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Chromospheric Activity measured by Mgll h+k lines
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Correlation:

Chromosphere
VS

corona

=
i

Ayres et al., 1981,
ApJ, 247, 545.
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Energy Flux out of Stars
V(Fr+ﬁc‘ifm+ﬁg+ﬁk+ﬁe):0
F -, radiative ;c; conductive ; m » mechanical

F ¢ gravitational F «; kinematic F.; enthalpy

at 7 _~ 10 (T ), AT ~ 150K

min

AH/H ~ 16T3/T_AATT ~15%107°

Chromosphere; (3—6) X 10% erg/cm?2sec
— AH/H ~(5-8) X 107° erg/cm?sec



LOG N

3.5
=

<3

=2

-

MN,=2.6 > 107N,

Lywrmomn —ce —

Ne=0O.5a MN,,_ 2

| | S— - — I

1000
HEIGHT (km)



BEEEFE~FE-O0)~

IKFRDERE electron donner at T ~metal

at T, ~hydrogen

Radiative loss top

dH

4=~ =04,N.N, f(7)g(r)

Q:collisionstrength 4, :element abundance
f(r) ~exp(—X, /kT) collisional excitation
g(7) ~exp(xA/kT) lower level population



— N i — = YDA _
BELFE~FE-OAF~
hydrogen
=2
L:dﬂ; energy loss rate /cm® "
dZ X2 Loz
dinT _ kT (dInL_ZdInNHj N <N
dz X, tA\ dz dz !
_ kT ’ N ~N
X, +(Q+a)(X, + A) g
[(Ha)dlnL_(era)dlnNH_dln(l—y)}
dz dz dz

y=N,I(N,+N,) X,:n=2excitation energy

a=1(r,,>1) > 0 (r,. <1
X5
Ny ~n,n;-e

10
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() Ne < metal
(i) Ne ~ Np r<<1
() Ne~Np r~1

. X, EA << X, = (i) dIin T/dz ~ minimum

Y ~ 1 temperature gradient max

11
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Empirical Chromospheric Model

O
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" : s - i
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20 [ ] —
] Mgl { Ko : K,
Hg (core) Hg (wing)
= e} |, 1
3 Mitm } L
[ Amm |
R I I mum 1
- " 600;m 1}
= 10 |- 1300 —]
o= - (1500} _
1 I50m!
B |- L,lcenter) C (109.8 nm) METE —
{ |
L | PN Si(152.4 nm) —
Lglpeak) 1
& ; U | Fe,Si1(IS7.5 nm)
] = -
H (7O i 1
': ;:“.; t f Sifie8I1Inm)
et
- H(20.7 nm) LoltAY { ' =
La(5A)
4 Ly
TSN T . SN (IR S S S S S (R | IR || (N NS M (AT e (T .|
2500 2000 1500 1000 500
h (km)
L SRS TS TN TR T (S U T AT Y (1 1 | (SN T WA U8 71 V1 S GNSU BW S U U T AT W 11T N RO U TTTT T S
1o Jike 10~ 4 10~ 3 Te g 1o~! |

m (g cm?)

Vernazza, Avrett, Loeser: 1981, ApJS, 45, 635.
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A: dark point within a cell B: average cell center C: average quiet sun
D average network E: bright network F: very bright network element

F': flare (Fontenla et al. 1990)....

6.5 T T T T ; ] T T

T(IO” K)
s 0l BASRIeral’

HSRA " -

1
lelele] 800 e00 400 200
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Thermal Bifurcation (Ayres 1981, ApJ 224,1064.)
coolant CO & heater/coolant H-
F F=e.te,- (=0; radiative equilibrium)

40|OO / H* heating
4000K
CO
dissociate
T
/ | X 2900K
2900 4900
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Two-level atom without continuum

radiative transfer

dl
" =|-nB, 1, +n,(A4, +B,I, )]¢ M
n,B,—-nb, ¢ [\ n,8 .
statistical equilibrium
n(B,[4.0.dv+C,)=n4,+B,[4,dv+C,)

15
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Two level atom w/o cont.

U¢Jdv+gB -
, =(1-¢)J +&B,
E
( ﬂ\
Cul-e™
E= \ /, o= &

Auz 1+&'
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gl-l

1 1

mean free path; |, ] ~

photon destruction probability; P, Xo  Xu® t X
thermalization depth; A C

photon escape probability; P, C + 4
N b )

P.(r) =] #(x)dx

for x;;7. =1

18
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gl-l

~¥E-O04~

line profile ¢ (x) — thermalization depth A
1

Doppler; ¢(x) = —e™
T
Voigt ¢(x) =—=[ & |fx- 3 +a*[dy
TN TT 7
Lorentz; ¢(x) = L 21
T x +1

source function at the surface

S, (0)=+/¢B

17-jun-04

19
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october2007

Wilson-Bappu Effect

[T.H ,Log a)

20
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october2007
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#l =
r2p
+3p
+a-
+5
Ll
+ T

+H=

Wilson & Bappu 1957, ol
ApJ. 125, 661

[[#] o

1 | | | | | 1
1o 11 12 13 14 15 & IT 18 19 20 2
Log W,

L I | 1

L1
| 228 23
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CallH&K Line
Formation

strong gfN-value

collision dominant

(S, =B, to middle
chromosphere)

K,; formed at the
thermalization
depth

Temperature

~
/
51 2 A 0t 5000
L | 1 1 1 |
| !
Mo Mp My

Ayres (1979)
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Wilson-Bappu Effect; Interpretation

Chromospheric Thickness

W,; Dopper control?

Inside K1, k1; optically thick in chromosphere
— effect of radiative transfer

dF _F fot
am  m,

tot 4
F FMg[I’ M 1l /O-T

eff
FY' ~7x10%erg | cm®s

, *:temperature min.

242
Lo

6 6+2
~7x10° F T

24
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dF dF . p

_j —~ —j —~ Cne -~ — AFe

dm * dm - !

I ~0.75T,, P =mg (hydrostatic)
FRERRY _-1/2 _1/2 _-1/2 _7/2H1

m, ~ Are F g T o

Lorentzian wing control of K1

-~

-2
TAL ~ Kl Ael WAA/L
/4 _1/4 _-1/4 71

/ _ \—1/2

A - ~ 4=
Aﬁ* —_ K.lll2 ~el AFe F g Te; 2
\AFe)

AL IALEL <25 (BRE:KB ~23)

25
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TABLE
ADOPTED LINE PARAMETERS®

Parameter Can kK Mgk

MCA). . 3934 2796
3’2!&"1 ................. 2 2
Aoy (87 oo e 1.5 x 108 2.7 = 10°
L [ 0.70 0.63
Feg(rads=%)........... 1.5 x 10® 2.7 = 10°
Ag® (Ag =1.0)....... 2 x 10—#° 3 x 10-°%
epem® g=* A3)f....... 1.6 9.8

ke [em2 g~ (kms)— 11§ 3.6 x 10° 3.4 x 107
Qg lem®s=1). .. ... 0., 5.8 x 10-7 7.3 x 10-7
glem®)| ... ... ... 1.9 x 1018 1.4 x 1015

* From Shine 1973, Appendix A, unless otherwise indicated.
= 1.5 x 1072%AA3%(ga/g1)A21 (Allen 1973, p. 59).

1t w; = (me?/m) (NN g /AW AL 1 .4mg).

§ k10 = (me?[m)f(Af /' 7)(A® 1. 4mg).

| & = L2a1f/A2: = [(g1/22) 212/ Aa1].

26
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A~— (thermalization length)
&

el ]
T, Rk, AaE"m, = A~ (gn,)

& = Qul /Aul f . Doppler velocity
_ 642 _-1/2 _ 12 _1/2 _5/2#1
FTeff m* ~ AFe F g Teﬁ”
dF FtOl‘
n, -~ ~ chromosphere mean density
dm  m.

(A~ \* 2/3 _ -1/2
N - 3 —(= +)
o Are F g 1/2Teﬁ £

\AFe/
AV TAZE ~0.9 @#:xB ~1)

m, = K, é&

27
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¢ W(K1), W(K2) &g TR —ILT D

e WK2)~EWRTRY—)ILT B

e WK2) T Fl, whileW(K1)T F1
—£57:8] Osolar plage

28
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EBEOIRILF—INZ —EHFHRREMMEE

(corona) H.=R.+C
(transition region) H, + C_=

Observation: R,~C.— H, ~ 0

30
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CR Modelling under coronal condition

* Line intensity of a permitted line (j — 1) | ‘ h
~hv

hc
(A.)=
5/111 ﬂ,ij

NJ(XW)N (X "N (X )N (H)
N (XN X)NIMH) N.
A:N,=N.C,N (X ") <—radiative-collisional model

h v .
e(A ;)= ) excited state << ground state

Ay
10, AL,
C,=8.63x10 'T. -~ ma. kTe)

. | (Emissivity /volume) i

Nj: Ne
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g,= PG (T)Nz | element abundance

_ she Q/N(X) N(H)
/3=8.63x10 "~ w@ o

(X ") exp(-AE [ kT.)

G(T)= @ =

T ion fraction

G(T); contribution function

32
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[=7 j j j G(T)N2dV
= BG(T,,)|[| NZaV (isothermal)

v —asah L _vr

«— (differential emission measure
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Classical transition region DEM analysis

51 5 f
- "—‘o'i;f
==
. 4 £ .| /
S >3 e /
x‘ .‘""'___ I
o Sls T 74
*t:|% 3 “‘-—-; ?,
s Tl § 7
T i = —— | -J{
— 2} Iz 5SS i
=ls m 1 v S
—— bird ﬁ:/_ e = ezl == _—of
B S/ S S S S e &
2 E !-\'\ .\ Ne T T e f
et w1 /;?’/ ;"- #3-&- R = |
E g NN ow P 45
0D .éﬂ /T(?\\ ET'._ / O Si
S I § —e—— e < Fe
i o it
1 L ] o I [] . 1
5 6 7 4 o 5 [ 7
logT. (T, K) logT..( Te; K)
(a) (b)
£ 5—32 KUVF—" I INSKROEI-FZBEIERICS [Tﬁ,mf“:é,mlﬁﬁﬁﬂé@ﬁ]{¥ A E

X5 — 2% I FHBHEHITSEHER T, 10°—~10°K oo FubH T v |=h i
(T2 dT e/ dh=——5) 7o %33 . SiOFETESS 31075 ’c—#‘)";':- E, (a), (b=

X35 Fe DIEIR-CI-FEiL, 3 x10%°erg/cmZsec I LT 1 x 10% rg/cm®sec &7 5
(CAthay, 1971). (a); Z2ETFHEH&ES2 3 E/sv (Athay, 1966b i X 5). (b); BEET

=
FEES A STy (Dupree & Goldberg, 1967 = X 5 ).
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A+ IIL— O RER|

1
“ = plyT 2-H|, H ~const.(erg -cm™)

dF

ds

v ~ 107 (Raymond )
: > dT

2
p P
FdF ~| *— k. dl — Hx ,T?%dT, F =k«x.T?—
c c (ij Z 0 0 c 0 dS
2 2 7 7
F p I " 2
< | ~| 2| yk (T-T.)-—Hx,(T2-T

2 5
T ~0, F.~O0(thermally isolated ) — H ~ Z(L) xT, *°
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1 °
di [y ) p N1-¢2
ds

2k’ K,

Rosner, Tucker, & Viana (1978)
Kano & Tsuneta (1995)
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Log T (K)

7 . . .

o

5 “ NT=10cm=K .
8 9 10 11 12

Log Height (cm)
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Log (ergs cm® s™)

| | ' 7
Static Model Energy Balance i

8.5 9.0 9.5 10.0
Log Height (cm)
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o4t . . Empirical model
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Chromospheric Activity measured by Mgll h+k lines
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Correlation:

Chromosphere
VS

corona

=
i

Ayres et al., 1981,
ApJ, 247, 545.

0.1 -y L1 J [ | T v ]
I 30 100 300109 3«00 30 100 300 010- 321010 30 100300 10% 3 103104
fmgm / ool (10=T) ¥
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Rotation Activity Connection

l
L, vs vsin |
L 321 L,=1027(Vsini)?
Pallavicini et al.
1981, ApJ, 248,
279. 3|}
o
o 30|
2
»
— 29}k
<
@)
|
28}
O |IV+V
O
27 o O Il +1l
Osun Empty circles: Sp GO-MS5
Filled circles: Sp F7-F8
0 | 2

LOG V sini (kms™')
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R« VS R,

Noyes et al. 1984, ApJ,

279, 763.

R,~ T,

R, Rosby number

log Ry

—
w7,
~¥lE-O20F~

A2 L D

—44 — i a® ER -
. e »
— [ | - - - —
p-
—46 — = -
[ ]
[ ]
| |
-4.5 = ’-- ——
L]

b F =

-

" [

5.0 — —
L —

52 | I | . I | | |
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S-index, Ry, R’

e Vaughan, Preston, Wilson (1978)
— S ~H/(H,+Hg) + K/(K,+Kg)

e Middelkoop (1982) : color correction
— Ry ~Fuk/(0 T

 Noyes et al. (1984): photospheric contr.
— Ry = Ry R

photo
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Plage vs. Quiet Sun
Coll K
\ 0
'zu» i ',09 A
@
c
2
£1 ,
[ ¥ / 0u|el Sun T
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7 3 CONTRIBUTION !
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' ' ' S ' T Wovelength """"" M

Figure 4 The K-line bandpass of the instrument used to produce the Vaughan-Preston (1980) survey and other Mount W1lson Ca Il HK flux

measurements, superimposed on both quiet Sun and plage spectra (Hartmann et al. 1984b).
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BEELEE

10 | | 1
Hartman, L. W. , Noyes,
ES Model B: R. W.: Ann. Rev. Astron.
— surface Astrophys., 25, 271
—— interior (0.7 R,) (1987)
Budd A8, S0, S. 81 4p L 265 |, per g v | | Pleiades K V
Galoway, D.J, Weis, N.O. 181 4p.. =~ o7 VA ]
o iy - 7
TT 0.8Mg
O.1 Hyades G1 V —
Field ™.
. Skumanich(1972)’ s law o< t2/2 7 e
5 6 7 8 9
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Starspot —obs tech-

e Light-curve inversion
— ;= I + (1- )l f;: filling factor 0=f;, <1
 Doppler imaging (Goncharskii etal. 77...)
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Berdyugina, 2005, L|V|ng Rev Solar Phys 2 8

2500 [ L

Z000 | -

T(spot), K

T{phot)

3000 3300 4000 4500 2000 2500 6000
T photosphere, K

SpOt temperature contrast with respect to the photospheric

temperature in active giants (squares) and dwarfs (circles). Thin lines
connect symbols referring to the same star. The thick solid line is a
second order polynomial fit to the data excluding EK Dra. Dots in circles
indicate solar umbra (T = 1700 K) and penumbra (T = 750 K) .
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Stellar Magnetic Fields —obs tech-

Robinson Jr., R.

Zeeman triplet:
A A(A) oc

R. (1980)

4.7 x1013g 12B (G)
(g: 5T DgEF)

F, =1 F, (B=0)+fF,(B#0)
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Stellar Magnetic Field Measurements

TERSET WP S SPES|(SPS SS (P YU [ || S PP | ST
4000 4500 5000 5300 6000
T photosphere, K

Magnetic field measurements for
active dwarfs (circles) and giants
(squares) versus the photosphere
temperature. Big circles indicate
the sunspot umbra (B = 3 kG) and
penumbra (B = 1.5 kG). The thick
solid line is a linear fit to the data,
excluding the sunspot umbra.

B, kG

(Berdyuglna 2005, Living Rev. Solar Phys 2 8.)

....................

5E ® =
g ™ ®

4F & -
£ @ ®

20 ® -
8 @

2F o =
SO

1B 3

DE .................... B
0 20 40 60 80 100

Filling foctor, %

Magnetic field measurements for
active dwarfs (circles) and giants
(squares) versus the filling factor.
Big circles indicate the sunspot
umbra (B = 3 kG) and penumbra
(B = 1.5 kG). The thick solid line
Is a linear fit to the data, excluding
the sunspot umbra
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Filling qugt.o.r.s. o

i

clar,

Filling fa
I
J
|

I:I 1 ] 1 i I 1 i Il 1 I I! 1 1 ] I i ] 1 i I 1 i I! 1 I ] Ir-ri-\wll I 1
3000 3500 4000 4500 2000 5500 6000
T photosphere, K

Filling factors of spots (open symbols) and magnetic fields (filled symbols) on
the surfaces of active dwarfs (circles) and giants (squares) versus the
photosphere temperature. The thick solid line is a polynomial fit to the spot
filling factors. The dashed line is a fit to the magnetic field filling factor,
excluding the Sun. A big circle emphasises the sunspot umbra (f ~1%).
(Berdyugina, 2005, Living Rev. Solar Phys., 2, 8.) 55
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Chromospheric Ca Il emission cycles for Sun-like stars, illustrating the regular cyclic
variation that is common in such stars. The Ca Il emission is plotted in Mount Wilson
“S-Index” units. From Radick (2000).
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~ 100 Stars in spectral types of GO - K5V

e Young rapidly rotating stars
— high average levels of activity
— non-smooth cyclic variation.
e Stars of intermediate age (approximately 1 — 2 Gyr for 1M)
— moderate levels of activity
— occasional smooth cycles.
e Stars as old as the Sun and older
— slower rotation rates
— lower activity levels and smooth cycles.
e Stars of no variations
— in the stage similar to the Maunder minimum
— subgiants evolved off the main-sequence (Wright, 2004).
* vs. H/K chromospheric variation
— young stars: anticorrelates with their variation in chromospheric
emission — activity cycles on young stars should be more
prominent in spot patterns rather than in chromospheric plages.

58



Irradianea [W  m"]

YV imagnitude}

137§
1365 | ]
]355 —
1964 i
14 ; ' ) ; ) ' ) ' ; ' ' 197 1980 ™ 1546 e oy o POOL
M7 L8 OL/6d QL7606 0178Y 0180 01781 01/8% M/ OL/% oL/ AL/ 91703 ' ' Tear
Deke (mmn/75)
ABDor
8.7 w
8.8 ) .
d 18-
2
8.8
7.2
7.0 g
A.0
1960 1685 1580 1835 2000 2005
Year

Spot cycles in the solar irradiance and V magnitudes of the RS CVn binary o Gem
and two young solar analogues AB Dor and LQ Hya. Note that the maximum of the
spot area corresponds to the maximum irradiance on the Sun and minimum
brightness on the stars.
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e Sun: maximum spot area at the maximum
Irradiance

o Active stars: maximum spot area at
minimum brightness — periodic changes
of spot rotation periods in phase with the
spot cycle
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