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Fig. 3.—Light curve of flare No. 53 on UV Ceti. Observed with no filter (clear), using an integration time of 1 s. Flare 53 AP is 
an example of a slow type precursor, and flare 53 B is an example of a spike-type flare. 
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Fig. 4.—Flare No. 26 on YZ CMi. This is an example of a “typical” flare. 
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SELF-ORGANIZED 
CRITICALITY

Dissipative dynamical systems at a critical point 
with no intrinsic scale. Generate events with 
power-law energy distribution with 

. 

Examples: sand/snow pile -> avalanches, 
earthquakes, forest fires, rainfall, extinction, 
traffic jams, financial markets, etc. 

Solar/stellar flares: release of magnetic energy 
(via reconnection) stored in twisted coronal 
loops. 

TESS survey with machine learning: 1M flares 
identified from 160k stars (Feinstein et al. 2021).

dN/dE ∝ E−(≃1.4)
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FIG. 2. The cumulative flare frequency distributions (FFDs)
in our sample of stars binned by the flare amplitude and sub-
divided into di↵erent mass bins; the slope, ↵, and error is
given in the upper-right corner of each subpanel. The bins
are the FFD for flares with a probability � 0.9. The upper
and lower errors on the FFD are defined as flares with prob-
ability � 0.99 and � 0.5. All bins exhibit clear power-laws,
although some bins are incomplete for low-amplitude flares
(e.g., 0.05  M/M�  0.3) or high-amplitude flares (e.g.,
Red Giant Branch) .

are fully convective [47, 48], stars with masses 0.3 <
M/M� . 1.7 have convective exteriors and radiative in-
teriors, and stars with masses M/M� > 1.7 have radia-
tive exteriors and convective interiors [49]. We present
these results in flare amplitude space, compared to en-
ergy, to remove any additional errors resulting from es-
timating stellar luminosities. In theory, the flare energy
is more directly relevant to the predicted self-organized
critical state. However, in practice, the uncertainty in
mass and luminosity of each star makes the amplitude a
more reliable quantity.

We measure the slope of each distribution, ↵, and asso-
ciated error using a Markov Chain Monte Carlo (MCMC)
approach with emcee [50, 51]. Our MCMC fit was ini-
tialized with 300 walkers and ran for 5000 steps. After
visual inspection, we removed the first 800 burn-in steps
and verified our chains converged following the method
of [52]. We present our FFDs and measured slope with
error in Figure 2.

We find that the FFDs for stars with masses 0.3 
M/M� . 3.0 appear as featureless power-laws. The mea-

FIG. 3. Comparison of measured flare rate slopes, ↵, as a
function of stellar mass. Our rates are plotted as stars. Liter-
ature values are plotted as circles and colored by the number
of flares in the given sample, which range from single to 104

stars [32, 34, 35, 53–59]. The highest mass stars have higher
flare rate indices (light green) than previously measured. Our
RGB star (yellow) slope is within 1� to that of main sequence
stars in the same mass range. The remaining data points fall
within the expected range of self-organized critical systems.
We estimate the masses of our RGB stars using results from
[37].

sured slopes are consistent with models of flaring activity
as self-organized critical systems (↵ ⇡ 1.4, [19]) and with
that measured for the Sun [↵ = 1.65± 0.1; 20].
Our lowest mass bin (0.05  M/M�  0.3) and our

sample of RGB stars do not follow the same trends. Stars
with 0.05  M/M�  0.3 show a featureless power-law
for flare amplitudes � 5%; while power-laws are indica-
tive of a self-organized critical state, the di↵erence in in-
terior structure may result in a shallower flare rate (here,
↵ ⇠ 1). The most energetic flares have historically been
observed on low-mass stars in this bin [35]. It is possible
that because these stars are fully convective and there-
fore have larger convective cells than other main sequence
stars, they produce more energetic flares. Similarly, red
giants have larger convective cells and display even shal-
lower slopes in their FFD. We also note that our bins of
stars with 1.7 < M/M�  3.0 and RGB stars have the
fewest number of flares (Table I) and while we are able
to measure the slopes of these FFDs, they are incomplete
to the lowest- and highest-amplitude flares.
Finally, we compare our measured FFD slopes to those

presented by previous authors in Figure 3. Previous stud-
ies used an order of magnitude fewer flaring events than
ours, and tend to report steeper slopes (↵ ⇠ 2) than the
ones measured here. The variation in measured slopes
arises based on sample size/selection, and the cadence
of the analyzed data (from 1- to 30-minute cadence).
This discrepancy may also be explained by fewer high-
amplitude events in the samples, given their rarity. In
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RADIO VS X-RAY 
LUMINOSITIES
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Figure 1. Top-panel: The peculiar adherence of our highly-polarised sample at 144MHz
(total flux), shown in black triangles, to the Güdel-Benz relationship shown by the solid red
line, LX = 9.48 ⇥ 1018L0.73

⌫, rad (Williams et al. 2014). The other points are literature values
at 5GHz that were initially used to establish the Güdel-Benz relationship (Benz & Güdel
1994). The X-ray flux is in the 0.1 to 2.4 keV band. Bottom-panel: Dispersion of the data
from the Güdel-Benz relationship showing that our sample has the same level of scatter as
the 5GHz data from the literature.

Vedantham et al. (2022) 
Güdel & Benz (1993)
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STARSPOTS: 
INTERFEROMETRY (CHARA)
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Figure 2 | Surface images of ζ And from September 2013 with fourteen 
nights of data using SURFING. a and b are presented as in Fig. 1, except 
that the 200-K contours of the Aitoff projection (a) range from 3,600 K to 
4,600 K. The polar spot is observed to have evolved between the two sets of 

observations. The lower-latitude spots present in the 2011 data set are not 
present in the 2013 data set, with the new spots located mostly below the 
equator, emphasizing the spot-latitude asymmetry observed.

advances in visible interferometry will allow for similar resolution on 
more stars (down to θ ≈ 1.1 mas). For stars that cannot be resolved in 
detail, combining interferometrically observed photocentre shifts due 
to rotation of starspots in and out of view with Doppler imaging would 
resolve the degeneracies inherent in the Doppler images, allowing for 
more accurate surface maps. By acquiring a number of these maps on 
several stars or a few observation epochs of the same targets, we could 
investigate how the changing magnetic field affects our determinations 
of stellar parameters (including mass and age)3,26. In addition, the 
development of new dynamo models would shed light on the impact 
of magnetism on stellar evolution27,28.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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STELLAR ACTIVITY 
CYCLES

S. Boro Saikia et al.: Chromospheric activity catalogue of 4454 cool stars

Fig. 8. !cyc/⌦ vs. Ro�1 for the group of stars in
Table A.2, shown in log scale. The red symbols are activ-
ity cycles classified as CA, green symbols are activity
cycles classified as CB, and black symbols are activ-
ity cycles classified as CC. The circles denote Mount
Wilson stars, and triangles represent HARPS stars. For
multiple cycles, the second cycle periods (Pcyc2) are
connected to the filled symbols by a horizontal line. The
Sun is shown as �. The active and inactive branches from
Saar & Brandenburg (1999) are shown as black dotted
lines (see Sect. 4 for details on the selection criteria).

Fig. 9. Activity-cycle period in years as a function
of rotation period in days for stars in Table A.2. The
symbols are as same as Fig. 8. The black dotted
lines show the active and inactive branch according to
Böhm-Vitense (2007). The black horizontal line marks
the midpoint of the maximum cycle length of 25 yr.

Our results are in qualitative agreement with the recent
results of Olspert et al. (2018), where the authors find an
indication of an inactive branch, but not an active branch by
re-analysing the Mount Wilson sample. Furthermore, recent
numerical studies of global convective dynamo simulations for
a wide range of rotation rates find no indication of activity
branches (Viviani et al. 2018; Warnecke 2018). In these studies,
the distribution of dynamo cycles also agrees well with the one
found in this work, see in particular Fig. 9 of Warnecke (2018).

5.2. Pcyc versus Prot

In order to investigate the magnetic activity cycles versus rota-
tion relation independent of any empirical trend, we plot the
activity-cycle period as a function of rotation period similar to
Fig. 1 in Böhm-Vitense (2007). Figure 9 shows that the well-
defined cycles, classified as CA, mostly lie on the inactive branch
of stellar cycles. However, the active branch of stellar cycles is
less distinct than other studies. Additionally, for the first time,

the region around the Sun is populated. We also detect stellar
cycles that lie in the lower regions of the inactive branch. How-
ever, these stars are classified as CC, and care should be taken as
further observations are required to be certain.

Previous work by Böhm-Vitense (2007) showed that stel-
lar activity cycles are clearly separated into active and inactive
branches, and activity cycles of stars on the active branch can
migrate to the inactive branch. Our results show that a limited
number of stars exhibit multiple cycles, and only two of these
show cycle periods migrate from the inactive branch to the active
branch. The multiple periods of one star lie in the intermedi-
ate region, where the Sun is accompanied by a few other stars.
Furthermore, the inclusion of the HARPS stars shows that stars
could also lie in the region below the inactive branch, which
makes it hard to clearly classify activity cycles into branches.
Figure 9 also shows that stellar activity cycles cannot be clearly
divided into two branches. Only stars classified as CA exhibit a
possible linear trend with rotation. The linear trend disappears
when CB and CC stars are also included in the analysis. Finally,

A108, page 9 of 23

well-defined cycle 
multiple/chaotic cycles 
unconfirmed cycle

Boro Saikia et al. (2018)
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last billions of years for a star like the Sun. Since stars

follow a mass-luminosity relation, with L/M3 during the

MS, the location of a star on the MS allows an estimation

of its mass. After this phase, the fusion of hydrogen goes

on in a shell, while the core contracts and the envelope
expands: the stars cross rapidly the HRD and become red

giants or supergiants.

Giants and Supergiants
The giants and supergiants regions mark the location of

the HRD where hydrostatic helium burning occurs.

Stars between 0.8 and 2 M! (solar masses) leave the

MS to climb on the red giant branch until they undergo

a flash which ignites helium fusion in their core. After the

flash, they settle on the horizontal branch (giants region)

where they burn helium quietly. Between 2 and 10M!, the
core helium burning starts smoothly, following the same

path in the HRD. Above 10M!, most of the central helium

burning occurs in the red supergiants region.

After central helium exhaustion, stars between 2 and

10 M! populate the Asymptotic Giant Branch, where

an unstable double shell burning (a shell of helium
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LOW-MASS STARS 
ROTATION PERIODS

The Astrophysical Journal Supplement Series, 211:24 (14pp), 2014 April McQuillan, Mazeh, & Aigrain

Figure 1. Period vs. mass with comparison to previous rotation period measurements. The 34,030 new rotation periods derived using AutoACF are shown as cyan
points. The mass was derived using the models of Baraffe et al. (1998), as described in the text. This figure also displays periods from Baliunas et al. (1996) and
Kiraga & Stepien (2007; 114 circles) and MEarth data from Irwin et al. (2011; 41 stars), with gray and black symbols representing objects with young and old disk
kinematics, respectively, all of which have available mass estimates. Additional M-dwarf periods from the WFCAM Transit Survey (Goulding et al. 2012), for which
no kinematic classification is available (65 triangles), with masses derived from Pecaut & Mamajek (2013). Also included are periods from (Hartman et al. 2011; 1686
small black dots), with mass estimates obtained using Teff and the models of Baraffe et al. (1998), and periods from (Harrison et al. 2012; 265 crosses), with masses
derived from a J − K to Teff conversion using data from Kenyon & Hartmann (1995), and the isochrones of Baraffe et al. (1998).
(A color version of this figure is available in the online journal.)

Table 2
Details of the 99,000 Stars with No Significant Period Detection

KIC Teff log g M Prot σP LPH w DC
(K) (dex) (M") (days) (days)

893305 4133 4.58 0.5958 nan nan nan nan 0
1027110 4155 4.50 0.6046 1.701 0.039 0.299 0.1439 0
1027277 4326 4.57 0.6735 60.136 0.691 0.315 0.0876 0
1160660 4232 4.59 0.6355 nan nan nan nan 0
1160684 3952 4.48 0.5239 0.419 0.090 0.150 0.0266 0

Notes. Column descriptions are the same as for Table 1. Targets without a w

value were rejected at selection process stage 1 because the period detection did
not occur in enough segments (see Appendix A for details). In these cases, Prot,
σP, LPH and w are marked as “nan.”

(This table is available in its entirety in a machine-readable form in the online
journal. A portion is shown here for guidance regarding its form and content.)

Table 3
Periodic Fractions Across the Temperature Range Examined

Teff (K) Periodic Fraction

<4000 0.83
4000–4500 0.69
4500–5000 0.43
5000–5500 0.27
5500–6000 0.16
6000–6500 0.20

bin. This fraction goes from ∼0.8 for the coolest stars, with
temperatures below 4000 K, to ∼0.2 around 6000 K.

4.1. Mass–Period and Temperature–Period Distributions

Figure 1 shows the mass–period distribution of the 34,030
stars with measured rotation periods, together with period
derivations from previous work, most of which originate from
ground-based observations. Mass, M, is calculated from the KIC
Teff using the stellar evolution models of Baraffe et al. (1998),

using isochrone no. 1 for M < 0.7 M" and isochrone no. 3 for
higher masses, and assuming an age of ∼1 Gyr. We checked
that the change in results is negligible if the age is varied by a
factor of up to 10. The typical uncertainty associated with the
KIC Teff values is 200 K, which translates to a uncertainty
in mass of somewhat less than 0.1 M". Vertical features in
Figure 1, such as the gaps at ∼0.55 M" and ∼0.7 M", are
artifacts introduced by the KIC temperature information and
are not real. Conversion between B − V and Teff where required
in this work was performed using the equations of Sekiguchi &
Fukugita (2000).

The period measurements presented in this work are consis-
tent with the existing ground-based photometric rotation period
data, showing a trend of typically increasing rotation period with
decreasing mass. The Sun, marked in Figure 1 as a red star, sits
on the upper envelope period distribution.

The bimodality in period distribution, first reported by
McQuillan et al. (2013a) for the M-dwarf sample, is clearly vis-
ible in the low-mass half of Figure 1. To explore the bimodality
further, we plotted the data as a set of histograms, which are
shown in Figure 2. To eliminate conversion uncertainties be-
tween Teff and mass, we plotted the Teff–period distribution in
this figure. Each histogram is normalized, such that only fre-
quencies on the period scale can be directly compared, and not
on the Teff scale.

This histogram representation increases the clarity of the
period bimodality in the low-Teff region, and the width of the
gap between the two sequences can be seen to increase toward
cooler temperatures. At ∼3500 K the two peaks are at ∼20 days
and ∼40 days, with a Hartigan’s dip test (Hartigan & Hartigan
1985) p-value for unimodality of 0.01. At ∼4000 K the two
peaks are at ∼14 days and ∼30 days, with a Hartigan’s dip test
p-value for unimodality of 0.15. This bimodal sequence is not
visible above ∼4500 K.

Figure 2 also shows that the upper envelope of periods
increases steadily with decreasing temperature, from the hottest
stars down to ∼ 4500 K, at which point the long-period envelope
decrease slightly before rising again below ∼4000 K.

4

Kepler data, McQuillan et al. (2014)



LOW-MASS STARS

ANRV385-AA47-09 ARI 15 July 2009 0:23

Comparison to partly convective early M dwarfs reveals that the transition in the large-scale
field properties is fairly sharp and located at a mass of about 0.4 to 0.5 M! (Donati et al. 2008b),
i.e., slightly above the 0.35 M! theoretical full-convection threshold. This sharp transition also
coincides with a strong decrease in surface differential rotation (with photospheric shears smaller
by a factor of 10 or more than that of the Sun) and, logically, with a strong increase in the lifetime
of large-scale fields (Morin et al. 2008b). Preliminary results on very-low mass stars (<0.2 M!)
suggest that the situation is even more complex, with some stars hosting very strong and simple
large-scale fields (like those of mid-M dwarfs) and some others with much weaker and complex
magnetic topologies (resembling those of early-M dwarfs). Observations of a larger sample are
needed to clarify the situation but the preliminary results already demonstrate that at least some
very-low-mass stars are capable of producing a strong large-scale axisymmetric poloidal field. This
conclusion is independently confirmed by the detection of highly polarized rotationally modulated
radio emission from late-M and early-L dwarfs attributable to intense large-scale magnetic fields
(e.g., Berger et al. 2005, Berger 2006, Hallinan et al. 2006) through electron cyclotron maser
instability (Hallinan et al. 2008).

Figure 3 presents graphically the main results obtained to date in the framework of the ongoing
survey, aimed at identifying which stellar parameters mostly control the field topology. To make

1
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Figure 3
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 e, symbol color illustrates field configurations
(blue and red for purely toroidal and purely poloidal fields, respectively), and symbol shape depicts the degree
of axisymmetry of the poloidal field component (decagon and stars for purely axisymmetric and purely
nonaxisymmetric poloidal fields, respectively). The full, dashed, and dash-dot gray lines, respectively, trace
where the Rossby number Ro equals 1, 0.1, and 0.01 (using convective turnover times from Kiraga & Stepien
2007). The smallest and largest symbols correspond to mean large-scale field strengths of 3 G and 1.5 kG,
respectively. Results for stars with M! < 0.2 M! are preliminary (from Donati et al. 2009).
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Donati & Landstreet (2009)

toroidal

poloidal1.5 kG

3 G

Rossby number: 

Ro ≡
| ( ⃗v ⋅ ⃗∇ ) ⃗v |

|2 ⃗Ω × ⃗v |
∼

P
4πL/v

magnetic fields are abundant 
in low-mass stars



PECULIAR A/B STARS
Ap and Bp stars are a class of chemically peculiar stars 
(overabundance of certain metals), a few % of all A/B stars. 

Zeeman effect first detected in Ap star 78 Vir (Babcock 
1947), helped by sharp absorption lines due to pole-on view. 

Magnetic field strengths up to  (HD 215441, 
Babcock 1960). 

Most of these stars show periodic (1-10 days), roughly 
sinusoidal variations in field strength, many show polarity 
reversals, mostly consistent with oblique rotators.

∼ 30 kG



STAR FORMATION



Carina Nebula, HST



STAR FORMATION

Christensen (2019)



MAGNETIC CRITICALITY
Magnetic fields are important in the interstellar 
medium and molecular clouds. 

Given magnetic flux , a critical mass for 

gravitational collapse is  

(Mouschovias & Spitzer 1976). 

Radio measurements of the Zeeman effect in dense 
prestellar cores (  at ) are 
consistent with magnetic criticality (Crutcher 1999).

ΦB = πR2B

Mcrit ≃ 0.13
ΦB

G

B ∼ 0.4 mG R ∼ 0.1 pc



ANGULAR MOMENTUM 
PROBLEM

Specific angular momentum : 

- prestellar core:  
- protostellar disk:  
- protostar (T Tau):  
- Sun:  
- Jupiter (orbital):  

Efficient reduction of angular momentum requires 
magnetic braking and/or turbulent viscosity (MRI).

δL
δM

= r2Ω [cm2/s]

∼ 1021

∼ 5 × 1020

∼ 5 × 1017

1015

1020



MPIA

creation of beneficial new systems. It has its
own ethos: decentralization to avoid social
and technical bottlenecks, openness to the
reuse of information in unexpected ways,
and fairness. It uses powerful scientific and
mathematical techniques from many disci-
plines to consider at once microscopic Web
properties, macroscopic Web phenomena,
and the relationships between them. Web sci-

ence is about making powerful new tools for
humanity, and doing it with our eyes open. 
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U
nderstanding how stars
form is one of the out-
standing challenges of

modern astrophysics. It has
become clear that stars form
from dense interstellar clouds
of gas and dust, called molecu-
lar clouds because gas in such
clouds is predominantly in
molecular rather than atomic
form. However, despite sub-
stantial progress in recent
years, there remain fundamen-
tal unanswered questions about
the basic physics of star forma-
tion. In particular, it remains
unclear whether molecular
clouds undergo rapid gravita-
tional collapse as soon as suffi-
cient matter accumulates to
make the clouds gravitation-
ally bound, or whether there is
some mechanism resisting col-
lapse that delays the process and introduces
new star formation scenarios. The observa-
tional result reported on page 812 of this issue
by Girart et al. (1) provides new data regard-
ing this important scientific question.

The “standard” model for the formation of
low-mass stars such as our Sun has been that
interstellar magnetic fields provide support
against gravity in dense molecular clouds (2).
In this picture, interstellar magnetic fields are
“frozen” into interstellar matter by the small
fraction of the gas and dust that is ionized. As
material accumulates (due to the driving of
flows by galactic spiral-arm shocks, super-
novae explosions, the gravity of a galaxy,
etc.), the magnetic field increases in strength

as the gas density increases. After a molecular
cloud accumulates sufficient mass to become
self-gravitating, it will still not collapse and
form stars because gravity is balanced by
magnetic pressure. 

If there were no other forces operating,
molecular clouds would persist indefinitely
and star formation would not occur. However,
magnetic fields are frozen only into the ions of
molecular clouds, not into the neutral gas and
dust. The neutrals are therefore free to respond
to gravity and collapse to form a much denser,
gravitationally unstable core to the molecular
cloud and eventually to form stars. However,
as neutrals collapse through the ionized gas
and dust, collisions with ions will occur. These
collisions will greatly slow down the collapse
rate, leading to molecular cloud lifetimes typ-
ically several orders of magnitude longer than
the gravitational free-fall lifetime of a cloud. 

In contrast to magnetically dominated star
formation, the other extreme point of view is
that magnetic fields are too weak to provide
support against gravity. In this model, molec-
ular clouds are intermittent phenomena, and
the problem of cloud support for long time
periods is irrelevant (3). Supersonic flows in
the low-density turbulent interstellar medium
produce regions of enhanced density. Star for-
mation does not occur in every location where
the gas is dense, but only in small volumes
within clouds where sufficient mass accumu-
lates to become self-gravitating. Collapse and
star formation then proceed in that small frac-
tion of the total cloud mass at a very rapid,
free-fall rate. 

In both models, the rate at which low-
density interstellar gas is turned into stars is
consistent with the observed star formation
rate in the Milky Way Galaxy, about one solar
mass per year. The strong magnetic field
model achieves this result by setting the time
scale for collapse of a dense molecular cloud
much longer than the gravitational free-fall
time. In the turbulent, intermittent model,
only a small fraction of each molecular cloud
actually becomes self-gravitating and forms
stars. But the physical principles behind the
two models are fundamentally different.

As a result, the two models make very dif-
ferent predictions that can be tested observa-
tionally. Simulations of molecular cloud for-
mation and evolution carried out with weak
magnetic fields show that the fields have a
chaotic morphology, because the field lines
are twisted by turbulence in the clouds. On the
other hand, turbulence cannot twist field lines
very much if the field strength is sufficiently
strong. Magnetic field lines in dense, strongly
magnetized clouds would then be roughly par-
allel. Collapse along the magnetic field is not
impeded by the field, so cores are predicted to
have a disk morphology. However, perpendi-

The importance of magnetic fields for the 

formation of stars, such as the Sun, is supported

by measurements of polarized radio waves from

dust particles near a newly forming star.

Testing Star Formation Theory
Richard M. Crutcher

ASTRONOMY

The author is in the Department of Astronomy, University
of Illinois, 1002 W. Green Street, Urbana, IL 61801, USA.
E-mail: crutcher@uiuc.edu
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Shaped by magnetism. Schematic diagram of a collapsing molecular
cloud core with a strong magnetic field (B) showing the characteristic
hourglass shape. [Adapted from (4)]
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PROTOSTELLAR 
MAGNETIC FIELDS



AMBIPOLAR DIFFUSION
Prestellar cores and inner parts of protostellar disks are 
sufficiently cold and shielded from radiation fields to 
become weakly ionized, with many neutral atoms. 

Neutral atoms are not frozen to the magnetic flux, they can 
slip across the magnetic field lines. In a collapsing molecular 
cloud the magnetic fields will be dragged at a slower rate.

AA49CH06-Armitage ARI 5 August 2011 12:22

Dead zone

Collisional ionization
at T > 103 K (r < 1 AU),

MRI turbulent

Resistive quenching
of MRI, suppressed

angular momentum
transport

MRI-active 
surface layer

Nonthermal
ionization

of full disk column

Cosmic
rays?

Ambipolar diffusion
dominates

X-rays

Figure 7
Schematic structure of the protoplanetary disk if the low ionization fraction at radii r ∼ 1 AU quenches angular momentum transport
due to the magnetorotational instability (MRI), forming a dead zone (Gammie 1996). X-rays, produced from the cooling of plasma
confined within magnetic field loops in the stellar corona, ionize the disk surface, but fail to penetrate to the midplane. The image in
the lower left shows density isosurfaces computed from a simulation of a fully turbulent disk (K. Beckwith, P.J. Armitage & J.B. Simon,
unpublished simulations).

which is at about 1 AU for Ṁ = 10−7 M# year−1 (Figure 2) moves inward as the disk
accretion rate declines.

2. An outer zone, where nonthermal sources of ionization suffice to raise the ionization fraction
at the midplane above the threshold for MRI activity. The inner boundary of this region
also moves inward as the surface density drops, because the shielding the disk provides to
ionizing radiation and particles becomes less effective.

3. An intermediate region, where the midplane is cool enough, and well-enough shielded from
ionizing radiation, to fail to satisfy the conditions for the MRI to operate. Gammie (1996)
suggested that the disk at these radii would develop a layered structure, with a dead zone
near the midplane in which turbulence was absent or strongly suppressed. Accretion would
then occur entirely (or primarily) through an active surface layer, whose thickness is defined
by the flux and penetration strength of cosmic rays (in the original version) or stellar X-rays.

No observation provides direct evidence either for or against the existence of dead zones.
Theoretical calculations, however, continue to suggest that it is more likely than not that
protoplanetary disks develop a dead zone at radii r ∼ 1 AU (Salmeron & Wardle 2008; Terquem
2008; Bai & Goodman 2009; Turner & Drake 2009; Turner, Carballido & Sano 2010). The sole
situation in which a region of suppressed MRI transport is not predicted to exist is the case where
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Armitage (2011)



ORIGIN OF STELLAR 
MAGNETIC FIELDS

Fossil field: primordial field amplified by compression 
(conservation of magnetic flux). 
- needs sufficient magnetic flux 
- needs to survive resistive and turbulent decay 
- needs stable topology 
- does not scale with rotation rate 

Dynamo: field amplification by convective motions 
- needs a source of kinetic energy (convection, differential 
rotation) 
- quenching mechanisms limit the field strength 
- scales with rotation rate



PROBLEM 5: 
STELLAR MAGNETIC FLUXES

Estimate (order-of-magnitude) magnetic fluxes  across: 
- a molecular cloud ( , ); 
- a low-mass (T Tau) protostar ( , ); 
- a low-mass ( ) M star ( ); 
- the Sun ( ); 
- a high-mass ( ) Ap star ( ); 
- a white dwarf ( ); 
- a pulsar ( ); 
- a magnetar ( ). 
Stellar radii R can be read from the HR diagram. 
For neutron stars adopt . 

Create a log-log diagram of radius R vs. magnetic flux . What basic 
conclusions can be made?

ΦB
B ∼ 0.4 mG R ∼ 0.1 pc

B ∼ 200 G R ∼ 0.05 AU
0.1M⊙ B ∼ 1 kG

B ∼ 2.5 G
2.5M⊙ B ∼ 30 kG

B ∼ 108 G
B ∼ 1012 G

B ∼ 1015 G

R ≃ 12 km

ΦB

This problem is worth 5 points. Solutions should be sent as 1-page PDF files to 
knalew@camk.edu.pl before the next lecture.

mailto:knalew@camk.edu.pl


SUMMARY

Low-mass stars ( ) have outer convective zones 
and produce ubiquitous magnetic fields (up to kG) of 
complex structure and cyclic activity. 

High-mass stars ( ) have inner convective zones, 
only a few % (Ap/Bp, some O) are strongly magnetized (up 
to 30 kG) with simple structure and little variability. 

Magnetic fields are roughly in equipartition in star-forming 
molecular clouds, magnetic flux and angular momentum 
need to be strongly reduced in the resulting stars.

M < 1.3M⊙

M < 1.3M⊙


