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Change log of the atlas versions

Version 1.3: Corrections of some labeling-/typing errors and temperature of the
O-class stars, some English language corrections.

Version 1.4: Corrections of some labeling and typing errors. sect. 7: correction of citation
error regarding Spectroweb.

Version 1.5: Sect. 7.4, (8) WR133, expansion velocity of the stellar wind, EW value
replaced by FWHM value.

sect. 8.3 (9.3): chart of the theoretical B-class continuum, correction of the wrongly labeled
Ca Il line (thanks to Robin Leadbeater!).

Version 2.0: New: Sect. 72: Be Shell stars and some adjustments to sect. 77.

New: Sect. 18 —21. Spectral sequence of the Mira Variables on the AGB with the classes
Mfe), S- and carbon stars C.

General revision of the title structure, the table of contents and the sect. 37 “Bibliography
and Internet”.

Version 3.0:

Sect. 3.5 Additional Abbreviations,

Sect. 3.7: New: Formula for metallicity.

Sect. 7: General revision and expansion to the early O Class.

Sec. 710: P Cygni, higher resolved profile sections (900L grating) in the green and blue
range of the spectrum.

Sect. 13: New: Herbig Ae/Be and T Tauri Protostars

Sect. 2171: Correction of the wrongly labelled BD Camelopardalis: new HD 22649

Sect. 24: General revision of the section, new: determination of the excitation classes of
emission nebulae and table 85: SNRM1/ NGC 1952.

Sect. 25: Reflexion spectra: former Tables 85 and 86 ==> new Tables 90 and 91
New: Comet C/2009 P1 Garradd, Table 94

Sect. 27: New: Nigth Sky Spectrum Table 96

Sect. 28: Table 106, Calibration spectrum of the glow starter OSRAM ST 111

Sect. 317: List of bright Planetary Nebulae sorted by excitation classes.

All Parameter tables of the individual spectral classes: Correction of the wrong (german)

abbreviation “Mrd" by bn (thanks to Dave Dowhos!).
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1 Introduction

Probably most amateur astronomers have a common experience at the beginning of their
spectrographic “career”. Full of expectations they test the new device for the first time and
look with great pride at the first self recorded spectrum. This first enthusiasm then quickly
gives way to the perplexity, how these numerous lines shall now be identified and even
analyzed.

Fortunately, some recommendable introductory literature, e.g. [1], for amateurs to the
interpretation of stellar spectra is available in English. However, a real “Spectral Atlas”,
which systematically covers the classes O, B, A, F, G, K, M, by commenting most of the
lines, visible in a medium resolved spectral profile was still missing. In the Internet we find
many professional papers, mostly focused on small sections of a spectral profile.
Nevertheless, they often contribute valuable puzzle pieces to the exciting “detective work”
of line identification.

Very well documented is the spectrum of the Sun (G2 V), where almost all of the lines are
identified and commented. Here, at least two easily readable and freely downloadable
atlases are available on the net [80], [81]. These sources can even help, with the necessary
precautions, to identify spectral lines of adjacent spectral classes.

Spectral atlases from professional sources, published on the internet, and covering all
important spectral classes can rarely be found. Amazingly, even in such professional
papers, usually only a few intense lines, mostly in very lowly resolved spectra, are
commented. However, the focus of many practical applications, even in professional works,
is mostly reduced to relatively few, highly intense and isolated lines, e.g. for determination
of the rotation speed or the metal abundance. In such publications the ultraviolet, the blue-
and red- to far infrared part of the spectra are preferably treated - the sections "green" and
"vellow" however only rarely.

In Appendix 33.3 some excerpts from several historical as well as state of the art spectral
atlases are shown. Probably the best known, and highly important one, even for the history
of science, is the out of print standard work "An atlas of stellar spectra, with an outline of
spectral classification” by Morgan, Keenan and Kellman [50]. This seminal work from 1943
can now be downloaded from the Internet but is limited to the short-wavelength part of the
visible spectrum, reflecting the state of technology in the 1940’s. It presents photographic
spectral strips, commented with handwritten notes! Made in a similar style is the “Revised
MK Spectral Atlas for Stars Earlier Than the Sun” from 1978 by Morgan, Abt, and Tapscott
[61].

Some spectral atlases were available in the past but are out of print today. The most
comprehensive “reference work” is surely “Bonner Spektralatias”, the title of the English
edition: “Atlas for Objective Prism Spectra” by Waltraut C. Seitter, 1975 [5]). This atlas,
covering the spectral types from O5 to M2, is out of print today, but recently available as
download [5]! Still based on photographic spectral strips it's the only reviewed work,
documenting most of the lines between about A 3400 — 5000, which are visible with low to
medium resolving spectrographs. In the green-red range this atlas partly shows quite large
gaps. It's striking, that despite this work undoubtedly being outdated, it has never been
adapted to today's requirements, but is still referenced in various current papers. Written in
a similar style, but much less detailed, are also the atlases [6], [7] and [8]. A stroke of luck
that Martin Brunold [705] collected all these books and has kindly provided me with a
review (see Appendix 33.3).

Nowadays calibrated and intensity-normalized profiles, plotted against the wavelength are
required to meet the current standards. Fairly recent (2000) is "A Digital Spectral
Classification Atlas” by R.O. Gray [52]. However it's limited to a lowly resolved, short-wave
part of the visible spectrum. Furthermore several atlases exist, focusing on specific
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wavelength ranges. Some of them are listed in the bibliography. For some of the brighter
stars monographs are available, with fully commented spectra of e.g. Sirius, Procyon and
Aldebaran. Unfortunately, such papers are mostly available as “abstracts” only. The
download prices for the full versions are usually pretty high.

Very useful is Spectroweb [59], to find on the home page of Dr. Alex Lobe/, Royal
Observatory of Belgium. It's an interactive internet platform providing highly resolved and
almost completely commented profiles of some bright stars, belonging to the middle and
late spectral classes F, G. K, M. Due to the enormous line density it's, particularly for
beginners, very difficult to make the link to the highly blended lines of their own, in most
cases lowly resolved profiles. Here at last it becomes clear, why spectral atlases need to be
created for specific degrees of resolution.

Recently the pocket guide “A Spectroscopic Atlas of Bright Stars” [9] was published. It's
essentially a collection of non-normalized pseudo-continua of bright stars, showing a few,
intense spectral lines. These have been recorded by Jack Martin under the London night
sky on conventional (chemical) film with a slitless transmission grating spectrograph.

This huge diversity of information explains why different sources have been used for the
line identification. References for each and every line would not be feasible. However, for
each spectral class, the mainly used sources are referenced. An alternative option would be
to compare the spectra with synthetically generated profiles, based on models of stellar
atmospheres. This allows for example the software "Spectrum” from R.O. Gray, which runs
on Linux with a command-oriented interface. The installation for non Linux users, and also
the operation are demanding. So this is probably a realistic option for very few amateurs
only.

This atlas is primarily intended to be used as a tool for the line identification — as a
supplement to my " Spectroscopic Applications for Amateur Astronomers” [30] and the
practical part,” The processing and analysis of spectral profiles ..." [31]. In these documents
also detailed information on the classification system of the spectra and the Hertzsprung-
Russel diagram (HRD) are included (currently available in German only). Knowledge of
these topics are presupposed here and therefore treated briefly only.

From the beginning it was clear, that this atlas would not be reduced to an isolated
collection of some labeled spectral tables. Therefore, each spectral class is presented with
their main characteristics and typical features. The atlas will be continuously updated if
new information or characteristic spectra are available. This intended future expansion was
considered in the numbering system of the tables. After such updates, direct or "hot links"
on the file will necessarily lead to the void. Therefore, | strongly recommend linking to the
atlas only to: http:;//www.ursusmajor.ch/astrospektroskopie/richard-walkers-page/index.html

Many thanks to Martin Huwiler, Urs Fliikiger and Dr. Helen Wider for proofing the German
edition, and Urs again for kindly providing his homepage for downloading!

Richard Walker, CH 8911 Rifferswil © richiwalker@bluewin.ch

About the author: Bornin 1951, | began to show interest in astronomy when | was about 12 years old — after
my grandparents took me to a public astronomical observatory in Zurich one fine night, which led to my first
glance at Saturn. Later | started my own observations with one of the typical department store telescopes,
followed by a self constructed 6 inch Newton reflector. For the last 10 years, my interest has increasingly
focused on theories about astrophysics and stellar astronomy, somewhat later also on the indispensable key to
these topics — the spectroscopy. My professional background is civil engineering. For a long time | worked for a
Swiss engineering company, specialized in planning powerplants, dams and tunnels. For the last 12 years of my
professional career | was involved in risk assessments and worldwide inspections for a Swiss Reinsurance
Company - for so-called “large risks” like dams, powerplants, large construction sites, highrise buildings etc.
For a short time now | have been enjoying my early retirement. My further interests are archeoastronomy,
windsurfing, paragliding, diving and mountain climbing — and sometimes | am also busy with my
granddaughters.
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2 Selection, Preparation and Presentation of the Spectra

2.1 Selection of spectra

Main criteria for the selection of the spectra have been the documentation of the spectral
characteristics of the classes O, B, A, F, G, K, M, and further the demonstration of certain
effects e.g. due to the different luminosity classes. The consideration of bright “common
knowledge stars” was of secondary importance. In principle, every spectral class, including
some extraordinary star types, is presented at least with an “early” and a “late”
representative spectrum to show the development of characteristic features in the profile.
Commented in separate chapters are spectra of emission nebulae, composite spectra of
extragalactic objects, reflection spectra of solar system bodies, absorption bands generated
by the earth’s atmosphere and some profiles of terrestrial light sources.

2.2 Recording and Resolution of the Spectra

The spectra have been recorded with the DADOS spectrograph [603], equipped with
reflection gratings of 200- or 900 Lines/mm. Unless otherwise noted, the recording was
made through the 8 inch Schmidt-Cassegrain Celestron C8, the 25 um slit of the DADOS
spectrograph, and finally with the monochrome camera Meade DS/ /Il Pro. The spectra on
the following 7Tables: 5 (WR133), 70 and 84 have been recorded together with Martin
Huwiler through the CEDES 36 inch telescope of the Mirasteilas observatory in Falera (see
Appendix 33.4).

The processing of the spectra with Vspec indicates the following dispersions: 900L grating
about 0.65 A/pixel and 200L grating some 2.55 A/pixel. Data of the Sony Chip ICX285AL:
1.4 Mega-pixel, 2/3" Monochrome CCD, Pixelsize 6.45pum x 6.45um [606]. For longer
exposure times a dark frame was subtracted. The processing of a "flatfield" was omitted.

The R-value, defines the resolution of the spectrograph. According to the DADOS Manual it
corresponds to Rygo, = 647 at 6160 A and Rggo;, = 3,000 at 5610 A. My own
measurements in this wavelength domain, using several averaged FWHM values of Neon
emissionlines, yielded R-values in the order of Ry, = 900, respectively Rggo;, = 4,000.
Generally these resolutions have proven to be ideal for the presentation of the stellar
spectral sequence. Substantially higher R-values would be soon comparable to reading a
newspaper with the microscope. Therefore it's not surprising that Gray/Corbally [2] denote
profiles with a resolution of ~ 3 A as "classification resolution spectra”. Even the
professional astronomy uses spectrographs with lower resolutions for certain tasks.

2.3 The Processing of the Spectra

The monochrome fits images have been processed with the standard procedure of /RIS
[650]. In most cases, about 5—7 spectral profiles have been stacked, to achieve noise
reduction. The generating and analizing of the final profile was performed with Vspec
[651]. The procedure is described in detail in the /R/S and Vspec manuals. For the software
functions, applied to process the spectra in this atlas, a step by step description is available
in [31] (German only).

With one exception (M31) in all broadband spectra (200L) the pseudo-continuum was
removed. The profiles have been rectified — divided by the course of their own continuum.
Thus, the intensity of the spectrallines becomes visually comparable over the entire range
and further it results a flat (rectified), space-saving and easily readable profile. The relative
depth or height of a line in relation to the height of the according continuum level is crucial
for the intensity comparison. The profile of a pseudo-continuum presents strong lines at the
blue or red end of the spectrum optically as relatively too weak and vice versa, weak lines in
the middle part -as too high.
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But just this reasonable correction may confuse the beginners, if they try to find lines of
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their uncorrected pseudo-continuum in the flat, rectified atlas profile. The following graphic
illustrates this effect with the superposition of the uncorrected pseudo-continuum (blue)

and the atlas profile of the solar spectrum (red).

3500 4000 4100 4200 4300 4400 4500 4600 4700 4800 4300 5000 S100 5200 5300 5400 5500 5600 5700 5800 5900 6000 6100 6200 G300 6400 G500 GGO0 G700 GAOD G500 7000 7100

In rare cases with an increased noise level (by faint objects), the profile was sometimes

smoothed, using filters such as the Vspec MMSE filter (minimum mean squared error).The

goal of this process was here exclusively to improve the readability of the documented

lines. A reduction of the telluric H,O/0, absorption in the yellow/red range of the spectral

profile was omitted. Therefore the line documentation in this domain was restrained
accordingly.

2.4 Calibration of the Wavelength

Most of the spectra have been calibrated re/atively, based on known lines and not

absolutely with the calibration lamp. This prevents that the profile, as a result of possible
high radial velocities (Doppler Effect), is shifted on the wavelength axis. The focus here is
the presentation of the spectral class and not the documentation of the individual star. Only
for spectra of late spectral classes and extraordinary stars the calibration was carried out

with the lamp. The unit for the wavelength is here generally Angstrom [A]. These values

are

shown according to convention [2] with the prefix [A]. E.g. 5000 A correspond to A 5000.

2.5 Normalization of the Intensity

i oM
An absolute flux calibration of the intensity profile would be very time :ﬂ:"‘r-; . p'-f
consuming and is not necessary for the purpose of this atlas. But the : el VA

continuum intensity of the rectified profiles was always normalized to
unity, so that the medium continuum level yields about I, = 1. An
absorption line is usually saturated to the maximum if it reaches from the ||
continuum level down to the wavelength axis I, = 0. At the applied low to |
medium resolutions, in stellar spectra this can rarely, if at all, be seen. J
Hence, for space saving reasons, in most of the cases, not the entire '
range of saturation is presented. Instead the corresponding level on the
wavelength axis is indicated with amounts mainly in a range of 0.3-0.6.
In case of montages showing several spectra in one chart, the single v
profiles have been normalized to unity, based on the same continuum I=0.6
section, to enable a rough comparison of the line intensities.

2.6 Line Identification

For the sometimes complex identification process of spectral lines nearly all referenced
information sources have been used. Some intensive, but in all the listed sources not

| |”.~
L

4000
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documented lines, have been determined with Vspec (Tools/Elements/line ident). The
values, implemented in this tool, are based on the /LLSS Catalogue, Coluzzi 1993. This
procedure was applied very restrictively, i.e. in few cases with a clear profile, high line
intensity and missing, plausible alternative elements in the immediate neighborhood. The
labeling of such items is declared with a red "V".

The wavelengths of spectral lines are here usually labeled with an accuracy of two decimal
places. These values were complemented from the Vspec tool, because in ancient sources
(e.g. BSA), the indicated accuracy is only rounded to 1 A. Labelings, lacking decimal places,
here mostly indicate, that the line is a “blend”, formed by several elements/ions with
comparable intensity. Typically affected are metal absorption lines in spectra of the middle
to late spectral classes. However, if in such cases the intensity of a blended line is clearly
dominated by a certain element or ion it’'s also used to label the whole blend.

2.7 Presentation

All spectra are at least documented by a broadband profile (200L grating). In the presence
of interesting lines or according information, higher resolved spectra are attached (900L
grating). The line profiles are supplemented on the wavelength axis by synthetically
produced spectral strips (Vspec). Their color gradient shall chiefly serve as a rough visual
reference for the wavelength domain.

Generally, only such details are commented, which are really recognizable in the profiles.
Molecular absorption bands are marked with this icon: Il

For densly labeled tables, | recommend to zoom it on the screen — even if inaccuracies of
my drawings become relentlessly ovious this way. Due to this "online aspect", | avoided to
separate the tables and the explanatory text in to different parts of the atlas. Due to
numerous slim lines, hardcopies of this document require a high printer resolution.
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3 Terms, Definitions and Abbreviations

3.1 Parameters and ldentification of the Stars

The information to the spectral and brightness classes comes largely from the Bright Stars
Catalogue [505] or James Kaler [506], the distance information, if there available, from the
Karkoschka Atlas [10]. The information to the "surface temperature" of the stars stems

from a variety of sources, e.g. [506]. These temperatures usually refer to the layer of the
stellar photosphere, which is mainly responsible for the formation of the spectral lines.

The rotation velocity of a star refers here to the part of the surface velocity v, wich is
projected to the direction of the earth — vsini — and can spectrographically be determined
by using the Doppler principle (details and procedures see [30], [31]). These values are
mainly derived from the Bright Stars Catalogue [505] or by James Kaler [506].

Brighter stars are referred in the atlas with the proper name and in the Bayer system with
small Greek letters, combined with the abbreviated latin constellation name, e.g.

Sirius o CMa (see the corresponding lists in appendix 33.1). Fainter stars, lacking proper
names, are identified with the Bayer system, or if necessary, with the Flamsteed number,
e.g. @ Sagittarii or 61 Cygni.

3.2 Galactic Nebulae and Star Clusters

Such parameters are from NED [501], the NASA/IPAC Extragalactic Database or
Karkoschka [10].

3.3 Extragalactic Objects

Parameters of galaxies and quasars, e.g. the Z-values of the redshift are from NED [501],
the NASA/IPAC Extragalactic Database. From understandable reasons, information about
the masses of such objects is missing there. Current estimates are still very uncertain, and
accordingly the subject of debate — not least about the existence of dark matter. Therefore
these values come from recent publications.

3.4 "Early" and "Late" Spectral Types
At the beginning of the 20th Century, a hypothesis wrongly postulated that the spectral

sequence from O to M represents the chronological development stages in the life of a star

from very hot to cold. This missleading thesis has subsequently influenced the terminology,
which is still in use today. Therefore the classes O, B, A are still called “early-", and K, M as

"late” types. In this Atlas the classes F and G are referred as ‘middle”.

This terminology is logically also applied within a class. So e.g. MO is called an "early"” and
M8 a "late” M-type. In consequence e.g. A2 is "earlier" than A7.

3.5 Abbreviations and Units

AU: Astronomical unit, 149.6M km

AGB: Asymptotic Giant Branch (HRD)

BSA: Bonner Spektralatlas

ESO: European Southern Observatory

ESL: Energy saving lamp

EW: Equivalent width of a spectral line [30]
FWHM: Full width at half maximum height [30]
HB: Horizontal Branch (HRD)

HRD: Hertzsprung-Russel Diagram
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HST: Hubble Space Telescope
MK: Morgan, Keenan, Kellman: spectral classification system and spectral atlas
PN: Planetary Nebula
PMS:. Pre-Main sequence Star. Young Protostar not yet established on main sequence
RGB: Red Giant Branch (HRD)
SB1:SB 1 system. Spectroscopic binary stars with strongly different bright components.
Only the spectrum of the brighter component can therefore be observed.
SB2: SB 2 system. Spectroscopic binary stars with two similar bright components.
A composite spectrum of both components is therefore observed.
SN: Supernova
VLT: Very Large Telescope, ESO telescope group at Cerro Paranal, Chile
WR: Wolf-Rayet stars
SuW: German astronomical journal: Sterne und Weltraum
K: Kelvin temperature unit K = °Celsius + 273°
A: unit of wavelength Angstrom. 1 A=10""m
ly: lightyear 1ly = 9,46 x 10'2km  parsec: 1 parsec = 3.26 ly
Labeling of the Balmer Series: Ha, HB, Hy, HO, He, H8, H9, H10 etc: Further lines after He
are labeled with the affected shell number, involved in the according electron transition.
200L / 900L: reflection grating of the DADOS spectrograph with 200 or 900 lines/mm.
V: Apparent magnitude of a celestial body
V: Spectral line identified with help of the Vspec Tool
B : Molecular absorption band
®: Comparison to the sun: M®: solar mass, LO: Luminosity of the sun

3.6 Identifiying of the Elements and lons

As usual in astrophysics, all the elements, except of hydrogen and helium, are called
"metals" and identified in the astrophysical form - for details see [30].

The term “/onisation stage” refers here to the number of electrons, which an ionized atom
has lost to the space (Si IV, Fe ll, H 1l, etc.). The Roman numeral | is used for spectral lines
associated with the neutral element, numeral Il for those from the first ionization stage, —
lll for those from the second-, and so on. This must not be confused with the term “Degree
of ionisation” in plasma physics. It defines for a gas mixture the ratio of atoms (of a certain
element) that are ionised into charged particles, reagarding the temperature, density and
the required ionisation energy of the according element. This “Degree” is determined in
astrophysics with the famous Saha equation.

So-called "Forbidden lines" are written within brackets, eg [O IlI].

3.7 The Metal Abundance

Of great importance is the logarithmic iron to hydrogene ratio Fe/H considering the
number of atoms (not the mass!) as a unit of metal abundance (“metallicity”) in a stellar
atmosphere.

(Fe/H)star
8 (Fe/H)Sun

Fe/H values, smaller than found in the atmosphere of the Sun, are considered to be meta/
poor and carry a negative sign (—).The existing range is from approximately +0.5 to —=5.4
(Suw 7/2010).

Fe/H =lo
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4 The Fraunhofer Lines

Fraunhofer has characterised the more prominent of
the solar absorption lines with the letters A to K — this
at a time when the physical relationships were still
unknown. Later, additional lines were supplemented
with small letters. These line designations are still in
use even in current professional papers.

In this atlas some of the Fraunhofer lines are labled in
the solar spectrum and neighboring spectral classes.
The table shows the listed Fraunhofer lines, rounded
to 1 A (Sources: Table: NASA, Graphic: Wikipedia).

14

!_ine Element | Wavelength A
ident.

A - Band 02 7594 - 7621
B - Band (07} 6867 - 6884
C H (x) 6563

a — Band 02 6276 - 6287
D1,2 Na 5896 & 5890
E Fe 5270

b1,2, 3 Mg 5184/73/69
F H (B) 4861

d Fe 4668

e Fe 4384

f H (y) 4340

G - Band CH 4300- 4310
g Ca 4227

h H (d) 4102

H Call 3968

K Call 3934

1|i|||||||!||ﬁ°|I|!|I|I|I|!|I]I|I |||||||1||1||1|:||m|||1|||||1||||||||m

Wellenlange in nm

Below: Original drawing of the solar spectrum by Joseph Fraunhofer. In contrast, the
convention today requires the blue region of the spectrum to be left and vice versa the red
to be right. Stunningly visionary appears to me the sketched, estimated intensity profile of
the pseudo-continuum above the spectral strip! This type of plotted profiles, today of course
normalised/calibrated and overprinted with the spectral lines, we can find again in

publications only smce about the last 40 years!
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5 Overview and Characteristics of Stellar Spectral Classes

5.1 The Temperature Sequence

The rough, one-dimensional determination of the spectral classes O, B, A, F, G, K, M, is easy
and even feasible for slightly advanced amateurs. This sequence of letters is further
subdivided into decimal subclasses which follows directly the decreasing photospheric
temperature, starting with the extremely hot O-type of several 10,000’s K, and proceeding
down to the cold M-class with about 2,400 — 3,500 K. The Sun is classified as G2 with
5,800 K.

Spectral distinction criteria are prominent features such as lines in absorption or emission,
which appear prominently in certain classes, and are entirely absent in others. The
following charts show a montage with sample spectra of the entire class sequence of

O — M. Here the original profiles of the stars are shown (200L grating), which are also used
to present the individual spectral classes. This way, this resolution already enables the
identification of the intense and therefore most documented spectral lines. Further also the
influence of some elements, ions or molecules to the different spectral types becomes
roughly visible.

Table 01 shows superposed the synthetically produced spectral strips — Table 02 shows
the same but with the according intensity profiles.

What is already clearly noticeable here?

— In the upper third of the table (B2—Ab), the strong lines of the H-Balmer series, i.e. Ha,
HpB. Hy, etc. They appear most pronounced in the class A2 and are weakening from here
towards earlier and later spectral classes.

- In the /Jower quarter of the table (K5-M5) the eye-catching shaded bands of molecular
absorption spectra, mainly due to titanium oxide (7/0).

— Just underneath the half of the table some spectra (F5—-K0), showing only few prominent
features, but charged with a large number of fine metal lines. Striking features here are
only the Na / double line (Fraunhofer D1, 2) and in the “blue” part the impressive
Fraunhofer lines of Ca // (K + H), gaining strength towards later spectral classes.
Fraunhofer H at A 3968 starts around the early F-class to overprint the weakening He
hydrogen line at A 3970. In addition, the H-Balmer series is further weakening towards
later classes.

— Finally on the top of the table the extremely hot O-class with very few fine lines, mostly
ionised helium (He Il) and multiply ionized metals. The H-Balmer series appears here
quite weak, as a result of the extremely high temperatures. The telluric H,O and O,
absorption bands are reaching high intensities here, because the strongest radiation of
the star takes place in the ultraviolet whereas the telluric absorption bands are located
in the undisturbed domain near the infrared part of the spectrum. By contrast the
maximum radiation of the /ate spectral classes takes place in the infrared part, enabling
the stellar 7/0 absorption bands to overprint here the telluric lines.

— In the spectra of hot stars (~ classes from early A — O) the double line of neutral/ sodium
Na I (Fraunhofer D, ;) must imperatively be of interstellar origin. Neutral sodium Na / has
a very low ionisation energy of just 5.1 eV (see table in sect. 30) and can therefore exist
only in the atmospheres of relatively cool stars. The wavelengths of the ionised Na // lie
already in the ultraviolet range and are therefore not detectable by amateur equipment.
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TABLE O1 Overview on the spectral classes
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Overview on the spectral classes
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5.2 The Luminosity Classes

Within the same spectral class, stars can show huge different absolute luminosities, due to
different stages of their development. Since 1943, the spectral classes have therefore been
expanded by an additional dimension in Roman numerals — the so called six /uminosity
classes. The Sun is classified with G2V since it's (fortunately) still located on the Main
Sequence of the HRD with the luminosity class V.

Luminosity class | Star type

I Luminous Super Giants

la-0, la, lab, Ib Subdivision of the Super Giants according to decreasing
luminosity

] Bright Giants

1] Normal Giants

v Sub Giants

\Y% Dwarfs or Main Sequence Stars

VI Subdwarfs (rarely used, as specified by prefix)

VII White Dwarfs (rarely used, as specified by prefix)

5.3 Suffixes, Prefixes, and Special Classes

With additional small letters, placed as prefix or suffix, extraordinary phenomena, such as a
relative overabundance of a metal or the appearance of emission lines in the spectrum are
specified. Some additives however are overdetermining, as e.g. Giants, unlike the
Subdwarfs and White Dwarfs, are already specified by the luminosity class. Such labels are
therefore hardly ever in use. Further with additional capital letters some special classes are

specified.
Examples: Sirius A: A7 Vm, metal-rich Main Sequence Star (Dwarf) spectral class A7
Sirius B: DA2, White Dwarf or ,Degenerate” of spectral class A2
Omikron Andromedae: B6 /llep,
Omikron Ceti (Mira): M7 llle
Kapteyn’s star: sd M7 V, Subdwarf of spectral class M1 V

P Cygni: B2 /a pe
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Prefixes

d Dwarf

sd | Subdwarf
g Giant

Special Classes

Q Novae

P Planetary Nebulae

D Dwarf, +additional letter for O,
B, A spectral class

W Wolf-Rayet Star + additional
letter for C-, N- or O- lines
(see sect. 8)

S Stars with zirconium oxide
absorption bands
(see sect. 21)

C Carbon stars
(see sect. 22)

L, T, | Brown dwarfs

Y Theoretical class for brown

dwarfs < 600 K

Suffixes

s Sharp lines

b Broad lines

c Extraordinary sharp lines

comp Composite spectrum

e H- emission lines in
B- and O- stars

f He- and N- emission lines in
O- Stars

em Metallic emission lines

k Interstellar absorptionlines

m Strong metal lines

n/nn Diffuse lines/
strongly diffuse lines eg
due to high rotation speed

wk Weak lines

p. pec Peculiar spectrum

sh Shell

v Variation in spectrum

Fe, Mg... | Relatively high or low (-)

abundance of the specified
element

Nowadays the special classes P (Planetary Nebulae) and Q (Novae) are barely in use!

The suffixes are not always applied consistently. We often see other versions. In the case of
shell stars e.g. pe, or shell is in use.
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6 Appearance of Elements and Molecules in the Spectra

The spectrum of a star is primarily determined by the temperature of the photosphere. This
temperature defines directly the spectral class in the HRD. From secondary importance is
the density of the stellar atmosphere, primarily depending on the /uminosity class, and
further the specific abundance of certain metals. Another influential parameter is the
rotation speed of the star, which, as a result of the Doppler Effect, broadens the spectral
lines and reduces their intensity.

For the spectroscopy the following chart is from similar |
importance as the HRD. It shows roughly the X
appearance and the intensity (EW) of characteristic
spectral lines, depending on the spectral class,
respectively the “surface temperature” of a star. The
latter determines for a certain element the stage and
degree of ionisation. The theoretical foundations have
been developped in 1925 by Cecilia Payne-Gaposhkin
(1900-1979), according to Otto Struve "undoubtedly
the most brilliant Ph.D. thesis ever written in
astronomy”. She was the first to apply the laws of \ : !
atomic physics to the study of the temperature and density of stellar bodies and to
conclude that hydrogen and helium, the two lightest elements, are also the two most
common in the universe. She also disproved the old hypothesis that the chemical
composition of the Sun is the same as of the earth. In addition to this scientific career, she
was a mother of three children.

This chart is not only of great value for determining the spectral class, but also prevents by
the line identification from large interpretation errors. Thus it becomes immediately clear
that the photosphere of the Sun (spectral type G2V) is a few thousand degrees too cold to
show helium He /in a normal (photospheric) solar spectrum. It also shows that the
hydrogen lines of the Balmer series remain visible in varying degrees of intensity in nearly
all spectral classes. Only in the late M- classes, they are increasingly overprinted by strong
absorption bands of mainly 7/0. The examples Sirius (AO) and Regulus (B7V) show however
that the influence of the Fe lines goes much further to the left, as indicated in this diagram.

<— Surface temperature (K)

50,000 25,000 10,000 8000 6000 5000 4000 3000
I I I | | I I

Line strength —»-

OS5 BO A0 FO GO KO MO M7
Spectral type
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7 Spectral Class O

7.1 Overview

The O-Class comprises the hottest, most
massive and shortest-living stars of the

universe. At the end of their short lives, they will
all end, due to their huge masses, in a SNV

explosion. Subsequently the only remains will

consist of a very small, extremely compact

Neutron Star or even a Black Hole. These blue

shining, extreme types of stars are very rare. For

the Milky Way only about 20,000

representatives of the O-type are estimated. As

a result of their tremendous luminosity two

bright representatives of this class are visible in

a distance of some 1,000 ly in the constellation

Orion: Alnitak ({ Ori) 1.8™ and Mintaka 2.2™

(0 Ori). All these stars are /ate O-Types. Bright
representatives of earlier O-types are only found

21
HD Name Spec. Class | V™
24912 Menkhib, & Per 0751l e 4.1
30614 o Cam O95lae 4.3
36486 Mintaka, 6 Ori 09.5 11+BOIll | 2.4
36861 Meissa, A Ori o8 il 3.4
37022 o'oriC 06 pe v 5.1
37043 Nair al Saif, 1 Ori | O9 Il 2.8
37468 o Ori, 095V 3.8
37742 Alnitak, ¢ Ori 09.51b 1.8
47839 15 Mon 07 Ve 4.6
57060 29 CMa o7 5.0
57061 30 CMa 091b 4.4
66811 Naos, { Pup 04 11f(n) p 2.3
149757 | ¢ Oph 09.5Vn 2.6
203064 | 68 Cyg O7 Il n(f) 5.0

in the southern sky, such as Naos ({ Puppis)

2.3™M. The list on the right shows O- stars with an apparent magnitude V from about 5™

upwards, which are spectroscopically accessible even for averagely equipped amateurs.

Two other Orion stars e- (Alinlam), and k- (Saiph), are classified as B0, just scarcely missing

the O-Class. Significantly fainter, but also much further distant, is the multiple 7Trapezium

star 0" Ori. Its C-component 8’ Ori C is a spectral type O6pe V and plays a key role for the

ionisation of central parts in the Orion nebula M42.

This striking accumulation of extremely massive stars — known as so-called

OB Associations — is not yet fully understood. Other slightly smaller clusters are located in

the constellation Scorpion, Perseus and Swan. Together with other groups, they form the

so-called "Gould Belt", which is inclined some 20° to the galactic plane and has a diameter
of about 2,000 ly. Our Sun is located somewhat off-center but still roughly within the ring

plane [700].

GOULD'S BELT
Vs

(
B
2

\\IJPPER SCORPIUS

PLANE OF
MILKY WAY

LACERTA
PERSEUS

500

All dimensions in parsecs relative to centre
of Gould's belt (1 parsec = 3.26 light years)

Chart: New Scientist

PER CENTAURUS LUPUS

TRUMPLER 10
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7.2 Parameters of the Early to Late O-Class Stars

The following table shows the data exclusively for the Main Sequence Stars of the O-class
compared to the Sun (®) and according to [701] and other sources.

Mass Stay on Main Temperature Radius | Luminosity L/L®
M/Mo Sequence [y] photosphere [K] R/Roe
60 - 20 T™ - 10M 50,000 -25,000 15-9 | 800,000 - 90,000

The O-class is open-ended. Currently, the top ranking is O3 with a surface temperature of
about 50,000 K [1]. The late O9 class has been subdivided into decimal subclasses.

7.3 Spectral Characteristics of the O-Class

Spectra of the O-class are dominated by relatively low intense absorptions of singly or
multiply ionised elements. The extremely high temperatures cause in addition to neutral
helium He |, also lines of ionised helium (He //). In the early O-classes He // may also appear
as emission line. In earlier times the appearance of He Il in the spectrum was used as the
main criterion for the definition of the O-class [2]. Today, in higher-resolved spectra, it can
be detected already in the BO class. Further appear also multiply ionised metals, as C ///,

N III, [O ] and S/ /V. Due to the extreme temperatures, the degree of ionisation is here too
high for the H-Balmer Series and their line intensity therefore only weak [30]. If H-lines
appear in emission, the suffix "e" is added to the class letter (Oe). If He and/or N are seen in
emission, the suffix "f" is added. "Of” stars seem to form the link between the O-Class and
the Wolf-Rayet Stars, probably also to the LBV stars (see sect. 8/70).

The maximum intensity of the real continuum is in the UV range. The graph shows the
theoretical continuum for a synthetic O9V standard star (Vspec Tools/Library).

7.4 General Remarks to the Classification of O-Stars

In no other spectral class, even among reputable databases, such different classifications
can be found as in the O-class. Perhaps this can also be justified by the typically higly
variable spectral features. This particularly affects the suffixes. But even by the decimal
subclasses we see significant differences. Further in the early O-classes indications for the
luminosity class are often missing.
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7.5 Commented spectra
Table 1: Alnitak ({ Ori) and Mintaka (0 Ori)

This table shows two broadband spectra (200L grating) providing an
overview on the spectral features of the late O-class.

Alnitak (¢ Ori)

Alnitak (1200 ly) belongs to the spectral class 09.5 /b, representing the
lower level of the so-called Super Giants. The Wikipedia picture shows
the size of the star compared to the Sun.

Mintaka (1200 ly) is classified slightly below with 09.5 I/ (Bright Giant). Both stars are
dominant components in multiple star systems and their surface temperature is about
25,000 K. In spite of the minimal class difference even in these low-resolution spectra,
some differences can be observed (see comment below).

Table 2: Detailed spectrum of A/nitak ( Ori)

This table shows for Alnitak (1200 ly), a late O-Type star, two higher
resolved spectra in the blue- and red wavelength domains (900L grating).
Here, the main distinguishing feature between the two spectra of 7able 7 [
is clearly visible. The Ha line at A 6562 forms here a textbook example of

a P-Cygni profile with a red shifted emission- and a blue-shifted f
absorption line. This is always an indication for radially ejected matter by
the star, a common process for some members of this extreme stellar
class. The wavelength shift results here to about 7 A According to the
Doppler law this yields a gas-expansion velocity v, = 320 km/s.

Ao = Wavelength of the line, ¢ = 300'000 km/s (speed of light) b SO B S
For further information, refer to 7able 13 for P Cygni or [30].

Line identification:

Die line identification is based amongst others on [1], [b], [61], [66], [57]

Table 3: ©'0ri C. HD37022 V=45.13™ and 68 Cygni HD203064 V=+5.04™

This table shows two apparently faint representatives of the early to mid-O-class, which are
easily accessible for the averagely equipped amateur (200L grating).

©'0ri C (~1400 ly) is the brightest component of the
famous Trapezium in M42. This stellar giant with its

Main Stars B1V
ever-changing spectral characteristics is being Trapezium Cluster
investigated intensively. The interferometric study
[351] provides a good overview on these efforts. The
data concerning the spectral type show a wide H
W_~ A HD37020

variation range eg 04—06 pv [600], 05-07[351] or
06 [506]. The stellar mass is, depending on the source,
estimated to about 31-34 solar masses. Like nearly all
other stars of the Trapezium, also ©10ri C has at least
one companion of spectral type 09.5, maybe also BO,
with an orbital period of about 11 years. Recently, still another, very closely orbiting
companion, with about one solar mass and a period of ~ 50 days is presumed. The data for
the surface temperature vary approximately in the range of the proposed spectral types
between 39'000K and 45'000K. The C- component generates some 80% of the total
amount of photons [223], exciting the H Il region of the Orion Nebula (see tables 80/80A)!

BO.5V

C HD37022
06
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Most of the absorption lines appear here similar to those of Alnitak and Mintaka. HpB is
striking, because in the surrounding nebula generated from the broad emission line,
photospheric absorption dip of the star grows. The two [O Ill]] emissions must be generated
by the nebula, because the hot and dense stellar atmospheres can impossibly generate
"forbidden" lines. The Ha emission is produced by the recombination of the surrounding H Il
region (see sect. 24), totally veiling here the stellar line.

It is stronly recommended to record ©'Ori C with autoguiding to ensure the tracking on the
correct trapezium star. The orientation of the slit axis should be optimised accordingly. The
sketch above should facilitate the orientation. The exposure time for the profile in Table 3 is
340 seconds.

68 Cygni (~2300 ly) is surrounded by the weakly developed H Il region Sharpless 119. It is
the brightest of total 6 ionising stars. Most of the sources classify this star with 30 solar
masses and a surface temperature of about 35'000K as O7 lll n (f) [605]. “Of” stars are
considered as a transitional phase on the way to Wolf Rayet stars and show eg He and N
lines in emission - a clear indication that material is repelled. As classification lines for the
Of-type the blend N lll A\AA 4634-40-42 and He Il A 4686 are used [2]. Since only NIl
appears here in emission, 68 Cygni is considered as a "mild" Of star, and the suffix "f" is
therefore set in parentheses (f) [2]. In the intensive Of -phase both features, NIl and He I,
are seen in emission. Compared to the 09-types the C IV lines (M 5801/5812) are quite
intensive here. This indicates that 68 Cygni, as well as @' Ori C, are stars of the rather early
O-class. C IV requires with 47.9 eV almost twice the ionisation energy as He Il.

According to [505] 68 Cygni passed about 1959-70, a phase with Hax in emission. Because
of the high proper motion, it is regarded as so called "runaway star" and originates probably
from the OB2 region of Cepheus. As a possible scenario, the acceleration by the supernova
explosion of a companion is discussed. Perhaps the remaining black hole with ~3 Mo still
orbits around the star very closely. Observed fluctuations of equivalent widths at certain
spectral lines indicate a possible orbital period of about 5 days. The prior information is
mainly based on [352].
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8 Wolf Rayet Stars

The French astronomers Charles Wolf and Georges Rayet discovered in 1867 very rare
stars, whose spectra are standing out by massively broadened, intense helium emission
lines and the almost complete absence of hydrogen. These objects are grouped in an extra
class, marking the final stage of massive O and early B stars. In this phase, the star blasts
away its entire outer hydrogen shell with velocities of > 2000 km/s and subsequently
reveals its extremely hot, former nuclear fusion zones where, in addition to helium, various
metals have been formed.

On this final trip to the SN type 7b or 7¢, the star exposes now in a chronological sequence
one after the other of its former nuclear fusion zones, similar to the peeling of an onion.
Therefore, the spectrum now differs completely from the previous O- or early B-stage. The
broad lines of ionised helium He // appear together with the emissions of the highly ionised
metals on the surface layer of the star, which characterise the classification of WR stars - a
strong indication for the extremely high temperatures and the corresponding excitation
energies (see sect. 30). Hydrogen emission lines can hardly be detected in WR stars!

WN: WR stars with nitrogene emissions
WC: WR with carbon emissions
WO: WR with oxygene emissions (extremely rare).

Similar to normal spectral classes also WR stars are
subdivided into decimal subclasses. The HST image (NASA)
shows the star WR 724 (class WN8) with about 20 solar
masses. It's located in the constellation Arrow blasting
away its shell with about 2000 km/s. The remains of such
bizarre stellar "monsters" with about 10-80 solar masses
and surface temperatures of 30,000-100,000 K will most
probably implode in to a Black Hole during the final SV
explosion.

About 10% of the central stars in Planetary Nebulae show similar spectra, which are also
classified as WR types (WRPN). However, their absolute magnitude is significantly lower

and they finally end up much less spectacular as White Dwarfs. Anyway these objects are
too faint for amateur equipments.

With an apparent brightness of 1.74™ and the spectral type WCS8, y Velorum in the southern
sky is the brightest representative of the WR stars. On the northern hemisphere mainly in
the constellation Cygnus, a concentration of such extreme stars can be found, which are
members of the Cygnus OB associations. Here 23 WR stars are located — 14 are classified
as WN-type, 8 as WC-, and just one as WO- type. The two brightest reach an apparent
magnitude in the range of 6—-7" and are therefore well accessible with a slit spectrograph,

even for moderate sized amateur telescopes. By chance they just represent the two main
types WN and WC!

Both categories show within their subclasses dramatically different profiles. Therefore here
follows a list with emission lines, already identified in WR-stars [A] — “lines of
classification” according to Karel van der Hucht [232]:

WN Stars:

He |1 3888, He 14027, He 1 4471, He 1 4921, He 1 5875, He 11 4200, He 11 4340,
He 11 4541, He Il 4686, He 11 4861, He I1 5411, He 11 6560, N Il 3995, N lll 4634-4641
N 1116314, NIV 3479-3484, NIV 4058, NV4603,NV 4619, NV 4933-4944.
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WC Stars:

Cli4267,Clll 5696, Clll/CIV 4650,CIV5801-12,0V 5572-98
He lines: see WN stars.

Table b: Wolf-Rayet Stars WR 133 and WR 140

The montage of two overview spectra (200L grating) presents the subtypes W/ and WC of
Wolf-Rayet Stars. The appearance, as well as the intensity of the emission lines, inform
about the chemical composition and the huge excitation energy of the individual WR star.
See sect. 30: Required ionisation energies for the individual elements.

WR 133 spectral class WN4.: HD 190918
J2000 RA:20h 05'57.3" Dec: +3b°47" 18.2* V=+6.78"

Some 6,500 ly distant, the very well explored WR 733 in the
constellation Cygnus hides itself inconspicuously within the central
members of the open cluster NGC 687 1. Despite to the use of
"Goto Telescopes" here is a certain risk to record the wrong star —
what is instantly recognisable in the spectrum. In particular, the
bright He // "emission knots" can hardly be overlooked.

WR 733 forms a spectroscopic binary (SB2) with an O9 / Supergiant in an orbital period of
about 112 days. Therefore, we see a composite spectrum, which is however clearly
dominated by the emission lines of the WR star (labeled red in Table 5). Striking here are
the numerous lines of differently high ionised nitrogen, responsible for the classification
WAN. However one faint carbon emission shows up here, C/Vat A 5801-12 [230]. This
spectral feature is significantly weaker than by the WC type WR 740 (see below).

The very close-by O9 companion star generates here some absorptions of helium- and
some H-Balmer lines (labeled b/ack in Table 5), as well as the sodium double line, which is
of interstellar origin [344]. The continuum is here, in comparison to WR 740 presented
below, relatively intense. The publications [232] and [233] show the determination of the
decimal subclass mainly by the comparison of the individual line intensities.

The strong He // emission at A 6560 poses a considerable risk to be misinterpreted as Ho
line at A 6562! The most intense line here is clearly the He // at A 4686. The expansion
velocity of the stellar wind can be estimated from the FWHM values of the two intense He //
emissions. If these figures are put in to the Doppler formula and the results are finally
corrected by the instrumental broadening [30], velocities of v, = 1800 km/s at A 4686 and
v, = 1500 km/s at A 6560 are resulting. In the order of magnitude, these figures agree
quite well with literature values (v, < 2000 km/s). The spectrum was recorded with the

90 cm (36 inch) CEDES Cassegrain Telescope in Falera — exposure: 4x30 sec. The line
identification is based amongst others on [230][231] [232] [233] [344].
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WR 140 spectral class WC7: HD 193793
J2000 RA:20h 20’ 28" Dec: +43° 51" 16.3” V=+6.93™

Also located in the constellation Cygnus and some 4,700 ly
distant, WR740 is a member of a spectroscopic binary (SB2)
with an O4 V Main SequenceStar in a highly excentric orbit with
a period of some 2,900 days. During the periastron passages
this binary system usually attracts the worldwide attention of
professional- and amateur astronomers, mainly observing
effects, caused by the colliding stellar winds (colliding wind
binary) [346] [347].The map shows the star pattern in the
immediate vicinity of the WR star. It’s relatively isolated and
therefore much easier to find than WR 133.

This composite spectrum is clearly dominated by the WR star. One of the reasons is
presumably the time of the last periastron passage of January 2009. At the time of
recording it dated already back more than 12 years. In contrast to the very close binary
system WR 733, absorption lines are barely visible here, besides the well known telluric
lines and the double line of sodium, which could also be of interstellar origin. The numerous
different lines of highly ionised carbon show clearly, that WR 740, with the classification
WC7, is a representative of the carbon type among the WR stars. Nitrogen is not
detectable. The intense C //[/C IV emission at A 4650 is blended with the He // line at

A 4686. This feature is even the most striking of the spectrum, followed by the C /V
emission line at A 5801-12 and the C/// "hump" at A 5696. The He // emission at A 6560 is
relatively weak. The spectrum was recorded with the Celestron C8 — exposure: 10x90 sec.

The line identification is based amongst others on [230][231] [232] [233] [344].

Due to these striking emission lines in the spectra, WR stars are sometimes also called
“Laser Stars” [200].
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9 Spectral Class B

9.1 Overview

Below the extreme O-category seamlessly follows the B-class. Several of the bright Orion
stars are early BO-types and differ therefore from the above presented late 09.5 stars, only
by small nuances within the spectral profiles. These blue-white luminous B-stars are less
massive and hot and therefore living much longer. Further they are much more numerous,
dominating a considerable part of the brighter constellations. Here some examples: all
bright members of the Pleiades, all the bright Orion stars except Alnitak, Mintaka and
Betelgeuse, all bright stars in the head of the Scorpion, except the reddish Antares. Further
mentionable are Regulus, Spica, Alpheratz, and the weaker blue component of the well
known double star A/bireo B (B8V). Even the famous, unstable giant P Cygni/, as well as
most of the Be- and Shell stars belong to the B-class.

9.2 Parameters of the Early to Late B-Class Stars

The following table shows the data, exclusively valid for the Main Sequence Stars of the
B-class, compared to the Sun (®) and according to [701] and other sources (*). Here, the
enormous spread becomes evident, covered by this class from the BO—B9 types.
Particularly impressive is the difference in the luminosity — that is about a factor of 550!
The huge luminosity is one of the reasons, why the some 1000 ly distant, mostly early B-
class stars in the Orion constellation, are able to show such a great brightness. Within this
class, in the range of about 8—10 solar masses, it's decided whether single stars explode
as a SNV or end up as White Dwarfs.

Mass Stay on Main Temperature Radius Luminosity L/L®
M/M® | Sequence [y] photosphere [K] R/Roe

18-3 | 10M - 400M 25,000 (*) = 10,500 8.4-3.0 52,000 - 95

9.3 Spectral Characteristics of the B-Class

This class is characterised by the absorption lines of neutral helium, He /, reaching their
maximum intensity at about class B2 and weakening downwards the subclasses to B9.
Further dominating are spectral lines of singly ionised metals O //, Si /l, Mg Il. Against later
subclasses, the Fraunhofer K line of Ca // becomes faintly visible and the H-Balmer series
gets significantly stronger. Due to lower temperatures and thereby decreasing degree of
ionisation the simply ionised He // is only visible in the top BO subclass, but limited here to
the Main Sequence Stars of the luminosity class V. Absorption lines of higher ionised silicon
Si Il and Si /V appear until down to type B2.

Higly abundant in the B—class are so called "Fast Rotators”. Such stars with high rotation
speed (about 150-400 km/s) influence the appearance of the spectrum significantly. For
details, see the comments to the tables below.

The maximum intensity of the real continuum is still in the UV range, but with a significantly
higher share in the visible spectrum. The following graph shows the theoretical continuum
for a B6 IV standard star (Vspec Tools/Library). Marked with a read arrow is here the small
kink of the emerging but still very weak Fraunhofer K-line of singly ionised calcium Ca //.
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K-Linie Ca |l ——

9.4 Commented Spectra
Table 10: Alnilam (g Ori) and Gienah Corvi (y Crv)

The development of the B-subclasses is demonstrated here by a montage of two overview
spectra (200L grating) representing an early and late subtype.

Alnilam (1200 ly) belongs to the spectral class BO /ab, and is a so-called Supergiant. The
surface temperature is about 25,000 K. The star ejects permanently matter, visible here by
the somewhat stunted P Cygni profile of the Ha line. About this detail, a PhD thesis exists
[340], which analyses a time series of the line-profile change. For more information, refer
to Table 13, P Cygni.

Gienah Corvi (165 ly) is classified with B8/llp Hg Mn. It's in the Giant stage and shows
overabundances of mercury Hg and manganese Mn (at this resolution not visible in the
profile). For a giant, it has a remarkably high apparent rotation speed of some 150 km/s
[606]. This flattens the spectral lines, as the following example of Regulus will show more
detailed. According to [506] this effect explaines, why the overabundances of some metals
have been discovered here so late.

The comparison of these spectra clearly demonstrates the remarkable change in the
spectra within the enormous span from the early to the late B-Class. The He / lines of
Gienah Corvi are only very faint. Moreover, they are now blended by numerous, still wealk,
singly ionised or even neutral metal absorptions, such as Fe I/ll, Mg I, Ca I/ll. These lines
appear very diffuse, additionally flattened by the enormous rotation speed. Clearly visible
however is the striking increase in the intensity of the H-Balmer series towards the late
subclasses.

Here appears, for the first time and tentatively only, the Fraunhofer K-/ine, Ca I/l at A 3933.
The remarkable small kink in the continuum peak between He and H8, will grow
dramatically within the following A-class and becomes the most dominant spectral feature
for the middle- to late spectral types! Their "twin-sister", the Fraunhofer H-/ine at A 3968,
has still no chance to compete against the strong Balmer absorption line He at A 3970.
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Table 11: Effect of the luminosity on spectra of the B-class: Regulus (« Leo), ¢ Sagittarii
and Rige/ (B Ori).

Regulus (77 ly) is classified as B7V and is, like our Sun, as so-
called Dwarf still remaining on the Main Sequence of the HRD.
It's the dominant component of a quadruple star system with a
surface temperature at the poles of about 15,000 K. Its very
high apparent rotation speed at the equator is about 315
km/s, which is not exceptional for stars of the late B-class.
Albireo B (B8Ve) for example has an apparent rotational speed
of some 250 km/s [606]. Thereby the spectral lines of Regulus
are strongly widened and the star itself gets impressively
flattened. (Computer drawing by W. Huang: Regulus in size
compared to the Sun). The Ha line is already well developed in this late B-class.

@ Sagittarii (230 ly) is classified with B8//l and therefore a so-called Normal Giant. Its
surface temperature is about 12,300 K and the apparent rotation speed is indicated by
Kaler [606] with relatively low 52 km/s. This has hardly a noticeable influence on the /ine
width in this spectrum.

Rigel (800 ly) is classified as B8 /ab, belonging to the Super
Giants. It has a small companion, which is even visible in
amateur telescopes, but hardly affects this spectrum of medium
resolution (Photo NASA). The surface temperature is about
11,500 K. The apparent rotation speed is indicated in the range
of about 40-60 km/s, depending on the info source.

The comparison of these three spectra, equally normalised,
shows a clear decrease of the width and intensity of the
H-Balmerlines with increasing luminosity. Conversely to this,
the metal lines in the giants become more intense and narrower
at the same time, caused by the less dense stellar atmosphere and thus a lower pressure-
and collision broadening. For the Regulus spectrum, an additional role plays the so-called
rotational broadening. With its apparent rotation speed of 315 km/s it's a real “Fast
rotator”. This value is about 5 — 6 times higher than by Rige/ and ¢ Sagittarii. Due to this
effect particularly the fine metal lines of the Regulus spectrum become additionally
broadened and their intensity considerably reduced.

F. Royer [401] has shown this effect in a chart for the A-class stars and the Mg // line at

A 4481 (marked in Table 11 with a red ellipse). Due to this effect, the absorption lines of
Regulus become additionaly “ironed out”. Remarkable that the Mg // line in Table 71 shows
a slightly different behavior than the directly adjacent He / absorption at A 4471.

Caveat: This synthetic spectrum is calculated for a much higher resolution than shown in
Table 11. Therefore the lines appear in the DADOS spectrum considerably wider, as a result
of the greater instrumental broadening!

0.3 e e
4475.0 4480.0 4485.0
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Table 12: Detailed spectrum of Spica (a Vir)
Overview spectrum (200L grating) and higher resolved profiles (900L grating)

Spica (260 ly) is a spectroscopic binary with an orbital period of about four days. The
dominant A-component is in the Giant stage and has a surface temperature of about
22,000 K, corresponding to the spectral type B7 ///-/V. The smaller B-component with the
spectral type B2V is still on the Main Sequence and with a temperature of about 18,500 K
significantly less hot and luminous. This very close orbit of the two stars causes, due to the
Doppler effect, a periodic splitting of spectral lines (SB2 system), which is not recognisable
in these profiles here. lonised helium He // is here no more recognisable however still
several absorption lines of multiply ionised metals.

Line identification:

The line identification is based amongst others on [1], [51], [56], [67]
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10 LBV Stars

P Cygni is one of the so-called Luminous Blue Variables (LBV), most probably progenitors of
WR stars! It's an unstable and variable Supergiant of spectral class B2 /a pe, with a surface
temperature of about 19,000 K. Its distance is according Karkoschka some 5000 ly. What
we analyse here with our spectrographs, apparently "realtime", tooked therefore really
place at the end of the Neolithic period — a genuine "time machine" at its best! At the
beginning of the 17th century, he showed a tremendous outburst, which is known as Nova
Cygni 1600. After about six years as a star of the third magnitude, the brightness
decreased to <b™. Apart from a few minor episodic outbursts, the luminosity increased
again in the 18th century, until it reached the current, slightly variable value of about +4.7™
to +4.9™.

P Cygni is the prototype for the already presented P Cygni profiles in Table 2 (Alnitak) and
Table 10 (Alnilam). Such spectral features are found in nearly all spectral classes and are a
reliable sign for a huge amount of radially ejected matter by the star. Not surprisingly this
effect is sometimes also visible in the spectra of Novae and Supernovae.

- *\\\\ ‘
O } - direction to earth
S -y

S

The left image shows parts of the expanding star shell, taken with the HST. The star in the
center is covered here. The chart above right shows how the resulting P Cygni profiles are
generated. In the direction of the b/ue arrow a small part of the expanding shell of gas
moves right in our direction, so the resulting absorption lines appear blueshifted by the
Doppler Effect. The red arrows symbolise the light, generated by
the ionised shell areas, ejected sideways, and therefore are
visible as emission lines. Both phenomena cause now the overall
layout of the spectral line with a blue-shifted absorption part,
which transits continuously into the mostly more intensive, red »
shifted emission peak. As already demonstrated in 7able 2 and in
[30], the difference A1 between the two peaks enables the
estimation of the expansion velocity of the shell (here some 200 ¢
km/s).

Profile to the right (900L): The "original" P Cygni/ star shows a
higly impressive Ha emission line. Therefore the other spectral
features appear strongly compressed, so they are barely
recognisable. The blue absorption part of this line is strongly
stunted. In contrast to this, the helium emission at A 6678 shows
here and in the lower profile of 7Table 73 (900L) a textbook-like
P Cygni profile — the same does H0 in the upper profile of

Table 13 (200L). To show the other lines, overprinting here the
telluric absorptions, the profiles in 7able 73 are strongly zoomed
in the vertical intensity axis. The top of the Ha emission is
therefore cutted. Noteworthy, that the continuum appears
significantly elevated in an area of some 100 A around Ha.
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Table 13: Overview and detailed spectrum of P Cygni/ (34 Cyg)

Overview spectrum (200L grating, recorded September 16, 2009) and a higher resolved
profile around the Ha line (900L grating, recorded June 22, 2010). The line identification is
based on [341].

Table 13 A: Detailed spectrum of P Cygni (34 Cyg)

Higher resolved profile sections (900L grating), recorded May 07, 2011) in the green and
blue area of the spectrum. The line identification in the range >A 4100 is based on [341], in
the range of <A 4100 according to [341a], [341b].

Remarks:

What appears in these profiles as absorptions turns out at a higher resolution in most cases
as emission lines or P Cygni profiles!
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TABLE 13 A
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11 Be Stars

Be stars form a large subgroup of the spectral c/ass B,
and all of them show a high rotation speed. A small
number is still to find in the early A-c/ass. These stars
are mostly located on or near the Main Sequence of
the HRD. A few Be-stars only have reached the giant
stage with an upper limit of /uminosity class Ill. The
first Be-star, y Cassiopeiae, was discovered in 1868
by Father Angelo Secchi, who wondered about the
"bright lines" in this spectrum. The suffix e (Be)
suggests that emission lines occur here. Due to the
sometimes temporary only occurrence of the Be stage, the suffix e for emission lines is
missing in some stellar classification databases.

University Western Ontario

In contrast to the stars, showing P Cygni profiles due to expanding matter (7able 13), the
Be stars develop, often just episodically, a rotating circumstellar disk of gas in the
equatorial plane. The mechanism is not yet fully understood. This phenomenon is
accompanied by H/ and He / emissions in the spectrum, as well as strong infrared and X-
ray radiation. Outside such episodes, the star can seemingly spend a normal “life” in the B
class.

The approximately 450 ly distant Dschubba, A'V pealk

dominant member in a quadruple star system,
has mutated since about 2000 from the B0O.3 IV
spectral type in to a Be-star and developed a
typical circumstellar disk of gas. The apparent
rotation speed of the central star is
approximately 180 km/s [605].The spectra in
Table 14 show the state of the

gas disk at different dates. The Ha emission line
was taken on August 18, 2009. Its intensity is
significantly lower than by P Cygni, but although
still so high, that the interesting, much weaker
double peak profile of the helium line at A 6678, 0 Mo
could be overlooked. To make such details Wavelegth A
visible, the profiles in Table 14 are strongly

zoomed in the intensity axis. The chart shows, how this double peak arises due to a
combination of Doppler- and perspective effects. The intensities of VVand R, as well as the
distance between the two peaks, inform about the apparent “current” state of the disk. For
detailed information with examples and formulas refer to [30] and [31].

Normalized Intensity

The main interest of the research seems to be focused on these spectral features. Anyway
here are even more remarkable effects to see. Also Hf shows an emission line, which
grows up here in the middle of a broad photospheric absorption line of the central star
[250]. Such spectral features are therefore called emission- or shell cores [2]. However Hy,
HO and He appear at this resolution as "normal" absorption lines, a suggestion for amateurs,
to observe these lines with higher resolutions. Further at about A 3700 the profile shows a
kind of double peak emission. A similar structure within this wavelength domain was
commented in [702] by H.A. Abt as a "Disk Line". In [2] a six-stage classification system is
presented according to Lesh. The more lines of the H Balmer series show up as emission
lines, the more intense the Be phenomenon is classified. Following the required excitation
energies [eV], for some of the H Balmerlines, starting from the ground state n = 1: Har:
10.2, HB: 12.1, Hy: 12.7, Ho: 13.0
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Table 14: Be- star Dschubba (6 sco) BO.3 IV V=2.32"

Overview spectrum (200L grating) and higher resolved profiles (900L grating) around the
Hoa and HB lines, further a zoomed detail of the Helium doublepeak at A 6678.

Dschubba o Sco B0O.3 IV
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Table 14 A: Be- Star 7sih y Cassiopeiae BO Ve (610 L)) V=2.47"

45

Overview spectrum (200L grating). The apparent rotation speed of the central star is typically very
high, ~300 km/s. The spectrum was taken on April 9, 201 1. In contrast to 0 sco much more lines are

here in emission. Some of them are caused by Fe. The He / line at A 6678 is hidden within a broad
absorption and barely visible in this lowly resolved profile. The red profile represents the actual

intensity ratios with the dominant Ha and HB emission. The blue one is strongly zoomed to make the
fine lines visible.

TABLE 14 A
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12 Be Shell Stars

During the Be phase a star can pass in some cases also the extreme shel/ stage. In this
case it forms not only a disk, but rather a large scale, low density shell (“pseudo
photosphere” [2]), which has similar characteristics like the photosphere of the supergiants
with a luminosity class of approximately I-Il. Accordingly, only few emission lines are
showing up here, however much more very narrow but strikingly intense absorption lines
with low FWHM values. Prototype for this star category is { Tauri. Also 28 Tauri (Pleione) is
undergoing this extreme shell stage from time to time. Sometimes the suffix pe is added to
the spectral classification of such stars.

Table 15: Comparison Be Shell star { Tauri, and Be star 0 scorpii.
{ Tauri (HD 37202), B4 lllpe [505], V,,=2.88™ - 3.17™

The approximately 417 ly distant { 7Taur/ has a surface temperature of some 22,000 K. The
apparent rotation speed of the central star is some 330 km/s, which is not unusual high for
this type of star. It forms the main component of a binary system with a much smaller B-
component of spectral class G8IIl. The orbital period is some 0.36 years, the distance
between the components some 1 AU. The behavior of the spectral lines is sometimes very
volatile. According to [605] the width of the H-lines may change within some 10 minutes —
not unusual for Be shell stars! The spectral class of { Tauri is specified inconsistently by
different datasources. So it’s classified by [2] with B2 //in shell, instead of B4 /llpe
according to [505].

The Montage of the two spectra in 7able 715 shows the difference between the two stars. In
contrast to 0 scorpii, Ho is the only recognisable emission line in the spectrum of { Tauri
(200L grating). The following profile (900L grating) shows Ha as an asymmetrical double
peak emission line. Their shape can change within a very short time — a highly rewarding
monitoring project for amateur astronomers!

Ha 6562.82
" Hel6678.15

\/

6540  B550 6560 6570 6580 6590 6600 6610 6620 6630 6640 6650 6660 6670 GGB0 6690

Unlike to 0 scorpii the spectrum of { Tauri shows the He /line at A 6678 and the Hp line at
A 4861 not as emission- but relatively intensive absorption lines. (marked in 7able 75 with
red ellipses). Furthermore all absorptionlines appear much more intensive compared to

0 scorpii, corresponding approximately to those of early B Giants. Striking however is the
strong absorption around the He / line at A 5016. Due to the strong zoom in the vertical
intensity axis, the peaks of the Ha emissions appear here “cutted”. Their real intensity is
similar in both spectral profiles.
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13 Herbig Ae/Be- and T Tauri Protostars

13.1 Overview

The Herbig Ae/Be objects represent the birth stage of the
stellar spectral classes A — O. For the later F — M types these
are the T Tauri stars, which are still subdivided into C/assical
T Tauri Stars (CTTS) with intense emission lines and Weak

T Tauri stars (WTTS) with predominantly absorption lines. The
limit is determined here by the equivalent width EW of the Ha
emission line. According to [2] the object is a CTTS if

EW > |10A| and according to other authors EW > |5A].

These so-called YSO (Young Stellar Objects) are formed from contracting gas and dust
clouds. Due to this gravitational process the temperature in the center rises until the onset
of the hydrogen fusion. Finally the star begins to shine. From now on, within the rough time
frame of several hundred thousand to millions of years, it approaches from top, downward
to the main sequence of the HRD. Therefore, these objects are also called PMS stars (Pre-
Main Sequence) [2].

In this phase, the material forms a rotating accretion disk, which at Herbig-Haro object
least temporarily veils the central star. A part of the so-called accretion
flow doesn’t hit the emerging protostar [275]. It is deflected and
ejected on both side of the disk, forming a cone-shaped, bipolar nebula
(graphics Wikipedia). At some distance from the proto star, this jet may Polar jet
collide with interstellar matter, forming rather short living, nebulous
structures, so-called Herbig Haro objects. These are named after
George Herbig and Guillermo Haro. A detailed and illustrated
presentation of these effects can be found in [275].

Accretion disk

e

The highly irregular optical brightness variations proof, that the PMS
stars are still very unstable. In a later phase planets are formed from
the residual, protoplanetary disk material.

13.2 Spectral Characteristics of PMS Stars

This striking instability becomes also evident in the spectrum.
Typically, it shows emission lines of the H-Balmer series, as well as the Ca Il H- and K
Fraunhofer lines. Depending on the state of the accretion disk, and our perspective on the
object, in addition numerous Fe | and Fe Il lines, as well as Ti [l may show up [270]. Mainly
late WTTS T Tauri stars sometimes generate more or less pure absorption spectra, which
enable a fairly accurate classification of the star.

Gray Corbally [2] presents a classification system for Herbig Ae/Be stars with the following
main criteria:

— The presence and intensity of emission lines of the H-Balmer series

— The presence and a possible A shift of so-called Shell Cores, mainly observed by the
Balmer series. These are emission lines, arising from rotationally broadened,
photospheric absorption sinks.

— The presence of emission lines of ionised metals, particularly the Fe I/ (42) Multiplet

— The appearance of the Fe Il (42) multiplet as emission lines, absorption lines, or P Cygni
profiles (see below)

— Strenght of the Balmer Decrement
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Table 17: NGC 2261 (,Hubble's Variable Nebula”) with R Monocerotis

R Monocerotis (ca. 2500 ly) is a Herbig Ae/Be star. Of its bipolar
nebula from our perspective only one of the two conical halves is
visible as NGC 2261 (Bild: HST). The star itself and the second
symmetrical half of the nebula remain hidden behind the
accretion disk. The brightness of R Monocerotis varies between
ca. 10—12™. Only recently it became clear that this well-hidden
object is a Herbig Ae/Be star of spectral type BO. Like most of
the representatives of early spectral classes, R Monocerotis is
also orbited by a smaller companion.

In the 1970’s it was still considered by many authors as a
T Tauri object of middle spectral class. In such cases, the
spectral type can with reasonable accuracy be determined only with today's methods and
means.

The spectrum in table 17 was taken on March 12, 2012 in the brightest tip of the nebula,
near the not directly visible R Mon. With the 50 pm slit of DADOS at the C8, an exposure
time was applied of 4x780 seconds: Atik 314L, —10° C, 2x2 binning mode. As for table 85
(M1), it was here also necessary, to record separately the disturbing light pollution
spectrum just outside the nebula and to subtract it afterwards from the NGC 2261 signal
(with Fitswork).

The most striking features are the strong H Balmer lines, which are seen here in emission.
The Balmer Decrement in this profile yields Ho/HB = 5. For such objects, this selective
reddening of the profile is significantly influenced by the density of the circumstellar dust
cloud and poses even an important classification criterion (see above). The high degree of
dust occultation is probably one reason why here almost exclusively emission lines can be
seen. C.A. Grady et al [273] noted the correlation between the intensity of the Fe | and Fe |l
emissions, and the degree of dust occultation, combined with the associated infrared
excess. Striking in this profile appears further the so called Fe // (42) Multiplet at A\A\ 4923,
5018 und 5169 [2]. This feature can also be found in the spectra of Novae and Supernovae
as well as in Active Galactic Nuclei (AGN). Herbig already noted in the 1960’s that the
short-wave K-line of the two Ca Il emissions mostly appears more intense.

Here it was also confirmed, that the spectrum, taken in a wider area of the NGC 2261
nebula, looks similar to a profile, recorded very close to R Monocerotis. Thus NGC 2261 is
apparently rather a reflection and than an emission nebula. The quality of the obtained
noisy profiles however is insufficient for this publication. The line identification is inter alia
based on [2] and [270].

This highly interesting object is also very popular amongst astrophotographers who record
the short-term brightness variations in spectacular series of images. On January 26, 1949
NGC 2261 became famous, because Edwin Hubbel him self photographed this nebula as
the official First Light Object of the new bm telescope at Mount Palomar Observatory!

Table 18: T Tauri HD 284419, Prototype of the T Tauri Stars

T Tauri is a Classical T Tauri Star CTTS with higly intense emission lines. This clearly
demonstrates here the EW value of Ha: EW,, = —87A. At first glance, the two profiles of
Table 17 and 18 look very similar. The Fe Il (42) multiplet however is here much weaker,
but the Ca Il emission significantly stronger. T Tauri is classified as G5 Ve, much later than
Type A. This can only be recognized here at the CH absorption band (y ~4300).

A highly interesting detail are the forbidden [O 1] line, the strikingly intense sulfur lines [S 11]
and the Hy emission, which at the time of recording on March 27, 2012 appeared as
Inverse P Cygni profiles! These indicate large-scale contraction movements within the
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accretion disk, headed towards the star — this in contrast to the normal P Cygni profiles,
which are always a reliable sign for an expansion. The Doppler analysis showed here
contraction velocities of some 600 km/s (formula and example see Table 2).

According to AAVSO the apparent brightness of the object at the time of recording was
~10™. The spectrum in Table 18 was taken with DADOS and the 25um slit; exposure time
3x724 seconds: Atik 314L, —10°C, 2x2 binning mode. As for table 17, it was here also
necessary, to record separately the disturbing light pollution spectrum just outside the
nebula and to subtract it afterwards from the T Tauri signal (with Fitswork).

At T Tauri, as a by-product of this star birth, a closely neighboring
Herbig Haro object is to observe. Here it is the variable nebula
NGC155b, named after John Russell Hind (1823-95) visible in
large telescopes next to T Tauri (image: CDS).

’_
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14 Spectral Class A

14.1 Overview

Several of the best known and most striking, bright white stars, like Sirius, Vega, Castor,
Deneb, Denebola, Altair, and most of the stars in the Great Bear are classified as A-types. In
this and all the following later classes, the single stars on the Main Sequence will pass at
the end of their life a Giant phase, combined with an impressive "farewell tour" through
almost the entire HRD. They will end their lives as extremely dense White Dwarfs. During
this final process some of them will eject a photogenic Planetary Nebula.

14.2 Parameters of the Early to Late A-Class Stars

The following table shows the data exclusively for the Main Sequence Stars of the A-class,
compared to the Sun (®) and according to [701]. Compared with the enormously broad B-

Class, the low mass range (factor 1.5) is striking here. Nevertheless impressive is the huge
influence of this relatively small mass difference on the luminosity and life expectancy.

Mass Stay on main Temperature Radius Luminosity
M/Mo® | sequence [y] photosphere [K] R/R® L/Le
3-2 440M - 3bn 10,000 - 7,500 2.7-1.7 55 -8

14.3 Spectral Characteristics of the A-Class

Since the beginning of spectroscopy in the 19th century this class has fascinated by their
impressive hydrogen lines, but otherwise very “tidy” and esthetically looking spectra. This
was at least one reason for numerous false hypotheses. Father Angelo Secchi already
classified these spectra in the mid-19th Century as "Type /" (see appendix 33.3). Edward
Pickering labeled these in his later refined system as "A-Type". Today, this class has still
Pickering's "A-label"”, but unconspicuously in the upper middle of the MK-stellar classes.

These distinctive and clear spectra are very well suited as a didactic introduction to the
practical spectroscopy. Moreover, the pattern of the strong H-Balmer lines is an excellent
aid for first calibration attempts. This feature gains intensity since the late B-class and
reaches its maximum in type A2 [1]. Quantum mechanically, this can be explained with the
surface temperature of about 9,800 K. This way the hydrogen atoms are thermally excited
so that a maximum number of electrons stay already on the level n2, the “takeoff level” for
the electron transitions in the shell system n2 — ne of the H-Balmer series [30].

From here on, the later A-classes are characterised by a gradual, but still moderate intensity
loss of the H-Balmer series. Conversely, the two Fraunhofer H + K lines of Ca // become
significantly stronger. The Fraunhofer K-line penetrates now deeper into the continuum
peak between He and H8 and exceeds between A7 and FO the intensity of the hydrogen
absorption. Within the same range also the growing Fraunhofer H-line (A 3968) overprints
now the weakening He absorption. In the late A-classes the "Blue Wing" of the Hy line
shows a small kink. At the latest in the FO class, it's revealed as the fast growing molecular
CH-absorption of the Fraunhofer G-band (in the following graph marked with red arrow).

Higher resolved spectra show immediately that the first impression of the “simple
spectrum” is deceptive. The continuum between the hydrogen lines is interrupted by
numerous metal absorptions. The absorptions of neutral atoms become now more intensive
at the expense of the singly ionised ones. In the early subclasses, a few He / lines still
appear but very faintly. The intensity maximum of the real continuum moves here already to
the “blue” short wave edge of the visible spectrum. The graph shows the theoretical
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continuum for a synthetic A5V standard star (Vspec 7ool/s/Library). Marked with red arrows
are the two above-mentioned details.

K-Linie Ca |l )

G Band CH Absorption \

14.4 Commented Spectra
Table 20: Castor (od Gem) and Altair (o Agl)

The development within the A-subclasses is demonstrated here by a montage of two
overview spectra (200L grating), representing an early and late subtype.

Castor (b2 ly) is a very rare 6-fold star system. The two brightest
components can be resolved even in smaller amateur telescopes (own
picture by C8, and Meade DSI Il). They dominate the spectrum and their
early A-classifications, A7Vm and A2Vm, are very similar. The surface
temperature — some 9,800 K - is therefore similar as for Sirius (A1Vm).

Altair (17 ly) is an A7V Main Sequence Star of the late A-Class. Correspondingly lower is
therefore the surface temperature of some 7,550 K. For this late A-class it shows an
extremely high apparent rotation speed of 210 km/s [506]. The equatorial diameter is
therefore enhanced by about 22% (interferometric survey in 2007 by J. Monnier et al.).

Table 21: Detailed spectrum of Sirius A (x CMa)

Sirius A (8.6 ly), spectral type A7 Vm with a surface
temperature of about 9,880 K, is similar to Vega and
Regulus, a Dwarf star on the Main Sequence of the HRD. It
forms the main component of a binary system with Sirius B
(White Dwarf).

The table shows an overview spectrum (200L grating) and
two higher-resolved profiles in the blue/green and red
wavelength domain (900L grating). Within the blue/green
part most of the interesting metal absorptions are
concentrated. They look very slim, compared to the huge H-Balmer lines. Here, as well as in
the spectrum of castor, the so-called magnesium triplet apperars, still faintly, for the first
time at A 5168 — 83 (Fraunhofer b).

Sirius is one of the metal-rich stars, which are labeled with the suffix [m] (see Table 23).
Computer graphic Wikipedia: Sirius compared in size to the Sun.

Its apparent rotation speed of about only 13 km/s is unusual low for the early A-Class.
According to [1] however, such statistical outliers correlate significantly with an
overabundance of metals.

The line identification is based amongst others on [1], [5], [60], [51], [52],
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Table 22: Luminosity effect on spectra of the early A-class: Vega (a Lyr), Ruchbah (6 Cas)
and Deneb (a Cyg).

Vega (25 ly) is classified with AOV and is, like our Sun, a so-called Dwarf on the Main
Sequence of the HRD. Its surface temperature is about 9,500 K its apparent rotational
speed at the equator with some 15 km/s is very low. However, recent interferometrical
studies show that’s why we see Vega almost "Pole on" and the effective rotational speed is
>200 km/s.

Ruchbah (100 ly) is classified with A5 ///-/V. Thus it's moving in the HRD on the way from
the Main Sequence to the Giant Branch. Its surface temperature is about 8,400 K. Its
rotation speed is indicated by Kaler [506] with 113 km/s, an inconspicuous value for this
class.

Deneb (2,000 ly) is classified with A2 /a and thus belongs to the Supergiants. The surface
temperature is about 8,500 K. The apparent rotation speed is indicated with about 21
km/s. This Supergiant was during its former stay on the Main Sequence, an early B- or even
a late O-star [b06].

The comparison of these three equally normalised spectra shows clearly a decrease of the
intensity and width of the H-lines by increasing luminosity. Conversely the metal lines in the
Giant become more intense, what is expected due to the less dense stellar atmosphere and
thus a lower pressure and collision broadening. Due to the relatively moderate v sini values
the rotational broadening has here not a dominant influence on the appearance of the
profiles.

Table 23: Different metal abundance of Vega and Sirius

The comparison of the "metallicity" between Vega and Sirius has been the subject of
numerous professional studies in the past, such as [703], [704]. Besides the different
metal abundance these two stars are almost equally classified and have also a similarly
low, apparent rotation speed. Differences in the spectrum must therefore primarily be
caused by the different metal abundance, which predestines the two bright stars for such
investigations.

At this resolution (900L grating) it can immediately be noticed, that the Ca // line
(Fraunhofer K at A 3933) in the Vega spectrum is much intenser, even though the star is
classified slightly earlier than Sirius. This is already visible, even without measuring of the
EW values. But most, /if not all other metal
absorptions, are significantly stronger in the A
profile of Sirius. The graph shows the shape of
the so-called "Curve of Growth" according to
Keith Robinson [3]. We are interested here only
in the approximately linear range, covering the
area of the unsaturated spectral line in the left
part of the graph. Here the EW of a particular
spectral line is nearly proportional to the number
of atoms of the corresponding element within a
certain gas mixture. Number of atoms

Saturated line

Curve of Growth

Linear regigh
Linie profjle deepening

Equivalent width EW [A]

v

A Chinese study by H. M. Qju et al. [703] summarises that Sirius, with a Fe/H ratio of +0.5
is relatively metal rich, Vega with a ratio of —0.57, however, is relatively metal poor. Here is
also confirmed that for Sirius Ca and Sc are underabundant and vice versa Fe
overabundant. According to this study this deficit of Ca and Sc and the overabundance of Fe
are generally used as defining markers for metal rich Am stars. The Fraunhofer Ca // line

(A 3934) also serves in various other studies as an important indicator of metal abundance.
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15 Spectral Class F

15.1 Overview

The F-class is located directly above the G-category, where our Sun is classified. It includes
several well-known, bright yellow shining stars like Procyon, Caph (B Cas), Porrima

(v Vir), Mirfak (o Per), Canopus in the southern sky and even the Pole Star. On the Giant
Branch of the HRD we find here several pulsation variables, belonging to the categories of
0 Cephei and RR Lyrae.

15.2 Parameters of the Early to Late F-Class Stars

The following table shows the data exclusively for the Main Sequence Stars of the F-class,
compared to the Sun (®) and according to [701].

Mass Stay on main Temperature Radius Luminosity
M/Mo sequence [y] photosphere [K] R/R® L/Le

1.6 - 1.1 3bn - 7bn 7,200 - 6,000 1.6-12 | 6.56-2.0

15.3 Spectral Characteristics of the F-Class

The H-Balmer lines are now much weaker and the Fraunhofer H + K lines (Ca //) become the
dominant features, so that the Fraunhofer H absorption now clearly displaces the He line.
Towards the late subclasses the neutral elements, e.g. Fe /, Cr [, replace now increasingly
the absorption of the jonised ones.

The Ca / line at A 4227 clearly intensifies, as well as the G-band (CH molecular) which
surpasses within the F-Class the intensity of the neighboring Hy line. This striking “line
double” can therefore only be seen here so it forms essentially the unmistakable "Brand" of
the F-class! The Magnesium Triplet (M 5168-83) becomes here stronger, compared to the
A- Class.

At this resolution, at the latest since the early A-class, most of the absorptions are formed
by several metal lines of slightly different wavelengths, so called “"blends”. These can only
be resolved with high-resolution spectrographs. Labeled here are therefore only the chiefly
involved elements, causing these blends. In Table 30, one of the absorption lines within the
Procyon profile is summarily labeled with Fe [/Ca | 4454 — 59 (small graph below right).
The large graph left shows a highly resolved profile (Spectroweb [59]) in the same
wavelength domain. Obviously the imagination of isolated single lines must be abandoned!
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The intensity maximum of the real continuum is now clearly located within the visible range
of the spectrum. The graph shows the theoretical continuum for a synthetic F5 V standard
star (Vspec/Tools/Library). Highlighted with a red circle is here the “Line-double” of the G-
band and Hy, the striking “Brand” of the F-class.

il 11
' Il = A AA
Band| [Hv  / | W VYV
| ‘g Band| | W
NS .

| | I ~ - |f
| ~ -

¥
[\

15.4 Commented Spectra
Tafel 30: Adhafera ({ Leo) und Procyon (o CMi)

The development of the F-subclasses is demonstrated here by two superposed overview
spectra (200L grating) representing an early and middle subtype.

Adhafera (260 ly), classified as FO //l, is located at the top of the F-class and has already
reached the Giant stage (lll). The surface temperature is about 7,030 K and its apparent
rotation speed some 84 km/s [506]. Even within this early F-class, the Fraunhofer-H and K
lines have already surpassed the intensity of the H-Balmer series, where the K-line at

A 3968 has overprinted the He absorption.

Procyon (11 ly) is classified as F5 /V-V and thus representing approximately the “center” of
the F-class. Like Sirius, it has a white dwarf companion. The luminosity class IV-V reveales
that it has begun to leave the Main Sequence in the HRD towards the Giant Branch. The
apparent rotation speed is only some 6 km/s. The surface temperature with about 6,630 K
is expectedly lower than for the earlier classified Adhafera. At the first glance this has little
effect on the spectral profile.

The most noticeable and important difference relates to the "Brand" of the F-class - the
increasing intensity of the CH molecular absorption band (at A 4300) and conversely the
shrinking of the neighboring Hy line. Further the growing intensity of the Ca /line
(A4227), at this resolution clearly visible only by the somewhat colder Procyon. Some
further differences may be caused by the difference in luminosity class.

Line identification:

The line identification is based amongst others on [1], [5], [51], [52], [69]
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Table 31: Effect of the luminosity on spectra of the F-class: Porrima (y Vir), Caph (B Cas) and
Mirfak (« Per).

Porrima (39 ly) is classified with FOV and is, like our Sun, a Dwarf on the Main Sequence of
the HRD. Its surface temperature is about 7,100 K and its apparent rotation speed remains
here unknown.

Caph (55 ly) is classified with F2 ///-IV, thus moving from the Main Sequence to the Giant
Branch in the HRD. Its surface temperature is about 6,700 K. His apparent rotation speed is
reported by Kal/er [506] with 70 km/s.

Mirfak (600 ly) is classified with F2 /b and therefore one of the Supergiants. The surface
temperature is about 6,180 K. The apparent rotation speed is reported with 18 km/s.
Mirfak is a former Main Sequence Star of the B-Class [506].

The comparison of these three equally normalised spectra shows no striking differences
between the luminosity classes. A difference regarding the intensity and width of the
H-lines is here visually not recognisable. The metal lines of the Supergiant Mirfak are
somewhat more intensive than in the profile of the Giant Caph. Between Caph and the Main
Sequence Star Porrima differences are hardly discernible.
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16 Spectral Class G

16.1 Overview

The yellow shining stars of the G-class have, from a spectroscopic view, a special status,
because their spectra are more or less similar to that of our Sun, which is probably one of
the best explored and documented. & Centauri in the southern sky is with G2V equally
classified as the Sun. It shows therefore nearly the same surface temperature like our
central star. In the northern sky Muphrid (n Boo) with GO IV is classified relatively close to
the Sun. Otherwise among the bright stars no further similar classified can be found.
Capella with its two binary components of G5///le and GO//l is already settled on the Giant
Branch of the HRD. The same applies for Sada/suud (8 Aqr) with GO/b.

Other well-known G-stars can only be found in the classes G7 and later, such as
Kornephoros (B Her), y Leo, y Per, 0 Boo, Vindemiatrix (e Vir).

16.2 Parameters of the Early to Late G-Class Stars

The following table shows the data exclusively for the Main Sequence Stars of the G-class,
compared to the Sun (®) and according to [701].

Mass Stay on main Temperature Radius Luminosity
M/Mo sequence [y] photosphere [K] R/R® L/Le

1.056-09 | 7bn-15bn 6,000 - 5,500 1.1-0.85 | 1.6 -0.66

Striking is the percental very low mass range, which is covered by the G-class.
Nevertheless, the life expectancy and luminosity of the star respond almost grotesquely
sensitive to this difference. Our Sun with a surface temperature of about 5,800 K (G2V)
belongs to the early G-class, spending some 7 billion years on the Main Sequence.

16.3 Spectral Characteristics of the G-Class

The Fraunhofer H + K lines of ionised Ca // become here impressively strong achieving
theoretically the maximum intensity in the /ate G c/asses. This becomes also evident in the
chart in sect. 6. In the solar spectrum (G2V) they are by far the strongest lines generated by
the star itself. For Main Sequence Stars of the G-Class, the K-line is always slightly more
intense than the H-line.

The H-Balmerseries becomes significantly weaker, so these lines are now surpassed even
by various metal absorptions. Therefore they lose from here on their function as welcome
orientation marks, e.g. for the calibration and line identification.The intensity of the so-
called Magnesium Triplet (A\\ 5169-83) has increased during the F-Class and achieves a
considerable strength here, so with "b" it's even labeled with its own Fraunhofer letter. The
Ca /line by A 4227 also impressively gained intensity since the early F classes and
becomes here a striking spectral feature also with an own Fraunhofer letter“g”.

In general, the trend here continues by growing intensity of neutral metals e.g. Fe / and the
Fraunhofer-D lines (Na /). Towards the later subclasses they increasingly replace the
absorption of the ionised elements. Due to the dominance of fine metal lines, the spectra
become now more and more complex. Therefore, our Sun is not really a suitable object for
beginners. The temperature here is sunken to such a low level that simple and robust
diatomic molecules can survive in these stellar atmospheres. Most prominent of such
features is the Fraunhofer G-band of the CH molecule, which already surpassed in the late
F-class the intensity of the Hy line. Further mentionable are also the strong CN and CH
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absorption bands in the violet area, overprinting here the H8 and H9 Balmer lines beyond
recognition. In highly resolved spectra now finer absorption bands of carbon monoxide CO
appear. The intensity maximum of the real continuum shifts now to the green part of the
visible spectrum, hence the evolution has optimised our eyes to this wavelength domain
(Sun G2V). The graph shows the theoretical continuum for a synthetic G5 V standard star
(Vspec/Tools/Library). Highlighted with a red arrow is here the area on the violet side of the
H+K Fraunhofer lines, where strong molecular CN and CH absorption bands overprint the
former H8- and H9-Balmer lines.

16.4 Commented Spectra
Table 40: Muphrid (n Boo) und Vindemiatrix (g Vir)

The development of the G-subclasses is demonstrated here by two superposed overview
spectra (200L grating) representing an early and late subtype.

Muphrid (37 ly) with GO /V has already moved away from the Main Sequence towards the
Giant Branch in the HRD. Of all naked eye visible stars in the northern sky, it's the closest
"class neighbor" to the Sun (G2V). Its surface temperature is about 6,100 K, i.e. slightly
hotter than our central star — hence the earlier classification. It's a part of a spectroscopic
binary. The B-component however, is so small that, in contrast to Spica, no splitting of the
spectral lines can be observed (SB1 system). Muphrid is classified by several sources as
above average metal rich. Nevertheless, the suffix m is missing here in the classification.

Vindemiatrix (103 ly) with G8 /llab is a late representative of the G-class and has already
developed to the Giant stage. Its apparent rotation speed is <17km/s [605] what is usual
for this class. According to [506] Vindemiatrix was formerly a B-class Main Sequence Star.

The comparison of these spectra demonstrates mainly the intensity loss of the H-Balmer
lines, well visible by the HB line. The profile of Vindemiatrix shows also a massively
shrunken Hy line which is now difficult to identify, particularly besides the now dominant
G-band (CH). Otherwise, no spectacular changes can be seen. However in highly resolved
spectra, significant intensity differences of individual lines would be detectable, particularly
within the blends.

Table 41 and 42: The Sun, spectra recorded from reflected daylight.

Our central star (G2V), with a surface temperature of ca. 5,800 K, is
a normal Dwarf on the Main Sequence. On these tables the Sun is
documented with an overview spectrum (200L grating) and three
higher-resolved profiles in the blue, green and red domain (900L
grating). The Sun has a very low rotation speed of just below

2 km/s, which is usual for middle and late spectral types. The
increased thickness of the convective shell generates strong
magnetic fields with a considerable breaking effect on the stellar
rotation. The image shows a picture in the Ha light by the SOHO
satellite. Line identification: is based mainly on [80], [81], [59].
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17 Spectral Class K

17.1 Overview

The stars of the orange yellow shining K-class includes familiar names such as Po/lux,
Aldebaran, Arcturus, Hamal, Alphard, as well as the lighter, yellow bright orange
component of the famous double star A/bireo A (K3 11).

17.2 Parameters of the Early to Late K-Class Stars

The following table shows the data exclusively for the Main Sequence Stars of the K-class,
compared to the Sun (®) and according to [701].

Mass Stay on main Temperature Radius Luminosity L/L®
M/Mo sequence [y] photosphere [K] R/Ro®

0.8-0.6 >20bn 5,250 - 4,000 0.8 - 0.65 0.42 -0.10

Striking is also here the percental low mass range, which is covered by this class. All
K-class dwarfs stay longer on the Main Sequence than the estimated age of the universe of
some 13.7 billion years. This means that in the entire universe, not a single star of this
class is migrated to the Giant Branch! The luminosity of the K- Main Sequence Stars is so
low that they are only visible at relatively short distances. Therefore, all above listed
"highlights" of this class are located on the Giant Branch. These massive stars were
classified much earlier during their former stay on the Main Sequence. Their parameters
are therefore far outside of the table values above. Here they spend only a relatively short
time before they explode as a SN or end up as White Dwarfs.

Only a few real K- Main Sequence Stars are visible with the
naked eye. In the northern sky the best-known is probably the
only 11 ly distant binary 67 Cygni, with a total apparent
brightness of just 4.8™ and the spectral classes K5V and K7V
(see Table 52). The Wikipedia graphic shows the size of the
two K-class components compared to the Sun.

17.3 Spectral Characteristics of the K-Class

The temperature of this class is considerably lower than in the G-category, but still as high
as within the solar sunspots. Correspondingly, the spectra of the early K-class look still very
similar as in the whole G-category. The following chart shows in the blue short-wave
domain the superimposed profiles of Pollux (blue) and Sun (green). Already Fraunhofer has
noticed the striking similarity of the two spectra.

4000 4100 4200 4300 4400 4500 4600 4700
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On a glance, the two profiles look indeed very similar, although Po//ux (KO lllb) is a Giant
and the Sun (G2V) is still a Main Sequence Star. Apparently the trend continues that the
luminosity-related differences in the profiles become increasingly smaller towards later
spectral classes.

Within the G- and early K-subclasses apparently no spectacular changes of spectral
characteristics take place. Considered more in detail, several differences in the line
intensity and in the shape of the continuum become visible. Now the spectral lines are
mainly caused due to neutral atoms or by simple diatomic molecules. The intensity of the
neutral metals continues to increase. The neutral calcium Ca/at A 4227 has excelled the G-
Band in the class K5 (detail in Table 50 marked in red). The G-Band becomes now very faint
and about at K5 it's even splittet into several discrete lines. The H-Balmer series is now very
weak and difficult to identify, except of the Ha- and the considerably shrunken Hg line. The
Magnesium Triplet still appears quite prominently.

In the spectra of the later K-subclasses a remarkable break occurs and the similarity to the
solar spectrum gets increasingly lost. Since the class Kb and later, particularly in the long
wave-(red) part of the spectrum, titanium oxide (TiO) bands appear and start to overprint
the telluric H,O and O, absorptions. Therefore already Father Angelo Secchi noticed
Aldebaran (Kblll) as a transition star for the appearance of the impressive 7/0 band spectra.

In use are only the classes K7 - K5 and K7. K6, K8 and K9 have not yet been allocated. The
intensity maximum of the real continuum is shifted here into the red region of the visible
spectral range. The graph shows the theoretical continuum for a synthetic K4 /// standard
star (Vspec/Tools/Library).
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17.4 Commented Spectra
Table 50: Arcturus (x Boo) and Alterf (A Leo)

The development of the K-subclasses is demonstrated here by two superposed overview
spectra (200L grating) representing an early and late subtype.

Arcturus (37 ly), classified with K7.5 /Il Fe—0.5, is an early K-star and stays on the Giant
Branch of the HRD. Its surface temperature is about 4,290 K.
The suffix indicates a relative underabundance of iron.
Compared to the Sun the Fe/H ratio of Arcturus is only about
20% [506]. The graph shows the proportions of Arcturus
compared to the Sun. The apparent rotation speed is given in
[605] with <17km/s. Like Pollux also the spectrum of Arcturus
is very similar to that of the Sun. The main differences are in the
intensity of individual lines, as already pointed out above.  Arcturus
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Alterf (320 ly) is a K5 I/l giant of the later K-class. Its surface temperature is 3,950 K,
almost 340 K lower than that of Arcturus. The apparent rotation speed is indicated in [505]
with <17 km/s. Such low values are normal for late spectral types and have no detectable
effect on the spectra of this resolution.

Particularly the short-wave side of the A/terf profile is still dominated by discrete absorption
lines, which are mostly the same, as seen in the spectra of Po/lux and Arcturus. However
the shape of the continuum in the yellow-red range is already similar to that of Betelgeuse
and Antares, albeit much less intense. This shows the beginning influence of the molecular
7i0 absorption. At this spectral resolution, these absorption bands can be reliably identified
only in the near infrared part, close to the telluric A-line which is outside of the chart in
Table 50. The following detailed spectrum of Aldebaran, however, shows complementarily
this section. With K5 /// this star has the same spectral class like A/terf. The spectrum
shows here clearly the absorption bands of titanium oxide 7/0 and calcium hydride CaH.
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Table 51: Pollux (x Gem)

Pollux (34 ly) is classified as KO //lb, an early K-star already established on the Giant Branch
of the HRD. Its surface temperature is about 4,770 K. The apparent rotation speed is given
in [505] with <17km/s. On this table Po/lux is documented with an overview spectrum
(200L grating) and a higher resolved profile in the blue area (900L grating).

The line identification is based amongst others on [1], [5], [50], [52], [63], [65], [68], [59]
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Table 52: Luminosity effects on spectra of the late K-class: Alsciaukat (o Lyncis) and
61 Cygni B.

61 Cygni B (11 ly) is the weaker of two binary components. With K7 Vit's classified as an
ordinary Dwarf on the Main Sequence. The surface temperature is some 4,120 K, its
apparent rotation speed is <2km/sec. The two components belong to the few true Main
SequenceStars of the K-class which are spectroscopically accessible to moderate sized
telescopes.

Alsciaukat (220 ly): This star with the jaw-breaking, Arabic name is classified with K7 ///,
and thus a Normal Giant. Its surface temperature is about 3,860 K. Its apparent rotation
speed could not be found. Its slight variability suggests that it stands just before a long-
period, Mira-type variable stage [606].

The comparison of the two equally normalised spectra shows in this section a similar
profile shape for the different luminosity classes. In each section, however, clear
differences and even different lines are visible. The spectrum of A/sciaukat shows at this
resolution (according to BSA) clearly the splitting of the former Fraunhofer G -band into
three discrete absorption lines: 7/ /(M 4301 and 4314) and Fe/ (A 4308).

Table 53: Aldebaran (a« Tau)

Complementary to Table 52 some higher-resolved detail spectra Sonne

of the K-star Aldebaran (66 Lj) in the green and red region are
added here (900L grating). A/debaran with K5 //l represents the
later K-class and is established on the Giant Branch of the HRD. .
Its surface temperature is about 4,010 K. The apparent rotation
speed is given in [605] with <17km/s. The graphic shows the
proportions of Aldebaran compared to the Sun.
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18 Spectral Class M

18.1 Overview

Some of the orange-red shining stars of the M-class are well-known names such as
Betelgeuse, Antares, Mirach (B And), Scheat (B Peg). Ras Algheti (o Her), Menkar (o Cet),
Tejat Posterior (u Gem). Some late types of this class are long period variables such as Mira
(M71lle).

18.2 Parameters of the Early to Late M-Class Stars

The following table shows the data exclusively for the Main Sequence Stars of the M-class,
compared to the Sun (®) and according to [701].

Stay on main Temperature Radius Luminosity L/L®

sequence [y] photosphere [K] R/R®

0.6 -0.08 >100bn 3,850 - 2,600 0.63-0.17 0.08 - 0.001

Striking is here the huge percental increase of the covered mass range compared to the
earlier classes A, F, G, K. The "late half” of this class already touches the range limit of the
Brown Dwarfs, which are seperately classified with £, 7T and Y (not yet be treated here). As
the K- also the M-Dwarfs stay longer on the Main Sequence than the estimated age of the
universe of some 13.7 billion years. This means that in the entire universe, not a single star
of the M-class is migrated to the Giant Branch in the HRD! All with the naked eye visible V-
type stars are former class B to G Main Sequence Stars which spend here only a relatively
short time until the end of their Giant Stage. Their parameters are therefore far outside of
the table values above.

With the naked eye, no real M-type Main Sequence Stars are visible, although they provide
76% of the Sun’s near neighbors! The most famous and apparently “brightest”
representative is in the southern sky Proxima Centauri with the spectral class M5 Ve. With
a distance of 4.22 ly it’s the very nearest neighbor to the Sun, but reaching an apparent
magnitude of only 11™! Therefore, it was discovered very
late in 1915. The graphic (Wikipedia) shows the proportion
of Proxima Centauri compared to the Sun. Its diameter was
determined with the HST to about 200,000 km. His life
expectancy on the Main Sequence is estimated to some

4 trillion years! Whether our universe then still exists — in
whatever form — must be answered by cosmological models.

18.3 Spectral Characteristics of the M-Class

The Fraunhofer H + K lines remain striking in the entire M-class. In addition to the Ha line
neutral calcium Ca/at A 4227 and the sodium double line at about AA 5890/95, are the
dominant discrete absorptions, which are still visible at this resolution. The once prominent
G-band breaks now up in at least three discrete lines (BSA). The main features here are
undoubtedly the huge absorption bands of titanium oxide TiO. Their intensity rises
significantly towards the late subclasses, overprinting now thousands of neutral, atomic
absorption lines which would otherwise visible here [1]. Although they show up already in
the late K-classes, they form here the unmistakable "Brand" of the M-category. Much less
frequent and with smaller intensity we find here a few absorption bands of CaH (calcium
hydride) and MgH molecules (magnesium hydride). In the late M-subclasses the lower



Spectroscopic Atlas for Amateur Astronomers 79

temperature allows even the formation of further diatomic molecules like vanadium oxide
(VO) and molecular hydrogen H.-.

The wavelengths of the absorption bands are defined by the "most distinct edges” the so
called band heads of the profile. As a result of this characteristic, sawtooth-shaped curve,
these edges are much more diffuse than discrete absorption lines, which show in theory
approximately a Gaussian bell shape. The wavelength values for the individual bands can
sometimes vary, depending on the source, up to 2 Al These absorption bands are therefore
totally inappropriate for a precise calibration of the spectrum, based on known lines. Only
the calibration with the lamp can meet here reasonable standards.

The intensity maximum of the real continuum is shifted here into the infrared range of the
spectrum. Therefore the telluric H,O and O, absorptions in the red range of the spectrum
are almost completely overprinted by the stellar molecular bands. The graph shows the
theoretical continuum for a synthetic M5 /Il star (Vspec/Tools/Library).

Due to the specific radiation characteristics, influenced by the massive gaps in the
continuum, the M class stars are considerably far away from an ideal black body radiator.

18.4 Commented Spectra
Table 60: Antares (o Sco) and Ras Algethi (o Her)

The development of the M-subclasses is demonstrated here by two superposed overview
spectra (200L grating) representing an early and late subtype.

Antares (450 ly) is a Supergiant of the early M-Class with
M1.5 lab and the dominant component of a binary star system.
Its surface temperature is about 3,600 K. The apparent rotation
speed is given in [605] with <20 km/s. The graphic shows the
proportions of Antares, compared to Arcturus and the Sun.

Orbitdes Mars ~ .,
R . 227 milion km %

Ras Algethi (400 ly) is a multiple star system. The spectrum is
dominated by the Supergiant classified as M5 // and represents
a later M-Type. As expected its surface temperature of

3,300 Kis lower than by the earlier classified Antares. Ras
Algethi is smaller than Antares, but also surrounded by a cloud

of gas and dust.
The line identification is based amongst others on [1], [5], [50], [52], [63], [65], [68], [59]

Due to lack of further detailed information to spectral features within the M-Class, for the
time being no higher-resolved spectra are attached and commented here.

Roter Riese
Antares R . 300 million km
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19 Spectral Sequence on the AGB

19.1 Evolution of the Stars on the Asymptotic Giant Branch (AGB)

The following simplified presented sequence is applicable for stars with 1 to 8, depending
on the source, even up to about 10 solar masses.

Red Giant Branch RGB

After leaving the Main Sequence the star moves in the HRD first up to the right on the Red
Giant Branch (RGB). In this phase, the hydrogen fusion zone grows outwards on a shell
around the increasing helium core. Thus the radius and the luminosity of the star
dramatically increase, while the density and temperature of the atmosphere substantially
decrease.

Horizontal Branch HB
The so-called helium flash stops abruptly this ascent on the RGB. This event is triggered by
the nuclear ignition of the helium core, which was formed during the RGB phase. From now

on by helium fusion and other highly complex nuclear processes, carbon and oxygen is
formed in the core of the star. As a result, the star first moves somewhat to the left and

down on the Horizontal Branch (HB).

Asymptotic Giant Branch AGB

In a later phase, the helium begins to "burn" within a shell around the core of carbon and
oxygen and in addition triggers now the hydrogen fusion in a further outer shell of the star.
This multiple or alternating “shell burning process” causes now the rise of the expanding
and unstable star along the AGB. At one solar mass the stellar radius reaches now some
1.5 AU and the luminosity is about 10,000 times that of the former Main Sequence Star.

Post AGB Phase

In the final stage these stars eject their outer shells as a Planetary Nebula (see sect. 24),
which is excited to the emission of light by the remaining, extremely hot core. These
objects initially show similar spectra like Wolf Rayet Stars (sect. 8). Later on, they cool
down and end as White Dwarfs on the stellar "cemetery" in the lower part of the HRD. The
following chart (excerpt from the HRD) shows schematically the Post-Main Sequence
Evolution for stars of about 1, 5 and 10 solar masses.
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19.2 The Spectral Sequence of the Mira Variables on the AGB

This sequence consists of stars in their unstable AGB phase, limited to the range of about

1 — 2 solar masses and the spectral class M as well as to some late K-types. This category
is for amateur astronomers not only interesting for photometric monitoring, but also in
terms of spectral analysis. The astrophysical context is still not fully understood and shown
here strongly simplified, mainly based on [2].

Once arrived on the AGB the star becomes unstable, as a result of the above mentioned
complex fusion processes. It starts now pulsating and pushing off a lot of material.
Therefore most but not all of these stars, show now the behavior of long-period Mira
Variables. Current theories postulate at this stage strong, so-called Thermal Pulses, which
trigger deep convective "dredge up" processes inside the star. As a result, carbon, and
products of the nuclear S—process, is conveyed to the stellar surface (e.g. barium, lithium,
zirconium, technetium, etc.). During its ascent on the AGB the star passes the following
seguence of spectral classes (schematic diagram):

M[e] &> MS — S =& SC+»C

C/0 Ratio

On this course the oxygen in the stellar atmosphere is not only bound by the formation of
metal oxides (eg 7/0, ZrO, YO). The rest of it combines now with the rapidly increasing
carbon mainly to CO molecules [1]. Thus the oxygen content is now continuously reduced.
It's expressed in this context as ratio of carbon to oxygene C/O0.

In the M(e) phase, at the “bottom” of the AGB, the stellar atmosphere is still oxygen-rich
C/0 = 0.5. Here TiO absorptions still dominate the profile, usually associated with
individual atomic emission lines. Therefore | added the “index” (e) to this class to
distinguish it clearly from the relatively stable, only hydrogen “burning” giants of spectral
types K to M on the RGB.

Within the MS to S classes the stellar atmosphere increasingly shows an oxygen deficiency.
Therefore absorption of diatomic zirconiumoxide (ZrO) displaces now more and more the
former dominating titanoxide bands (7/0). In the area of spectral class S, the ratio becomes
C/0 = 1 and therefore no more unbound oxygen exists in the stellar atmosphere.

Above the spectral class S becomes C/0 > 1 . This creates a carbon excess, which
accumulutates in a circumstellar cloud. This dominates now impressively the star's
spectrum. Thus, in the intermediate SC -class, and increasingly in the following C- Class
moderately high resolved spectra only show absorptions of diatomic carbon molecules (CH,
CN, and C5). Increasingly here also show up atomic lines of S—process products, but also
impressive absorptions of Na /.

Once arrived at the top of the AGB the star ejects due to intense thermal pulses its outer
shell as a photogenic Planetary Nebula.
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20 M(e) Stars on the AGB

20.1 Overview

The unstable M(e) stars on the AGB still have an oxygen-rich atmosphere (C/0 < 1) and are
usually long-period variable of type LPV (Long Period Variable) or Mira Variable. The period
of the brightness variation is in the order of about 100 to 1000 days. Prototype of this class
is Mira (o Ceti). This instability leads to shock waves in the stellar atmosphere, which
expands and contracts by the rhythm of the brightness variations (radius up to a factor 2!).

As a result of this spectacular process the star loses continuously matter, as documented
by recent photographs of Mira. The star produces on its way through the galaxy an
impressive trace of stellar material, which can be seen in the ultraviolet region on a length
of about 13 ly. This spectacular image was taken with GALEX (Galaxy Evolution Explorer,
NASA), recorded in August 2008: http://www.nasa.gov/mission_pages/galex/.

20.2 Spectral Characteristics of the M(e) Stars on the AGB

Parallel to the "pulsations" of the stellar atmosphere, emission lines of variable intensity
appear in the spectrum, predominantely the short wave H—Balmerlines on the “blue side” of
Hy. The maximum intensity mostly shows H0 (see Table 63). According to the Balmer
decrement the Ha, HB and Hy emissions are in fact much more intensive. But higly intense
7i0 absorption bands overprint here completely Hor and HB and strongly diminish Hy.
According to [1] this is evidence that the emission lines are formed in much deeper layers
of the stellar atmosphere as the titanium oxide absorptions. The spectral type of the star
itself is often variable within the range of decimal subclasses. Apart from the emission lines
no further differences to a normal M- star can be detected in a moderately resolved
spectrum.

20.3 Commented Spectra

Table 63: A montage of two overview spectra (200L grating). Comparison of the M(e) star
Mira, (o Ceti, M7 llle, alternatively M5e—9e [505]) and the ordinary M-Type star Ras
Algethi (o Her, M5 [/}, which is still located on the RGB (see Table 60).

Mira A, probably one of the most popular variables, forms the
dominant component in a binary system with Mira B (VZ Ceti).

It shows an impressive brightness variation V,,,= 3™ = 10™, with a
period of about 331 days (LPV). In some cases it becomes much
brighter than 2.0™. Its spectacular variability was discovered in 1639
by Holwarda. The HST image (NASA) shows Mira in a phase with a
slightly oval shape. Thanks to its diameter of > 500M km, the star (by
interferometry) can still be recorded as a disc at a distance of about
300 ly!

Apart from some differences in the intensity of 7/0O bands, the emission lines Ho and Hy are
essentially the only spectral differences that distinguish the AGB star Mira from the RGB
star Ras Algethi. HO is here in fact significantly more intensive than Hy what was already
explained above. The profile was recorded December 13, 2010 (JD 2455544.46), some
60 days after the maximum brightness, V= 4.1m (AAVSO).
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21 Spectral Class S on the AGB

21.1 Overview and Spectral Characteristics

The spectrum of a star is influenced on the further ascent along the AGB by:

— the increase of carbon in the stellar atmosphere
— the consequential decline of the oxygen content
— “dreged up” S—process products (eg, zirconium, lithium, etc.)

This development changes at first the spectral type M(e) in to the intermediate class MS. If
at all, then only small differences are detectable here with moderate resolution
spectrographs. However at higher resolution appear first signs of zirconium oxide (ZrO).
within the still dominant titanium oxide bands. The share of ZrO increases now
continuously up to the extreme types of the spectral class S, where ZrO almost entirely
replaces the 7/0 absorption. In [2] this effect is explained with the higher affinity of ZrO to
oxygen, and the greater temperature resistance of this molecule. The dissociation energy of
Zr0O, (and also of LaO and YO), is >7eV, in contrast to 7/0 <7eV.

21.2 The Boeshaar — Keenan S—Classification System

The spectral class S is specified with the following format. It forms a temperature
seguence, analog to the normal M-giants on the RGB. Since all S-stars are already giants, a
luminosity class is usually not indicated.

SX/n(e)
X: stands for the temperature sequence of the M-class from 1 — 9 (some 3,800-2,500 K).
n: C/0 index on a scale of 1 — 10, estimated from the relative intensities of 7/0 and ZrO.
The C/0 ratio itself can not be obtained directly from the spectrum. It can only be
estimated by means of the C/0O index (table values according to Scalo, Ross)
(e) indicates that the spectrum sometimes shows emission lines.

This classification can be supplemented with characteristic elements/molecules showing
up in the spectrum. The following table shows the spectral class S between the
intermediate classes MS an SC, based on [140] and [2], where also detailed classification
details can be found.

Spectraltype o ~ C/0

with C/0 Index Criteria for the C/0O /ndex Ratio Comment

MXS T7iO still dominates, some signs for ZrO bands Transition class
are recognisable in higly resolved spectra from M(e)to S

SX/1 7i0 >> ZrO, YO <0.95

SX/2 7i0 > ZrO 0.95

SX/3 7i0 = ZrO, YO intensive 0.96

SX/4 ZrO > Ti0o 0.97 Spectralclass S

SX/5 ZrO >> Ti0 0.97

SX/6 ZrO very intensive, no 7/0 recognizable 0.98

SX/7 =SC X/7 ZrO weaker, intensive Na lines 0.99

SC X/8 No ZrO recognizable, intensive Na lines 1.00 Transition class

SC X/9 Very intensive Na lines, C, very weak 1.02 from the S— to

SCX/10 =C-N Intensive Na lines, C, weak 1.1 the carbon stars

21.3 ,Intrinsic” and ,Extrinsic” (,,Symbiotic”) S-Stars

According to [2], this classification system does not explain the whole S—Class and carbon
stars. Many non— or only slightly variable S—stars, which lie often outside the AGB, show no
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short-living and unstable *°T¢ (technetium) isotopes in the spectrum — hence called

"Tc - poor ". This affects at least 40% of all registered MS and S types [160]. A recent, still
debated scenario postulates a mass transfer, which brings the ZrO from a nearby
companion star in to the stellar atmosphere. Therefore these special types are also called
"extrinsic” or "symbiotic". Textbook example is the relatively bright and only slightly variable
(V= 5.2™) BD Camelopardalis (Table 66a). In fact, such objects are relatively hot and form
components of close binary systems. These properties, as well as a low variability and the
absence of *’Tc in the spectrum, are currently the main distinguishing characteristics of an
"extrinsic” S-class star. In such cases the spectral classification is sometimes
supplemented by “symbiotic” or "extrinsic".

In contrast, the S—Type stars on the AGB show thermal pulses, are usually highly variable
and classified as "Tc - rich” or "intrinsic”. Intrinsic means, that the elements and molecules,
responsible for the S-classification, are produced by the star itself.

21.4 Hints for the Observation of S—Class Stars

On the AGB the stellar atmospheres meet the condition C/0 =~ 1 only during a very short
period. Therefore S—classified stars are very rare. For our galaxy, only some 1300 are
registered [160]. In the amateur literature unfortunately Ch/ Cygni is very often proposed as
a “showcase object” of the S—Class stars, whose brightness can reach up to 3.3™.
Regrettably it has a very low C/0 index, like all other bright S—stars. The disappointment is
respectively great for beginners, when in low-resolution spectra, if at all, only weak signs of
zirconium can be seen. But there are some members with a high C/0 index, reaching a
maximum brightness up to some 7™. At this stage they become recordable with slit
spectrographs at guided telescopes of medium aperture, including R Cygni HD185456 and
R Geminorum HD 53791 - further also R Lyncis HD 51610, U Cassiopeiae HD 4350,

S Ursae Maioris HD 110813 and V Cancri 70276. For the observation planning, the current
brightness level for most of the variable S stars is displayed by AAVSO [607].

21.5 Commented Spectra

Table 65: For comparison, a montage of two broadband spectra (200L grating) is
presented. M(e) star Mira (o ceti) (see Table 63) and the S—class star R Cygni (S4/6e) with
a very high C/0O Index = 6. The comparison of the two profiles shows impressively the
transition from the spectral type M(e), dominated by 7/0 bands to an extreme S—type star
which shows ZrO absorptions only.

R Cygni, HD185456 (distance?), is strongly variable, according to AAVSO: V,,,= 7.56™ -
13.9™, and shows a period of about 429 days (LPV). The maximal and minimal brightness
may differ considerably, compared between the individual periods. In the oxygen-rich Mira
atmosphere the prominent 770 bands are still dominating. In the profile of R Cygni, due to
the strong lack of oxygen, only impressive ZrO absorption bands, atomic lines of S—process
elements, as well as a strong Na / absorption can be seen. Following a number of other
physical effects (see [2]), the o