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1. Selected Figures Regarding the Atmosphere of the Sun

J. Cohen, Nov 2007, Caltech (for AY 123)

The gures illustrate the solar temperature pro le with depth, the solar spectrum over
a broad frequency range, and variability with time of the salr spectrum. There is also a
gure illustrating the limb darkening in the Sun, which can be observed as we ressolve the
disk of the Sun, not just see its integrated light. Limb darkaing can be used to infer the

T distribution of the solar atmosphere.
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162 CHAPTER 6. CONTINUA FROM PLANE-PARALLEL STARS
TABLE 12
ArTmoseHERC Panasrress ror Mool C
h m 5 Tsoo T v |. ﬂ”s Ne Piotat  Pgos o

{km) (g em™) (K) thms™) (em™)  (em™) (dyn em™2) Piotar (gcm ™)
1 2543 5.257-06 0. 447000 11.28 1.005409 1.205+09 1.440-01 .9BS6 3.349-15
2 2298 5.365-06 1.712-08 141000 .87 3.305+09 3.8394+09 1.470-01 .9751 7.494-14
3 2250 5.373-06 13.969-08 85100 5.82 5.041+09 S5.961409 1.472-01 9614 1.179-14
4 2280 5.385-06 4.491-08 50000 9.76 9.038+09 9.993+09 1.477-01 9318 2.113-14
5 2274 5.404-06 4.952-08 37000 9.73 1.201+10 1.318+10 1.481-01 .9102 32.808-14
§ 2271 5.413-06 5.234-08 32000 9.71 1.378+10 1.498+10 1.483-01 .8976 3.223-14
7 2267 5.427-06 S5.657-08 28000 9.70 1.567+10 1.677+10 1.487-01 .B840 3.665-14
8 2263 5.443-06 6.124-08 25500 5.68 1.718+10 1.812+410 1.491-01 .0738 4.017-14
$ 2255 5.476-06 7.110-08 34500 5.64 1.797+10 1.881+10 1.500-01 .8698 4.203-14

10 2230 5.583-06 1.030-07 324300 5.45 1.962+10 1.943+10 1.530-01 .8718 4.355-14

11 2200 5.716-06 1.426-07 24000 9.33 1.932+10 2.009+10 1.566=01 .B645 &.517-14
12 2160 5.902-06 1.977-0T7 23500 9.08 2.051+10 2.120410 1.617-01 .B778 4.78%5-14
13 213% 6.055-06 2.427=07 23000 8.87 2.163+10 2.219+10 1.659-01 .B@OY S5.058-14
14 2130 6.101-06 2.562-07 22500 4.81 13.,331+10 32.276+10 1.672-01 .6789 5.216-14
15 211% 6.128-06 2.640-07 321000 B.78 2.403+10 2.402410 1.679-01L .87L0 5.619-14

16 2113 6.140-06 2.674-07 18500 B.77 2.732+10 2.620+10 1.682-01 6539 6.390-14
17 210% 6.17:-06 2.754-07 13300 B.74 4.092+10 3.306+10 1.691-01 .T7E39 9.%69-14
18 2107 6.193-06 2.801-07 10700 8.72 4.673+10 3.535+¢10 1.697-01 .7552 1.093-11
1% 2104 6.220-06 2.877-07 9500 8.71 5.239+10 3.705+10 1.706-01 .7277 1.225-13
20 2090 6.416-06 3.243-07 8440 8.50 6.127+10 3.799+10 1.758-01 .69B6 1.433-13

21 2080 6.564-06 3.507-07 8180 8,55 6.541+10 23.780+10 1.798-01 .6B91 1.530-13
2z 2070 6.722-06 3.770-07 7940 8,50 6.960+410 3.783+410 1.842-01 .680B 1.628-11
23 2050 7.066-06 4.299-07- 7660 B.42 7T.705+10 3.792+10 1.936-01~.6701 1.802-13
24 2016 7.732-06 5.203-07 TI60 B.22 9.075+10 3.811+10 2.118-01 .6616 2.122-13
25 1990 B.322-06 5.903-07 7160 B.01 1.033+11 3.858+10 2.280-01 .6600 2.417-13

26 1%25 1.015-05 7.717-07 E540 T.63 1.380+11 4.028+10 2.780-01 6620 3.227-13
27 1785 1.647-05 1,212-06 6630 6.52 2.601+11 4,.771+10 4,511-01 .6772 6.082-13
28 1605 3.407-05 1.958-06 6440 5.85 6.3IB6+11l 6.005410 9.334-01 .7262 1.493-12
29 1515 5.144-05 2.420-06 6370 5.26 1.048+12 6.456+10 1.409+00 .7595 2.450-12
30 1380 1.012-04 3.286-06 6280 4,51 2.273+412 7.600410 2.774400 .B051 5.315-12

31 1280 1.747-04 4.084-08 6220 3.92 4.200412 7.486410 4&.786+00 .B423 9.822-12
32 1180 3.113-04 5.075-06 6150 3.48 7.865+12 B.108+10 H.537+00 .8694 1.835-11
33 1065 6.299-04 6.861-06 6040 2.73 1.711+13 9.349+10 1.726+01 .9136é 4.000-11
34 980 1.098-03 9,148-06 5525 2.14 3.147+13 1.041+ll 3.008+01 .5440 T.355-11

35 205 1.840-03 1.239-05 5755 1.70 5.546+#13 1.049+11 5.043+0L 1.287-10
a6 855 2.632-03 1.553-05 5650 1.53 8,135+413 1.064+11 7.210+01 1.%02-10
37 755 S5.577-03 2,537-03 5280 1.23 1.864+14 B.838+10 1,.528+02 4.358-10
38 705 B.333-03 3.288-05 5030 1,09 2.935+14 7T.664+10 2.283+02 6.864-10
a5 655 1.276-02 4.451-05 4730 W96 4.794+14  B.005+10° 3, 495402 1.121-08
40 605 2.013-02 7.022-05 4420 L83 B,119414 1.112411 5.516+02 1.899-09
41 555 3,270-02 1.456-04 4230 L0 1,382+15  1.733+11 B.958+02 3.232-09
43 515 4.878-02 3.014-04 4170 - .60 2.096+15 2.495+11 1.336+0] 4.502-09
Lk 450 9.378-02 1.017-03 4220 .53 3,989+15 4.516+11 2.569+03 9.327-0%
Ll 350 2.481l-01 5.626=03 4465 W52 9.979+1%  1.110+12 £.798+03 2.334-08
45 250 6.172-01 2.870-02 4780 L83 2.315+16 2.6T74+412 1.691+04 5.413-08
46 150 1.433+00 1.117-01 5180 1.00 4,.917+16 6.476+412 3.926+04 1.150-07
47 100 2.118+00 2.301-01 5455 1.20 6.866+16 1.066+13 5.804+04 1.606-07
48 50 3.056+00 4.395-01 SEA0 1.40 9.203+16 2.122+13 B8.274+04 2.152=-07
43 0 4.2759+00 9.953-01 6420 1.60 1.168+17 6.433+413 1.172+05 2.727-07

30 =25 4.991+00 683400 6910 1.70 1.261+17 1.547414 1.368+0% 1.949-07

1.
51 =50 5.747+00 3.338+00 7610 1.76 1.317+17 4.645414 1.575+05 9697 3.080-07
52 =75 6.534+00 7.445+00 8320 1.80 1.365+17 1.204+15 1.790+05 .9711 3.192-07

Table 6.2: The VALIII atmosphere. The third column {m) species a depth scale in the form of column mass
density: the mass in a solar column with 1cm® cross-section that extends upwards from the height h. The
next column gives the standard continuum optical depth 7500 at A = 500 nm. The value 7500 = 1 defines
the zero point of the height scale . The temperature stratification (next column) is plotted in Figure 6.7,
The column V specifies the microturbulence V = £micro. It is assumed to contribute turbulent pressure
Biam = {lfsz‘/’ 80 that P = Fy + Piurb; the ratio Pg/Pioa is specified in the next to last eolumn.
The hydrogen density ny specifies the total hydrogen nuclei number density, summing neutral atoms, H™
ione and free protons. The last column is labeled o by mistake; it is the mass density p. The temperature
minimum between the VALIII photosphere and chromosphere is at line 42. The VALIII atmosphere closely
resembles the solar atmosphere as it would be if it emitted the actual solar continua from plane-parallel
layers in hydrostatic equilibrium. The VALIII paper contains five more tables like this one, for hotter and

cooler plane-parallel stars of which the spectrum resembles solar locations that are hotter and cooler than
average. From Vernazza ef al. (1981),

Fig. 1.| The VALIIlI empirically determined Solar atmospher e. (Fig. 6.2 from Rutten)
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5.3. sTEMPERATURE STRATIFICATION
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Figure 5.2: Solar model atmospheres. The x-axis mearures the logarithm (ig = lmtmu'

nptinl_dlupth at A = 500nm. Dotted: the VALIII model discussed in S-lggan :?1;:’1:: HIJ!’E
fktﬁiﬁn@h'h_u_-lﬂ.!qﬁ_pm“_z. It is based on the cheerved brightness temperatures of the solar continua
throughout the spectrum, as abown in Figs. 6.2-6.5 on page 153-157. Dashed: an updats of VALII called
M.:Cm byEdth‘y’mu{lﬂadj,*hwh; & somewhat higher temperature minimum betwemn photosphers
an d:_romu])hm.“ Dot-dashed: the HOLMUL model of Holweger and Miller (1974) based on LTE

Mupnhﬁun'-'d"ohﬁﬂd:ﬁl lne-center intensities. It has no

temperature riss bacanse

anI'l':htﬂnu'duﬂ'hﬁmhdnﬁbuhhthd:auﬂm'Thllmnd-lhihmm:hdud'uh:

Ww.-w;&nmmumuﬂm LTE-RE one from Uppsala. Tt is'ilso shown

udﬁnum -T on page 146 together with comparable stellar models. Its closs agreement with the HOLMUL
. ﬂm“moddlhﬁhmjdd}fndupwphmphmdmmhmmmmphohlpltutuh-?'

'“h.m“"lﬂﬂibﬂmhm precision (cf. Table 5.2 on page 140). In the deepest layers the T5780 model
convective flux transport into account. From Carlsson ef al, (1992),

Fig. 2.| Comparison of an empirical atmosphere T

pro le derived from observations

with that of a classical LTE model atmosphere with the SolafTe; and surface gravity.

(Fig. 5.2 from Rutten)
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152 CHAPTER 6. CONTINUA FROM PLANE-PARALLEL STARS

THE SOLAR SPECTRUM
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Figure 6.1: The solar irradiance spectrum, compiled by Harriet H. Malison from dats in White (1977).
The peak in the visible is stable to within 10~* with regards to solar activity modulation and 10~* with
regards to solar oscillations. The outer ends of the flux distribution are highly sensitive to activity which
produces nonthermal cyclotron and synchrotron radiation. From Rutten and Cram (1981).

Fig. 3.| The Solar spectrum from the ray regime to the radio. Some indication of the

time variability is shown. (Fig. 6.1 from Rutten)
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Figure 6.7: The radial temperature distribution in the VALIII atmosphere according to the canonical model
C for the average quiet sun by Vernazza et al. (1981) that is specified in Tabls 6.2, The outward decline
on the right is called the photosphere; the increass over h = 500 ~ 2000 km the chromosphere, the steep
temperature increase above h = 2000 km the transition region. The approximate depths where various
continus and lines originate are indicated, covering major spectral features listed in Table 6.1 on page 156.
The plots in Figs. 6.9-6.11 diagnose VALIII continuur formation at a selection of these wavelengths. The
heights sampled by the MgII k line and the Call K lines are indicated at the top of the plot. They are
lplit'!!eth:. K3 and K3 for Call K and ki, kg and ks for MgII k. This is a traditional notation with
3 designating line center, 2 the emission peaks on each side and 1 the dips further away from line center.
The MgIl h&k lines are much stronger than Call H& K and have high hy and ks peaks on esch side
of their center. In the infrared, the A = 160 um radiation originates from the temperature minimum, as
fin-al f-he ultraviolet radistion around A = 160 nm. The elements indicated for the ultraviolet wavelengths
identify the major bound-free edges, s listed in Table 6.1, The spans at bottom left define formation
ranges for the HI Lyman-a line at various locations in the line and for two wavelengths in the Lyman
continuum (symbol H). The height scale has its zero value at 75 =1 for A = 500 om and increases to the

left; the solar center is (very) far to the right. The bottom scale measures column mass density. From
Vernazza et al. (1981). 3

Fig. 4.| The T{height distribution for the Sun is shown, together with setcted lines and

continuum wavelengths that originate in various regions.Kig. 6.7 from Rutten)



{6{

Fig. 5. Upper panel: The T height relation for the outermost layers of the Sun, the
corona and chromosphere. Middle panel: The corona as seemimly a solar eclipse. Bottom

panel: The change in the orientation of the magnetic eld ofie Sun during the 11 year
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Fig. 6.] Details of the solar cycle, including the variation in the number of sunspots and

the latitude of the sunspots. (Fig. 11.28 from Rutten)
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Fig. 7.| Variation with time of the total luminosity from the  Sun, the solar irradiance, as

measured by a satellite. (Fig. 1 from Frohlich & Lean 1998)
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Fig. 8.| The limb darkening for the Sun. (Fig. 9.2 from Gray, 3rd edition)



