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Topics

» Basic Results from Model Atmospheres

» T-structure of the Sun

» T-structure of model atmospheres
» T, Pgas, Pe relations

» geometrical extension

effects of chemical abundances
Tog effects

» continua

» behavior of spectral lines

>
>

» chemical analysis
» micro-turbulence
» graphs from Gray (1989) and France's PhD thesis
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temperature structure: Sun

» observations of limb darkening (LD)

» plus Eddington-Barbier relation

» LD depends on A\ —

» S, varies with A

» inferred T structures agree well with models
» inside the chromospheric T rise, of course!
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LD in the Sun
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Fig. 9.2. (a) The limb-darkening observations of Picrce and Waddell (1961) are
shown for several wavelengths. The 4000 A curve is nearly linear. (b) A schematic
illustration of the cause of limb darkening is shown. The top and bottom of the
photosphere are indicated by the outer and inner circles. Penetration of our line
of sight to unit optical depth, as indicated by the heavy line segments, corresponds
1o different depths in the photosphere depending on 0. The dashed curve indicates
the surface of penetration to unit optical depth. Radiation seen at the disk position
6, is characteristic of the higher cooler layers than the radiation seen at the disk
position 6,.
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T structure: Sun

10000

T

9000

8000 | 4

ToK
-

7000

6000 -

5000 |

4000

T T T T T T T T

(e}

Pierce & Waddell (1961) <l
Elste (1967) o
Carbon & Gingerich (1969)
Holweger & M@uller (1974)
Bell et al. (1976)

Kurucz (1979)

Ayres & Testerman (1981)
N\ ==~ Maltbyetal (1986)

+ >0 e b

1 L 1 L 1 L 1 L

=81 =7

=65 B = B =2 ] 0 1

log 7o

Fig. 9.4. Several solar temperature distributions arc comparced.
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Model atmospheres

» typically computed in stages

1. initial guess of structure (grey)
2. continuum model

3. line model

4. NLTE model

» use scaled structures, too
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line blanketing

» lines drastically change T structure!
» cool outer layers

» heat inner layers
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line blanketing
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Fig. 9.5. Line blanketing raises the temperature deeper in the photosphere and
lowers it in the outer regions. This model has T, = 6500 K, logg = 10 cm/s?, and
solar abundances. Data are¢ from Strom and Kurucz (1966).
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convection

18,000 I I I

Radiative

]
!
]
’
'

16,000 [—

14,000 |—

v 12,000—
w
10,000 —

Log 7,
Fig. 9.6. Convection lowers the model’s temperatures in the deep layers. The
‘radiative” model has no convection. The others are labeled with the ratio of
mixing length to pressure scale height. Little light escapes from the layers below
logt, ~ 0.5. Data are from Carbon and Gingerich (1969).
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convection
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Fig. 9.7. Several temperature distributions (solid lines) derived by enforcing
radiative cquilibrium arc compared to a model of the same grid having solar
parameters, T, = 5770 K, log g = 4.44 (dots). Data arc from Kurucz (1979).
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scaling relations

» scaled solar T structure quite useful

T(r) = SoTo(T)

v

P,as does not scale as T(7) (hydrostatic equation)

» can be approximated in the form

,Dgas X é;p
» p~0.57...0.64
» similar for P,:

Pe o g°
» g~ 0.45...0.3
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gravity effects
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Fig. 9.8. Dillerences in 7(t,) arc shown for two surface gravilics, as labeled. Lower
surface gravity produces systematically lower temperatures in the upper layers.
The scaled solar model is again shown for comparison (linc).
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T, Py, Pe relations
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Fig. 9.10. The rclation among £, P,, and T is shown for material having normal
solar chemical composition. The dashed lines show the points corresponding to
three models. The surface gravity is 10" cm/s® for the two hotter models. Optical
depth, 7,, in decades is denoted by the circles with the lowest ones having T, = 107
and the highest oncs 10. The cooler models show a ncarly constant P, over a
significant range in depth.
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geometrical depths of atmospheres
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Fig. 9.11. Geometrical depth is nearly a lincar function of logt,. The turn-down

in the very shallow layers is a result of starting the integration and docs not
represent physical behavior. Each curve is labeled with its S, log g value. Notice

the great sensitivity to gravity.
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T, Pyas with convection
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Fig. 9.15. The log T-log P, planc is shown for four models, cach labeled with its
value of S,. The conveclive-limit temperature gradient is indicated.
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T, Pyas with convection
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Fig. 9.16. The log T-log £, plane is shown for the modecls of Fig. 9.6 in which we
scc the cffects of the mixing-length parameter.
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T, Pgas relation
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Fig. 9.17. The gas pressurc shows a ncarly lincar relation with log t,, but levels off
in the deep layers. Each line represents a model with the solar temperature and the
surface gravily shown to the right of the curve, The insct shows that log 2, at any
given depth varies lincarly with logg. The slope p is indicated.
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T, P. relation

1 —
0.30
Log I},
0 030 |
0.39
£ 044 |
0.45
=2 p -
=3 | -

Log 7, 3
Fig. 9.18. The clectron pressure shows a much larger change with depth than the
gas pressure (Fig. 9.17). Each line represents a model with the solar temperature
and the surface gravity shown next to the curve. The insct shows that log P, at any
given depth varies more-or-less lincarly with logg. The slope p is indicated.
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effects of chemical composition

v

solar type stars:

most electrons provided by metals (Na!)

— significant effect of metallicity

hotter stars: H is most important electron donor

— abundance effects smaller

cooler stars:

increasing metallicity increases number of free electrons
opacity increases

— decreasing P, at given 7
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effects of metallicity
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Fig. 9.19. An increase in the metal abundance (factor shown) leads to a decrease
in gas pressure at each optical depth for these cool models. This is a result of the
increase in opacity caused by the increase in electron donors and the subsequent
reduction in the depth of penetration of the line of sight.
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effects of metallicity
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Fig. 9.20. An increase in metal abundance (factor shown) leads to an increase in
the electron pressure at most depths in these cool models. The interesting cross-
over in the deeper layers arises when the metals are underabundant, resulting in
fewer electron donors and lower opacity allowing us to see to the deeper layers
where hydrogen becomes a significant contributor of electrons.
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effects of T.g

v

inrease T.g —

v

opacity increases —
» — decreasing Py, at given 7

» changes as H ionizes

v

P, increases with T.g due to increasing ionization
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effects of T.g
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Fig. 9.21. The gas pressure decreases at each optical depth as the model
temperature rises.

23/61



effects of T.g
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Fig. 9.22. The electron pressure increases with increasing model temperature until
a leveling off occurs w!=ere hydrogen takes over as the electron donor. In the
domain of cooler “tetiperatures, logP, varies approximately linearly with
temperature. The Q of eq. (9.18) is shown on the left.
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continua from model atmospheres

» significant deviations from BBs!

» examples use scaled solar T structures

» Balmer jump strongly T.z dependent

» less g dependent

» low T.g — H™ dominates

» can be used to fit to observed 'continua’ (hotter stars
only!)

» use T.g dependence of Paschen continuum

» use g dependence of Balmer jump for given T.g

» also: use synthetic colors and BCs for quick and dirty
parameter estimates
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stellar continua
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Fig. 10.8, Modcl-photosphere continua arc shown for scveral scaled solar models
as labeled. They arc plotted on an absolute flux scale, and so both the slope and
height of the graph changes with temperature. The gravity dependence (solid
versus dashed lines) is relatively weak.
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stellar continua
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Fig. 10.9. The upper curve shows the smooth variation of the Paschen continuum
with temperature. The lower curves show the temperature variation of (he Balmer
Jjump for several values of surface gravily. Smaller gravily enhances the Balmer
jump. The models usc a scaled solar 7(t,). The squarcs show the obseivations
tabuliated by Barbicr (1958).
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stellar continua
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Fig. 10.13. The observed energy distribution of 51 Peg is shown by the xs.
Corrcction for line absorplion gives the continuum (circles), which arc then
compared to a scaled model having S, = 0.98 (linc).
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stellar continua
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Fig. 10.14. These observations of Procyon (F5IV-V) by Bessell (1967) are
compared to a scaled solar model having S, = 1.20 and the values of log g shown.
The model with g = 2.7 x 10* cm/s* is shown by the solid line.
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stellar continua
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Fig. 10.15. The observations of Vega from Fig. 10.3 are compared here to a model
having T,,, = 9650 K, lag g = 4.0 computed by Dreiling and Bell (1980).
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bolometic
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Fig. 10.16. Bolometric corrections arc shown as a function of B~V color index. The
solid linc is the mean relation for dwarfs Hayes (1978), and the small filled
triangles is the relation given by Popper (1980). Other symbols arc measurements
for individual stars, and come from Code et al. (1976) and Hayes (1978)
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behavior of spectral lines

» line source function

B J+ e(7)B,
Y 1+e(7)

» lines profile essentially maps S,(7)

» — use this to estimate T(7) from lines
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lines
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Fig. 13.1. Therc is a mapping between the source function and the line profile. It
is the decline of the source function outward through the photosphere that

produccs absorption lincs.
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contribution function

» LTE line profile:

F, = on / B,(r,)Ex(r,) dr
0

*° dr,
= 27r/0 BV(TV)Ez(Tl,)FStddetd

1+ Xc Ci|0§§7%td

= 27 /Ooo {BV(TV)Ez(Tu) X Tstd

Xstd log e

» expression in [| — contribution function

» approximately measures contribution of each layer to line
emission
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lines
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Fig, 13,2, The contribution functions for residual flux are shown for iron 116065 with y taken
10 be zero; the model has S, = 1.02 and g = 10" em/s* The Jine profile is shown at the left; the
number of line absorbers and the integrands of ¢q. (13.15) on the right. Each labeled point on
the profile has a corresponding contribution function on the right, as labeled.
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lines
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Fig. 13.3. This diagram is the same as Fig. 13.2 except for having % = ScV.
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lines

0.5,

7 Cop KO IV

T T K T

« CMi F5 IV-V

B-V =092 /II—V'U.41
a
B e L SN T S ey
ER I O \ z).f‘ 0 “’3‘,"\'\\ ,'/;(51,3 oy & ’A P
e B -
AT TR Vi Q%%‘J’ % NV
LN U A i 4 s Rt e :
DN i Ny S f £ 1
X o 66 I ol 4le
I s> & LR e ?c ;
o LG LY, Bl |
R & I\ Pl j
Al 4 W I
7 Cep K1 1V o ,’,/Z’ \ ‘i‘l;‘,f 5
B-V =103 S AT o
ARy aib 114
Vo b it b .
Wi Wi
it i
WA w i §
\ ip 2 'T&
Wl W 2l
Y Q‘ﬁ
v
LY Y 1
L I L 1 1 L L 1 I 1 L 1
5890 AR A 5896

Fig. 13.7. The sodium D lines weaken with increasing temperature. These measurements were
made with a spectral-line scanner having  resolution 20.27 A, The curves ate drawn in by hand
to guide the cye.
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Figure 18: Variation of the profile of the Nal D resonance lines with a), b) the
effective temperature T, g at fixed gravity and metallicity, and ¢}, d) the gravity (logg)
at fixed T.z and metallicity. The fixed parameters are indicated on the upper left
corner of cach figure. The jump at 58504 is due to the 7/ band of TiO.
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lines
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Fig. 138, () Obserwations of H, are shown. O top are profs for stars
hotter than T, x . where the lines are strongest. Those cooler than this

value are shown on the bottom. Ad’.\pl:d from Gray and Evans (1973). (b) The
change in equivalent width of H, is shown as a function of temperature. Model
calculations of Carbon and Gingerich (1969) are shown by the solid fines (logg
indicated). The circles are measured values based on the data of Gray and Evans
(1973).

40/ 61



lines
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Fig. 13.9. Calculated profiles of iron IT 14508 are shown for several values of
surface gravity (cm/s®). The inset graph shows the change in equivalent width. The
model has §; = 1.00 and 4(He) = 0.1.
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Fig. 13.10. The pressure dependence of the magnesium I b lines can be seen in this
comparison. The dwarf is ¢ Dra; the giant HR 7042. (Adapted from Cayrel de
Strobel (1969) with permission from the MIT Press.)
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curve of growth
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Fig. 13.12. Both the equivalent width (top) and the profile (bottom) change with
chemical abundance of the absorbing species. The circles on the curve of growth
correspond (o the profiles below. Model has S, = 0.87 and logg = 4.0 cm/s?
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curve of growth
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Fig. 13.13. The actual change in cquivalent width of pressure-sensitive lines, like

this iron II line, depend on the chemical composition of the model. Curves of

growth arc shown for five model abundances (~—-——
enhancement factor (relative to the solar composition). The heavy lines show the
change when the model’s composition changes in step with the specific chemical

being studied.

), cach labeled with its
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Fig. 13.14. The abundance behavior of the sodium D lines are shown for three
cases: (@) has constant model abundances, sodium abundance changes as labeled,
(b) has a constant sodium abundance, model abundances changes as labeled, and
(c) shows the change when both model and sodium abundance are varied together
as labeled.
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line shapes
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line profile comparisons
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Fig. 14.9. A portion of the sofar spectrum is compared here with a synthesis.
(Adapted from Ross and Aller (1968) with permission of the Astrophysical
Journal, copyright 1968 by the University ol Chicago.)
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line profile comparisons
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Fig. 14.10. The observed spectrum of HR 9004 = TX Psc (~—-~—), a cool carbon gian, is

compared (o the syitthesized spectrum (
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low resolution comparison
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Tigure 30: Low resolution spectrum of Gliese 866 (—) and the combined synthetic
spectra of a 3000K dwarf and a 2500K dwarf with logg = 5.0 and solar metallicity
(+++). Synthetic and observed spectra are matched at 8500A. The band head of FeH
at 98004 is not reproduced due to the lack of molecular data.
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higher resolution comparison
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Figure 29: Fit to the observed NaD profile. Synthetic and observed .profiles are
matched at 5850A. Three synthetic profiles are presented: profile of a 3000K dwarf
with log g = 5.0, solar abundances (—); profile of a 2750 K dwarfiwith logg = 5.0,
solar abundances (- - -); profile of a dwarf with 3000K, log g = 5.0, reduced metallicity
Z=-1.0 (---). Much of the apparent noise is due to TiO bands, metal absorption lines

or to terrestrial features.
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chemical analysis

» typically uses curve of growth methods

» problem: divide between the various effects involved in
line formation

» T.x, g, convection, abundances, blending, turbulence,
rotation ...

» CoG methods need accurate equivalent widths
measurements

» very difficult for heavy blending (UV)
» accurate atomic data are also needed
» differential analyses circumvent the last problem!

» this delivers relative abundances
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chemical analyses
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Fig. 14.1. Curves of growth shift to the right as the excitation potential is
increased. These curves are computed for iron I in a solar-temperature model with
a surface gravity to 10* em/s® The insct graph shows the shift between dLU-.IL(,nL
curves, Alog 4, divided by their mean y, as a function of . The relation for iron
11 is also shown.
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chemical analyses
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FFig. 14.2. Curves of growth for iron IT arc surfacc-gravity dependent in cool stars.
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chemical analyses
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Fig. 14.3. The sodium D, linc grows differently for difference surface gravity
because of the gravily dependence of its damping constant. The models have
S, = 1.00. The insct graph shows the cut through the curves at the solar sodium
abundance.
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chemical analyses
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IFig. 14.5. These hypothetical temperature distributions produce very different
behavior in lines formed in the upper photosphere as shown in the next figure.
(H = higher temperatures; L = lower.)
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chemical analyses
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Fig. 14.6. These curves of growth correspond Lo the two temperature distributions
shown-in the previous figure. Large displacements are obvious, but there are also
small differences in the saturation levels of the curves that result in different
deduced values for the microturbulence dispersion,
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micro-turbulence

» comparison observed-theoretical line profiles

v

— observed lines often broader than computed lines

v

stars with higher L often have broader lines

v

— turbulence in stellar atmospheres

v

isotropic micro-turbulence — small scales

v

large scale macro-turbulence
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micro-turbulence
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micro-turbulence
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Fig. 18.1. The thermal profile computed from a model photosphere does not look
much like the observed one. (From Gray (1988).)
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micro-turbulence
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Fig. 18.2. Nonthermal broadening increases with luminosity. Notice how the cores
of the lines are less deep for the supergiant.
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Fig. 14.4. Microturbulence delays saturation by spreading the absorption over a
wider spectral band. Values of velocity dispersion, €, for an assumed Gaussian
velocity distribution arc in kilometers per sccond.
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