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Suggested reading

• Rob Rutten “Radiative transfer in stellar 
atmospheres” 
http://staff.science.uu.nl/~rutte101/Radiati
ve_Transfer.html
 go to course notes to get the .pdf file

• Vieytes, Mauas, &Diaz (MNRAS 398, 
1495 (2009))

• Ribas et al. (ApJ 622, 680 (2005))
• Fontenla et al. (Sol. Phy. 289, 515 (2014))
• Fontenla et al. (ApJ 809, 157 (2015))

http://staff.science.uu.nl/~rutte101/Radiative_Transfer.html
http://staff.science.uu.nl/~rutte101/Radiative_Transfer.html


Stellar Chomospheres and 
Nonradiative Heating: Outline

• Examples of spectra emitted by stellar chromospheres.
• Definitions and assumptions.
• Where are these emission lines formed?
• Energy balance: heating and cooling rates
• Semi-empirical chromosphere models
• Sun in Time
• Does the Sun have a twin?
• K dwarf star chromosphere models
• M dwarf models
• Types of stellar activity



Age-activity-rotation relationship for solar-type 
stars (Pace & Pasquini A+A 426, 1021 (2004))

Fröhlich & Lean  (ARAA 12, 
273 (2004)

SCaII index = CaII H+K line flux within 1Å divided by continuum flux.



Quiet Sun emission observed by the 
SORCE instrument on SOLSTICE II



Extreme-ultraviolet (EUV) Portion 
of the Quiet Sun Spectrum



UV spectrum of a solar-like star

• Spectrum of α Cen A   (G2 
V star at d=1.34 pc)

• Obtained with HST/STIS 
at 2.6 km/s resolution by 
Pagano et al. (A+A 415, 
331 (2004))

• 4000-8000 K lines: Si I 
(155), Fe II (144), C I 
142), S I (55), H2 (14), CO 
(11), etc.

• 20,000-300,000 K lines: C 
II (6), C III (8), C IV (2), O 
IV (5), O V (2), Si II (17), 
Si III (7), Si IV (3),  Fe IV 
(8), Fe V (2), etc.



HST/COS spectra of solar-mass stars with a range 
of rotational periods. All stars placed at 1 AU.



UV fluxes of solar-mass stars increase with 
faster rotation and younger age (Ayres 

(1997)

Ribas et al. ApJ 622, 680 (2005)



Stellar Chomospheres and 
Nonradiative Heating: Outline

• Examples of spectra emitted by stellar 
chromospheres.

• Definitions and assumptions.



Terms of reference: layers of a stellar 
atmosphere (Key point is the relative 
importance of nonradiative heating)

• Photosphere: Visible layers of an atmosphere where the 
nonradiative heating does not significantly alter the negative 
temperature gradient (dT/dh < 0) produced by radiative/convective 
equilibrium. 

• Lower Chromosphere: Continuum is optically thin at the limb,  
mechanically heating is significant but dT/dh < 0. Hydrogen is 
mostly neutral and metals are neutral or singly-ionized.

• Upper Chromosphere: Above the temperature minimum where 
mechanical heating forces dT/dh > 0. Where the emission cores of 
CaII, MgII, Hα and Lyman-α are formed. 

• Transition region: Region of steep temperature gradients where 
hydrogen is mostly ionized. Emission lines of CII-IV, SiIII-IV, NV.

• Corona: Extended region of high ionization where thermal gradients 
are small due to thermal conduction and wind expansion where the 
magnetic field lines are open. FeIX-XXV formed in stellar coronae.



Assumptions of classical stellar 
model atmospheres

• Stratified homogeneous plane-parallel layers (physical 
parameters depend only on height).

• Atmosphere is in a steady state (no time dependence, 
atomic level populations in statistical equilibrium).

• Atmosphere in hydrostatic equilibrium (ignore velocity 
fields, time dependence, mag. fields: dP/dh=-ρg).

• Atmosphere in radiative-convective equilibrium (no other 
source of energy except heat from core where nuclear 
fusion occurs) (but magnetic fields are a heat source).

• Either local thermodynamic equilibrium (LTE) where all 
processes depend only on temperature or non-LTE 
spectral line formation (include radiation fields when 
computing ionization and excitation rates).



Stellar activity occurs when the assumptions 
of classical stellar atmospheres are not valid 

(i.e., when stars misbehave)

• Non-radiative heating processes become important in 
addition to radiative/convective equilibrium.

• Turbulent magnetic fields (β=Pgas/Pmag>1 in photosphere 
but <1 in chromosphere and corona) drive conversion of 
magnetic energy into electric fields, particle acceleration, 
and heating. The physical mechanisms are uncertain.

• Unstable magnetic structures lead to rapid heating, UV 
and X-ray emission, coronal mass ejections (CMEs) and 
flaring.

• Another source of variability is rotation of magnetic 
structures (e.g., starspots) on to and off from visible 
hemisphere (rotational modulation).
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• Examples of spectra emitted by stellar 
chromospheres.

• Definitions and assumptions.

• Where are these emission lines formed?



Vernazza, Avrett, Loeser (ApJS 45, 635 (1981))



Semi-empirical chromosphere models for regions of the 
Sun with dark to bright UV emission in response to 
increasing heating rates (Fontenla et al. 2009-2015)

• Model A fits the spectrum 
from a region of weak 
emission (low heating 
rate).

• Model Q fits the spectrum 
from a region of strongest 
emission (high heating 
rate).

• Note similar shapes!
• Higher temperatures in 

chromosphere mean 
higher ionization, electron 
density, and collisional 
excitation rates.

Working hypothesis is that ratios 
of emission lines should depend 
weakly on emission line fluxes.



Contribution functions for the centers of 
important emission lines (GJ832)

• Line centers of CaII 
and MgII emission 
lines formed at 
5,000-15,000K in 
upper chromosphere.

• Line wings are 
formed at lower 
temperatures in the 
lower chromosphere 
of M stars or 
photospheres of G 
stars. 
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rates



An example of the effects of nonradiative 
heating on the thermal structure of solar 

model atmospheres
• Radiative equilibrium (RE) 

model includes millions of 
lines fully nonLTE

• Other models add heating 
rates (log units 
ergs/atom/s) to the energy 
equation

• Major cooling sources are 
emission lines of Fe II, Mg 
II, and Ca II following 
electron collisional 
excitation

• CO cooling at T< 4400 K Anderson and Athay
 (ApJ 346, 1010 (1989))



Major contributors to the net cooling in 
solar chromosphere models

• Top figure shows net 
cooling (ergs/atom/s)

• Bottom figure shows net 
cooling (ergs/cm3/s)

• FeII accounts for 50% of 
the total chromospheric 
cooling

• Hydrogen not an 
important cooling agent 
until T=8,000 K (10.5 eV 
to first excited level)

• CO cooling important 
when T<4400 K at base of 
chromosphere



Net Radiative-Cooling Rate
• Net radiative cooling rate as 

a function of  temperature or 
height (units: erg/cm3/s).

• Computed for a model of the 
M1 V star GJ832 by Fontenla 
et al. (2016).

• At 4,000-8,000K, the main 
cooling is by Balmer lines, 
Lyman continuum, MgII, CaII.

• At 8,000-25,000 K most of 
cooling is by Lyman-α.

• Above 25,000 K, He and 
ionized metals are important.



Comparison of the net radiative-cooling rate for the GJ832 
model 3338 with the quiet Sun model 1401 and active Sun 
model 1404. Rates are the same above 30,000K because 

all transitions are optically thin. 



Stellar Chomospheres and 
Nonradiative Heating: Outline

• Examples of spectra emitted by stellar 
chromospheres.

• Definitions and assumptions.

• Where are these emission lines formed?

• Energy balance: heating and cooling 
rates

• Semiempirical chromosphere models



Semi-empirical model assumptions

• Fit the observed solar/stellar spectrum and  not 
the energy balance.

• Statistical equilibrium for excitation and 
ionization of all important species.

• Radiative transfer of the important optically thick 
lines including scattering (nonLTE).

• Solar models beginning with Vernazz, Avrett 
Loeser (1973, 1976, 1981) and now Fontenla et 
al. (2009, 2011, 2013, 2014, 2015).

• Corresponding stellar models, in particular M 
dwarfs like GJ832, now being computed.



Semi-empirical chromosphere models for regions 
of the Sun with dark to bright UV emission which is 
a proxy for the heating rate (Fontenla et al. 2009)

• Model A fits the 
spectrum from a 
region of weak 
emission (low heating 
rate).

• Model Q fits the 
spectrum from a 
region of strongest 
emission (high 
heating rate).

• Note similar shapes!
Working hypothesis is that ratios 
of emission lines should depend 
weakly on emission line fluxes.



Computed UV spectra for Fontenla et al. 
(2009) solar models for regions of lowest 

(black) to largest (red) heating rate

Semi-empirical non-LTE 1D models are for inter-network (faint Ca II 
emission) to bright plage (bright Ca II emission). Continuum flux increases 
about a factor of 8 in FUV.
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Evolution of the Solar X-ray and EUV Flux

Ribas et al. 2005, ApJ, 622, 680



UV fluxes of solar-mass stars increase with 
faster rotation and younger age (Ayres 

(1997)

Ribas et al. ApJ 622, 680 (2005)
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Does the Sun have a twin? Porto de 
Mello & da Silva (ApJ 482, L89 (1997))

Criteria for selecting a “solar twin”: similar mass, luminosity, radius, gravity, 
rotation, age, chromosphere and coronal emission

Best example is HR 6060 = 18 Sco. d = 14 pc, mV = 5.5, Sp. Type G2Va



Comparison of proposed solar 
twins (L, Teff, color)
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Semi-empirical nonLTE models for K0-K2 dwarfs 
(Vieytes et al. MNRAS 398, 1495 (2009))

• Models with empirical chromospheric 
temperatute structures, T(h), to fit observed Hβ, 
CaII K, MgI b, and NaI D lines.

• Non-LTE populations computed for H (15 levels), 
CaII (5 levels), MgII 7 levels), etc.

• Line blanketing treated in non-LTE.
• Line radiative transfer includes scattering.

• Correlation of chromospheric cooling=heating 
with Mt. Wilson CaII K line index (SCaII).



Models for the less active group. 

Vieytes M C et al. MNRAS 2009;398:1495-1504

© 2009 The Authors. Journal compilation © 2009 RAS



Models for the more active group. 

Vieytes M C et al. MNRAS 2009;398:1495-1504

© 2009 The Authors. Journal compilation © 2009 RAS



Comparison of observed (dashed line) and computed (full line) profiles for  Eri in its ɛ
maximum.

Vieytes M C et al. MNRAS 2009;398:1495-1504

© 2009 The Authors. Journal compilation © 2009 RAS



Normalized versus computed SCa II index. 

Vieytes M C et al. MNRAS 2009;398:1495-1504

© 2009 The Authors. Journal compilation © 2009 RAS

Φint=net 
radiative 
cooling rate in 
the stellar 
chromosphere
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M dwarf semi-empirical model 
chromospheres

• We need realistic models to estimate the 
radiation environment of exoplanets around 
nearby stars most of which are M dwarfs. 

• Eric Houdebine has computed M dwarf models 
published in a series of papers in MNRAS 
2008-2012 to fit Hα and CaII H+K observations.

• Juan Fontenla has computed a semi-empirical 
model for GJ832 (M1 V) using the same non-LTE 
code as for the Sun but including molecules. 
Paper submitted in Dec. 2015.



Comparison of semi-empirical non-LTE models of 
GJ832 (M1 V, black) and the quiet Sun (G2 V, red). 

Models by Fontenla et al. (2015, 2016).



Comparison of observed (black) and 
spectral synthesis model (red) for GJ832



Comparison of high-resolution spectra of GJ832: 
observed (black) and computed (red)
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Types of stellar activity

• Nonradiative heating (chromospheres, 
transition regions, and coronae)

• Magnetic structures (starspots, plages, 
filaments, prominences)

• Slow variability (rotational modulation of 
bright and dark structures, magnetic 
cycles)

• Rapid variability (flares, coronal mass 
ejections, energetic particle events)



Connection of radiative output from the 
chromosphere and corona with solar magnetic 

fields



Examples of variability (30 minute cadence) 
for periodic G dwarf stars from Kepler



Stellar flares seen by the Kepler satellite
• Detected flares (green) and no 

detections (red) (Balona MN 
447, 2714 (2015).

• M5 V star light curves (Lurie et 
al. ApJ 800, 95 (2015)).

• Halloween 2003 solar flare: 
10^32 ergs.

• 1859 Carrington flare: 10^33 
ergs.

• Year 774 flare: 10^33 to 10^34 
ergs. Aurorae seen at equator!

• Kepler has detected many 
stellar superflares with E>10^33 
ergs.

• A solar superflare predicted 
once every 300-500 years.



Additional slides



Total radiated power radiated per unit surface area 
of a star from gas in a temperature range

• For log Te = 4.4-6.5,   α Cen A 
P=1.5x106 ergs cm-2 s                   
   P= 2.4x10-5 Lbol 

• For C IV lines only  (logTe≈5.0)     

        P= 5.7x10-5 Lbol
                 

Units are ergs cm-2 s
Prad(Te) is radiative power 

loss per unit emission measure
In a small temperature interval.

Tmax and Tmin are the
 temperature limits for which 
the power loss is calculated. Dominant emitting species: 

For T<6,000 K: Mg II, Ca II. Fe II
For 6,000 K < T < 20,000 K: HI  
For 20,000 T < 500,000 K: C II, 

C III, C IV, He I, He II, etc.
For 500,000 T < 3,000,000 K:   

 highly ionized Fe, Ni, etc.
For T > 3,000,000 K: free-free  



Two-component (magnetic flux tube and 
nonmagnetic) chromospheric models for K2 dwarfs

Cuntz et al. (ApJ 522, 1053 (1999))   
Solid lines for uniformly distributed     
 flux tubes and dotted lines for             
 network flux tubes. Mag. Filling factors
 increase upwards from 40 to 10 days.

f0=magnetic filling factor in photosphere
 fN=magnetic filling factor in chromosphere
 Empirical relationship for magnetic flux: 

Bof0 = 238 – 5.51Prot



MHD flux tube models for Prot=10 days (top) 

and 40 days (bottom) by Cuntz et al. (1999)

T(solid)
 B(dotted)

 v(dashed) 
r(dash-dot)

Note that for the
faster rotating

star, the shocks
have larger

 amplitude and 
temperatures are 
hotter due to wave

 energy being 
concentrated in
 smaller cross-
sectional area.



Time-averaged wave energy fluxes and Ca II H+K 
line emission fluxes (Cuntz et al. (1999))

Prot = 10 days (solid line)
Prot = 40 days (dashed line)

Two-component models (squares)
Uniform distribution (large squares)
Network distribution (small squares)
Observed K dwarf stars (triangles)



Correlation of solar optical and UV emission 
with magnetic field (gross and net)

Frohlich and Lean
 (A+A Rev 12, 273 (2004))



Optical photometric variability observed by the 
Kepler satellite (Basri et al. ApJ 141, 20 (2011))

• 150,000 stars observed 
continuously at 30 min 
cadence with ultrahigh 
photometric precision.

• Variability range in mmag.
• Top panel for stars that 

show periodic variability.
• Bottom panel for stars 

with nonperiodic 
variability.

• For active Sun  the range 
is about 1 mmag.



Histograms of the variability 
amplitude in the Kepler data

• Variability of the periodic 
stars likely due to 
starspots.

• Log (Range)=0.3 
corresponds to 1% spot 
coverage on the Sun.

• Most periodic stars have 
larger Range than the 
Sun and thus have larger 
starspot coverage.



Examples of variability (30 minute 
cadence) for non-periodic G dwarfs



How are chromospheric emission lines formed?

dIν(s)=jν(s)ds-ανIv(s)ds   jv=emissivity/cm-3 ~nenel 

αv=absorbtivity/cm-3  =πe2flu/mec = 0.02654flu  cm2 Hz

Iv(Ƭv=0)=∫0
∞ φvSv(tv)e-tvdt v= observed intensity at top of 

the atmosphere. Φv=line profile (e.g., Doppler)

Sv=jv/αv=nuAul/(nlBlu-nuBul)=(2hv3/c2)[1/((bl/bu)ehv/kt -1)] 
=Source function=Planck function if LTE.

εv=αv
abs/(αv

abs+αv
scatt)  For resonance lines formed in 

chromospheres αv
scatt>>αv

abs so εv<<1 (prop. to ne)

Sv=(1-εv)Jv+εvBv=nonLTE source function. Jv<<Bv

bl=nl/nl
LTE=departure coefficient.  bl/bu>>1 for 

resonance lines in chromosphere.







Far-UV continuum emission 
observed by COS



Comparison of far-UV brightness temperatures of 
solar-mass stars with predictions of the 

semiempirical models of Fontenla et al. (2011)

Linsky et al. (ApJ 745, 25 (2012)).



Observed 1382-1392A brightness temperature vs. 
rotational period of solar-mass stars



Comparison of Si IV flux vs. 1382-1392Å 
continuum flux and Fontenla et. al models



Coronal lines in the UV and FUV

Redfield et al. (ApJ 585, 993 (2003))
Log (Tmax) = 6.8, ΔV≈0 km/s, ξ≈0 km/s

Pagano et al. (A+A 415, 331 (2004))
Log T(max) = 6.13, ΔV≈0 km/s



Information on stellar coronal properties 

from the Fe XVIII line profiles 
• Far Ultraviolet Spectroscopic Explorer (FUSE) spectra 

with resolution 20 km/s.
• Observed only in active stars and solar flares because 

requires plasma at log T = 6.8.
• No significant Doppler shifts indicate that the hot plasma 

is not expanding. Probably confined in magnetic 
structures.

• Line widths are approximately thermal indicating that 
coronal heating is not by shocks.

• Rapidly rotating stars (e.g., 31 Com and AB Dor) show 
broader profiles indicating that the emitting plasma is 
extended.

• Flux in Fe XVIII 974 Å line is proportional to ROSAT soft 
X-ray flux.

• FUSE also observed the Fe XIX 1118 Å line.



Doppler shifts of emission lines in 
the spectrum of α Cen A

Pagano et al. (A+A 415, 331 (2004))
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