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(1) Introduction and Overview


In 1935, astronomers Adams and Humason drew attention to a number of observed stars which lied between the main sequence and white dwarf populations on the Hertzsprung-Russell diagram.  Appropriately enough for the time, they decided to call this new population of stars “intermediate white dwarfs,” and quickly noticed that the spectra of these stars demonstrated abnormally faint metallic lines for their spectral class.  Four years later, Gerard Kuiper renamed them “subdwarfs” after observing that these intermediate stars had less in common with the degenerate white dwarfs than they did with main sequence dwarf stars [1].  


Since that time, two distinct populations of subdwarfs have been discovered: so-called cool subdwarfs -- typically of spectral types G, K, and M -- and hot subdwarfs -- of O, and B types.  It is important to note that these two classifications represent two completely different physical phenomena [2].  If, however, the term subdwarf is used without any further clarification, it can almost always be assumed that the speaker is discussing cool subdwarfs.  This is also true for this paper.

The Yerkes spectral classification system now designates subdwarf stars (both cool and hot) as luminosity class VI, although this term is seldom used.  More commonly, subdwarfs are designated with the letters “sd.”  An sdM1 star would therefore be a subdwarf of spectral class M1.  In deference to convention this paper will follow the latter style.

Section two of this paper will deal with the historical observations and the currently understood physical structures of cool subdwarfs.  This section will be further broken down into subsections detailing (a) the distinguishing observational characteristics of subdwarfs and the physical models which astronomers have interpreted from these observations, (b) a summery of some of the highlights of the observational history and difficulties in observing cool subdwarfs, and (c) a brief note on Kapteyn’s Star, the nearest subdwarf to the sun.  Similar information for hot subdwarfs will then be presented in section three, though the section of Kapteyn’s Star will be replaced with the effect hot subdwarfs appear to have on the ultraviolet emissions of old stellar populations.
(2) Cool Subdwarfs


(2a) Distinguishing Features and Currently Understood Physical Model


Cool subdwarfs are believed to be ancient stars which formed in the early stages of the formation of the Milky Way.  Due to their early formation, the gas clouds from which these stars formed had been only slightly enriched with heavy metals created in the cores of previous generations of stars, explaining the unusually faint metallic lines observed in their spectra.  This also explains why only low-luminosity spectral types (G, K, and M) are observed for this class of subdwarf; it can be safely assumed that their high-luminosity counterparts existed at one time, but have subsequently died out due to their shorter lifespans [3].  Observations of subdwarfs in the Milky Way find them to almost invariably be Population II halo stars, as one would expect given their great age and low metallicity.  Indeed, the phrase “Population II star” all but implies a subdwarf.


In most respects, cool subdwarfs are identical to main sequence stars in that they are currently fusing hydrogen into helium in their cores.  They may be distinguished, however, in that they are less luminous than a main sequence star of the same color (or in other terms, have a higher temperature than a main sequence star of the same mass) [4].  Again, this is due to the low metallicity of subdwarfs.  The presence of metals in a star’s atmosphere is an effective mechanism for conveying energy generated in the core to the surface regions where it can radiate out into space.  If a star is deficient in metals, it is therefore correspondingly more difficult for that energy to be released, thereby lowering the overall luminosity of the star.  If that energy is not being released, the star’s temperature must in turn be greater than would normally be expected.  


This low metallicity also allows subdwarfs to emit an excess of ultraviolet light, as discovered by Roman in 1955 [5].  This will be discussed in greater detail in section 3c.


(2b) Observations of Cool Subdwarfs

No standardized classification system which would allow observers to readily distinguish subdwarfs from other stars has created until relatively recently.  Because of this, differing criteria used by various observers has led to some confusion on the subject of subdwarfs in that one author may regard a star as being a subdwarf whereas another astronomer (using different criteria) will not.  Regardless, attempts at the characterization of cool subdwarfs have typically fallen into one of two broad categories: either the observer searches a given stellar population for stars with spectra containing abnormally faint metallic lines or the observer searches for stars with a high velocity compared to their neighbors (which would indicate a population II halo star) [6].


The metallicities of subdwarfs are generally obtained by measuring equivalent widths of absorption lines in their spectra.  However, there is a problem with this in that most cool subdwarfs are low-mass M stars just as the overwhelming majority of all stars in the Milky Way are.  M stars, due to their low temperature, possess strong molecular absorption lines in their spectra [7].  While such absorption lines are naturally fainter in stars deficient in heavy metals due to the increase in their effective temperature, these molecular lines can still completely obscure the atomic absorption lines.  The only recourse left to the observer is to concentrate on any spectral region in which the molecular lines are not present.


(2c) Kapteyn’s Star

At a mere 12 lightyears away, Kapteyn’s star is an sdM1 star and likely the closest halo star to the sun.  Because of this, it is the most closely studied of any subdwarf, and therefore makes for a good overview of the characteristics one would expect in other such stars.

The radius of Kapteyn’s star was measured using the Very Large Array in 2003 [8].  Its effective temperature was later found to be less than 3600 K, approaching half of that of the sun, while Table 1 highlights the low metal abundances in the star’s atmosphere.  Kapteyn’s star has the second highest proper motion of any star in the sky, second only to Bernard’s star.  The mass of the star weighs in at a mere .3 Msun.

In short, a wealth of physical data has been gathered from Kapteyn’s star, and not without purpose.  Since the vast majority of all stars in the Milky Way are M stars (or even smaller bodies) any meaningful understanding of the chemistry or structure of the galaxy will of a necessity require the most complete understanding of the chemical and atomic structure of these most common of stars [9].  The convenient proximity of Kapteyn’s star provides a perfect model which can be used to understand more challenging or distant objects.
(3) Hot Subdwarfs

(3a) Distinguishing Features and Currently Understood Physical Model

As previously mentioned, hot subdwarfs represent a completely different physical phenomenon than cool ones.  A moment’s thought should make this obvious, as it has already been stated that the low-metallicity stars which comprise the population of cool subdwarfs formed at about the same time as the Milky Way did.  Stars of a high temperature do not have a lifespan extensive enough for any to still remain in the modern era, and yet hot subdwarfs generally have an effective temperature greater than 20,000 K, thereby reaching temperatures comparable to a main sequence O or B star [10].  Astronomers were therefore forced to abandon the ancient star model of cool subdwarfs and devise another explanation for the abnormal characteristics of their hotter counterparts.  It should also be noted that unlike the cool subdwarfs, hot subdwarfs are generally fairly close to having solar metallicities.


The currently accepted model of hot subdwarfs is one in which a star evolves off the main sequence and onto the red giant branch.  However, before (or when) helium fusion is able to begin in the core of the star the majority of its outer atmosphere is ejected, leaving only a thin shell of hydrogen surrounding the core which is too thin for hydrogen fusion to ignite around it [11].  The remaining core typically has a mass of about ½ Msun.  The mass of the remaining hydrogen shell is nearly negligible by contrast.

Figure 1 details the evolution of the star once helium fusion begins.  The star moves left along the horizontal branch of the HR diagram, reaching ever higher temperatures.  Once it has reached the end of its He-burning phase the star is unable to continue toward the asymptotic giant branch due to the extreme mass loss it suffered prior to helium ignition; with only half a solar mass left no further fusion is possible.  The star therefore continues along the horizontal branch and passes through the main sequence and into the extreme or extended horizontal branch.  The star now lies below the main sequence but above the white dwarfs on the HR diagram, having entered the regime of the subdwarfs [12].  Eventually, all fusion in the star will cease and it will join the cooling white dwarf track like other low-mass stars.  It should be noted that this is only a general tendency for the star and that the details of how a hot subdwarf ends up at the end up the extended horizontal branch is poorly understood.


The dilemma for astronomers then becomes how to explain a mechanism through which a star could loose so much of its mass so quickly before helium fusion is able to begin.  The most likely explanation involves mass loss to a companion star in a binary system.  In this scenario, the progenitor of the subdwarf is in close orbit with a main sequence star or white dwarf which accretes stolen matter once the progenitor has entered its red giant phase.  The progenitor, typically about two solar masses in size, looses approximately three quarters of its mass to the other star, leaving only the helium core and a much reduced shell of hydrogen around it.  The star is then able to evolve along the horizontal branch and become a subdwarf [13].  A common envelope which extends from the progenitor to surround both it and its companion star has also been suggested, since gravitational interactions with the companion star would eject the matter of the envelope from the system even if accretion did not occur.

The problem with the above scenario is that it would require all hot subdwarfs to be a member of a binary system.  While a disproportionate number of these stars are binaries -- quoted figures from a variety of sources range from at least half to just short of 100% depending on the method of detection used -- it cannot be safely assumed that all of them are.  A second model by which hot subdwarfs develop is therefore required for those without a companion.


The short answer to this question is that astronomers are still up in the air about it; no physical model has offered hands-down evidence of own its validity thus far.  The most commonly accepted scenario involves the loss of angular momentum and eventual merger of two binary white dwarfs, as first put forth by Iben and Tutukov in the mid 1980’s [14].  The advantage of this scenario is that it is able to explain the differing abundances of hydrogen and helium in the atmospheres in the resulting subdwarf by assuming differing compositions of the two progenitor stars.  For example, a helium rich sdO star would have formed from the merger of two He white dwarfs, a helium deficient sdB star would have formed from the merger of two white dwarfs which had managed to retain a portion of their hydrogen shell, and a more intermediate subdwarf could have developed from one of each.

A second theory of single hot subdwarf formation designed to primarily explain the existence of He-sdB stars (see section 3b below) posits a white dwarf recently arrived on the cooling track which underwent extreme mass loss during the violence of the end of its red giant lifetime.  Before the stellar remnant becomes completely degenerate, it undergoes a period of rapid convective mixing termed “flash mixing”, dredging up helium from the core and thereby enriching the atmosphere of the star.


There have been observations which support both scenarios and others which refute them.  For example, Ahmad and Jeffery (2003) details optical spectra and flux distributions for a number of hot subdwarfs which provide support for the white dwarf merger model.  However, a mere year later Lanz et al. (2004) released an analysis of spectra from three He-sdB stars which provided support for the flash mixing model [15].  Therefore, the debate as to exactly how these stars form is hardly settled.

(3b) Observations of Hot Subdwarfs

Hot subdwarfs are themselves divided into two primary divisions based upon spectral classes: sdO (subdwarf O) and sdB (subdwarf B) stars [16].  Of the two, sdO stars are naturally the hotter of the two and possess helium-enriched atmospheres compared to sdB stars.  The atmospheres of sdB stars are more dominated by hydrogen spectroscopically.  There is also a rarer third (and somewhat intermediate) classification characterized as a He-sdB star which contains a helium-enriched atmosphere like an sdO star but is nevertheless a B star.  This type contains no detectable balmer series lines.  All three types have been observed to emit an excess of ultraviolet radiation when compared to main sequence stars of the same spectral class [17].  This excess is defined as…
((U-B) = (U-B)Hyades - (U-B)star

…where the Hyades are chosen as a baseline for historical reasons.


Beyond this color excess in the ultraviolet range, astronomers discovered in 1996 that some hot subdwarfs pulsate [18].  Pulsation periods were found to have a bimodal distribution, with short rates of about five minutes to longer rates of 45 minutes.  This was exciting news, as pulsation rates of stars offer hints as to their interior structures, which in turn allows the testing of theories of stellar evolution.  However, no major insights have yet to be gained from them.


(3c) The UV-upturn and Hot Subdwarfs

In the late 1960’s and early 1970’s, astronomers observing elliptical galaxies, the bugles of spirals, and globular clusters -- in other words, any region consisting solely of old stellar populations –and found that there was an inexplicable excess of ultraviolet radiation being emitting from the regions which could not be attributed to the observed stars [19].  This was later termed the ultraviolet upturn, or UVX. The UVX can vary by roughly an order of magnitude between objects and with the exception of starburst and active galaxies it has been observed in nearly every galaxy and globular cluster to date [20].  The presence of large numbers of hot subdwarfs in these regions is currently the best theory as to why the UVX occurs: they emit a greater concentration of ultraviolet radiation than main sequence stars or red giants and the large variance in the UVX between objects can easily be explained if a greater or less number of hot subdwarfs were present in each.
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Figure 1: Idealized HR Diagram demonstrating the evolution of a star along the extended horizontal branch.  Note the hot subdwarf does not enter the Asymptotic Giant Branch. (Credit image to University of Texas)

Table 1: Chemical Abundances of heavy elements in the atmosphere of Kapteyn’s Star.  (Credit table to Woolf and Wallerstein).

