a total
of 65 hr of telescope time (cf. Fig. 3).

HARPSpol observations will also be collected for stars in the Argus association, with declinations too low
for CFHT observations. In addition to the 3 stars scheduled for our 14A run, 2 more targets will be proposed
to complete the coverage of rotation periods at the age of 30 Myr.
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Table 1: Targets with existing or pending observations for the HMS project, obtained through both PI programs
and archival data.

Object age Prot memb. Sp.T. Run ID
(Myr) (days)

magnetic map secured
HP12545 21 4.83 β Pic K6V CFHT 12BE96
TYC6349-0200-1 21 3.39 β Pic K6 CFHT 13AF04
TYC6878-0195-1 21 5.72 β Pic K4V CFHT 13AF04
BD-16351 27 3.21 Col-Hor-Tuc K5 CFHT 12BE96
HIP76768 120 3.64 AB Dor K3/4V CFHT 13AF04
TYC0486-4943-1 120 3.75 AB Dor K3 CFHT 13AF04
TYC5164-567-1 120 4.71 AB Dor K2 CFHT 13AF04
HII296 125 2.61 Pleiades G8 TBL L092N01
HII739 125 2.70 Pleiades G0 TBL L092N01
PELS031 125 6.0 Pleiades K3 CFHT 13BF04

positive detection in snapshot mode
HIP11437 21 12.5 β Pic K5 CFHT 12BE96
HIP55505 21 ? β Pic K5 CFHT 13AF04
Mel25-5 625 10.6 Hyades G5 TBL L132N11
Mel25-21 625 10.3 Hyades K0 TBL L132N11
Mel25-43 625 9.9 Hyades K2 TBL L132N11
Mel25-151 625 10.4 Hyades K2 TBL L132N11
Mel25-179 625 9.7 Hyades K0 TBL L132N11

expected to be observed in 2014A
TYC1355-214-1 120 2.8 AB Dor K3 TBL 14A
LOPeg 120 0.4 AB Dor K9 TBL 14A
DXLeo 257 5.4 Her-Lyr K0 TBL 14A
V447Lac 257 4.44 Her-Lyr K1 TBL 14A
AV2177 584 8.43 Coma Ber K0 CFHT 14AF04
AV1826 584 9.26 Coma Ber K1 CFHT 14AF04

Table 2: Right Ascension distribution of the observations.

RA Semester A Semester B
0 – 4 0 64.96
4 – 8 0 60.37
8 – 12 27.64 2.91
12-16 59.9 0
16 – 20 0 0
20 – 24 0 0
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Management: work plans from observations to science
The Large Program we propose to perform at CFHT is the central observing project of the ANR Toupies

collaboration “TOwards Understanding the sPIn Evolution of Stars” (PI Bouvier, co-I’s Petit, Brun, Palacios),
cf. http : //ipag.osug.fr/Anr Toupies/. The ANR contract runs from 2012 to 2016, well in-line with the
schedule of CFHT LP’s. This project includes the Ph.D. theses of Florian Gallet at IPAG, Louis Amard at
LUPM, and Victor Réville at AIM, the Postdoctoral position of Colin Folsom at IRAP, and the soon to be filled
postdoc positions in Saclay and in Grenoble. As far as the CFHT LP is concerned, the division of tasks is as
follows:

WP1. Magnetic maps (Folsom, Morin, Petit, Donati, Gallet, Bouvier). The prime goal of the project
is to obtain magnetic maps for solar-type stars at various stages of their evolution. From these maps, we will
derive the intensity and topology of the magnetic field. At a given age and rotation rate, we will compare the
magnetic properties of young suns to those of more mature ones, primarily the sample of 19 FGK main sequence
stars (2-5 Gyr) fomr Petit et al. (2008) and Morgenthaler et al. (2011). We will attempt to relate any magnetic
similarities and differences to age and/or rotation, as our sample covers an age range from 20 to 600 Myr and a
range of rotation rates from 3 to 100 times the solar one. In particular, we will search for the magnetic signature
of a strong rotational shear at the base of the convective zone, as predicted by angular momentum evolution
models (Gallet & Bouvier 2013; cf. Fig.2). Should such a shear develop, it is expected to have a strong impact
on the stellar dynamo and we should thus be able to find its signature in the magnetic properties of young stars
compared to more mature ones that are in uniform rotation (cf. Fig.2).

WP2. Differential rotation (Petit, Gallet, Morin, Bouvier, Brun). The distribution of differential
rotation in the convection zone is a crucial parameter for solar-type dynamo models (e.g. Reinhold et al. 2013).
So far theoretical studies failed to reach a clear consensus on how latitudinal surface differential rotation (dΩ)
scales with rotation and/or convective envelope depth (e.g. Kapyla et al. 2014). Detailed 3D simulations of the
convective zone of solar-type stars (e.g. Brown et al. 2008) suggest dΩ ∝ Ωm, with m = 0.3 for fast rotators
and m = 0.4 for slow ones. Our Large Program will sample solar-type stars whose internal structure varies with
time (from being largely convective at 20 Myr to being largely radiative at 600 Myr) and, at a given age, exhibit
a wide range of rotation rates. We will derive both the magnitude and direction (pole-equator) of the surface
latitudinal differential rotation in these stars from ZDI maps and investigate how it scales with age (internal
structure) and surface rotation rate.

WP3. Dynamo models (Jouve, Brun, Morin). Once the magnetic maps of the solar-type stars will have
been secured, we will run 2D and 3D numerical dynamo models to reproduce the observations. The models
will explore the rotation and internal structure parameter space, as well as varying the amount of shear at the
tacholine (cf. Brun et al. 2011). The unique combination of a large sample of magnetic maps for solar-type
stars at various stages of their evolution and the expertise of our group in 2D and 3D numerical simulations
of stellar dynamos will be fully exploited in the framework of this Large Program. It will allow us to address
the fundamental physics of solar-type dynamos and understand their behaviour as a function of convective zone
depth, stellar rotation and tachocline shear.

WP4. Stellar wind models (Réville, Matt, Vidotto, Gallet). Wind braking is an essential ingredient to
the rotational evolution of solar-type stars (e.g. Reiners et al. 2009). The wind braking efficiency primarily
depends on the magnetic field strength and topology (cf. Matt et al. 2012). The 3D extrapolation of surface
magnetic maps will provide the magnetic structure to be used as input for the computation of realistic stellar
wind models (e.g., Vidotto et al. 2011). This will allow us to estimate the efficiency of wind braking as a function
of rotation rate, a unique constraint for the angular momentum evolution models (e.g., Gallet & Bouvier 2013).

WP5. Magnetic activity(Donati, Lèbre, Petit, Morin, Bouvier). Young suns exhibit higher activity
levels than the Sun. Their coronal activity saturates at a rotational period of about 3.5 d (Wright et al. 2011).
Stars in our sample have rotational periods ranging from 0.3 to 12.5 d, thus sampling both the unsaturated and
the saturated activity regimes. Magnetic maps will thus be used to investigate how activity saturation is related
to magnetic topology and turnover convective time (Landin et al. 2010). Chromospheric activity diagnostics
will be measured directly from the spectra (e.g. S-index, Hα emission). Comparing the magnetic maps to the
activity diagnostics will thus provide clues to the origin of activity saturation in solar-type stars.

WP6. Fundamental stellar properties (Lèbre, Charbonnel, Petit, Amard, Palacios). The analysis of
the unpolarized spectra of young suns will allow us to refine their fundamental properties: Teff , [Fe/H], lithium
abundances, vsini, etc. This will be done with the tools available at LUPM (Montpellier) that were developped
for the stellar spectral database Pollux. For the fastest rotators, the wind mass flux will be estimated from the
modulation of the Hα line profile by proeminences seen in absorption (e.g. Hussain et al. 2007) and compared to
theoretical predictions (e.g., Cranmer & Saar 2011). The evolution of lithium abundance will provide primary
contraints on the angular momentum transport processes within stellar interiors (e.g., Charbonnel & Talon
2005, Charbonnel et al. 2013).
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Students involved
Student Level Applicant Supervisor Applicant Expected

completion date
Data
required

Mr Florian Gallet Doctor Yes jerome bouvier Yes 2014/09 No

Victor Reville Doctor Yes Sacha Brun Yes 2016/09 Yes

Louis Amard Doctor Yes Dr Ana PALACIOS Yes 2015/09 Yes

Linked proposal submitted to this TAC: No

Linked proposal submitted to other TACs: Yes
The HMS project aims at investigating the magnetic field of young stars in several open clusters.

Independent of the present CFHT proposal but still in the framework of the HMS project, we will submit

a proposal on members of the Col-Hor-Tuc, AB Dor and Hercules-Lyra young associations (27, 100

and 200 Myr, respectively) at TBL/NARVAL for semesters 14B and 15A, and on the young Argus

moving group (30 Myr) at ESO/Harps-Pol for semester 14B.

Any other expenditure

Relevant previous Allocations: Yes
We have already obtained 1 feasibility run (12BE96) and 3 PI runs (13A, 13B, 14A) on this program.

The results from 12B, 13A and 13B have been fully analyzed. The data for 14A have not been taken

yet. So far, we have derived magnetic maps for 3 targets in Beta Pic (21 Myr), 1 target in Col-Hor-Tuc

(27 Myr), 3 targets in AB For (120 Myr) and 2 targets in Pleiades (125 Myr). We were thus extremely

successful in reaching the science goals of these previous proposals. Preliminary results for 6 of these

stars are fully described in the poster by Folsom et al. (2013) presented at IAU Symposium 302

"Magnetic fields throughout stellar evolution". The poster is accessible at the following address:

https://www.dropbox.com/sh/up0xo794kuknlon/SrGXUZ4_s3/folsom26.pdf. Current results of the HMS

project are fully described in section 3 of the Science justification.

Related Publications
A publication of the results we obtained so far (see above) is in preparation. It will focus on the

youngest stars of our program (10-125 Myr). A paper by Vidotto et al., making use of HMS data, has

been submitted.

Observing run info :
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