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1. Historical Notes for Ay 153
1.1. Nuclear Physics

First nuclear reaction observed by Rutherford in 1919. -particles emitted by radioactive
decay of naturally radioactive Po reacting with nitrogen ga. P o, discovered to be
radioactive by the Curies in 1898, has no stable isotope®¥°P o has a half life of 102 years,
the longest of any of theP o isotopes It decays into*He +2%° Ph The particle is detected

through N + “He! 7O + proton.
Understanding of nuclear ssion reactions - Hahn and Stragsgn 1939

First nuclear reactions using accelerated particles, notaturally energetic particles (from

radioactive decays), 1932, Cockcroft and Walton

p p chain worked out by Hans Bethe in 1939 (Nobel prize, 1969)

triple  process (3He !2C) Salpeter and Hoyle (1952 through 1954)
Prediction of behavior of nuclear reaction rates { Willy Fower, Nobel prize 1983

Measurement of many nuclear reaction rates { Kellogg Raditian Lab at Caltech, through

early 1990s.

1.2. Stellar Spectroscopy and Modelling

Saha { theory of ionization of atoms { 1921

Payne (Cecelia Payne Gaposchkin) applied this to stars andhalyzed spectra for stellar
abundances, rst one to realize that stars are mostly H, Haard, 1925. First woman

tenured faculty member at Harvard.
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Unsold - early model stellar atmospheres, 1938

Wildt { (1937) poor agreement of early model stellar atmospdres with real life, suggested

missing H opacity, which in fact dominates opacity in stars like the S
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2. Early Famous Women Astronomers

Annie Jump Cannon { worked with Pickering at Harvard CollegeObservatory, did most of

the classi cations for the Henry Draper Catalog, her job tite was \computer".

Henrietta Leavitt { worked as an assistant to Baade at the Mont Wilson Observatory. In
1912 she discovered the period { luminosity law for Cepheidiom measuring plates of the

Magellanic Clouds

Cecelia Payne Gaposchkin { see above, she worked out the theof stellar spectra based

on the Saha equation, including the dependence of Balmer aather lines on spectral type.

Beatrice Tinsley { (1970s) worked on spectra and evolutionf galaxies. She was a research

associate at University of Texas, Austin, then a professott Xale.

3. What is a star ?

Self gravitating sphere (or almost sphere) of gas with a né de nable radius, not easily

deformed, not like a cloud in the Earth's atmosphere
Nuclear reactions occur at least to the point wheréHe is produced.

radiates energy into the surrounding medium. Jupiter alsoaks this, some internal heat is
generated due to radioactive decays, but that is much lessah the energy it receives from

the Sun. Jupiter is not a star.
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4. Stars as Physics Laboratories

Here we demonstrate that conditions are routinely achieveih stars which cannot be
achieved in physics laboratories on the Earth, and hence byudying the properties of
stars we probe regimes of physical parameters that cannot beached any other way. The

opposite extreme is often reached in the interstellar mediy same idea.

Temperature T(ISM) 3 10K, T(Sun, center) 20 10° K, T(Sun, surface) 6000
K, T(Earth, surface) 300K

T(lab) from 0.1 K (for very small volumes only,< 10 cn?) up to 100,000 K, but the

latter, only instantaneously, as in an explosion

Pressure Earth's atmosphere at sea level = 760 mm of Hg = 1 10° dyne cm 2 (1 mm of

Hg = 1 torr, a good vacuum on Earth 10 “torr 10 4 dyne cm 2

Sun - P(surface) 10* dyne cm 2, P(center) 10 dyne cm 2, P(ISM) 10 ** dyne

cm 2

Number Density (N = mean number density, units atoms (or molecules, or other

particles)/cm?).

N(ISM) 1 atom/cm3, N(Earth atmosphere, near sea level) 3 10' molecules/cn?,
N(Sun, outer atmosphere) 5 10' atoms/cm?, N(neutron star, center) 10

neutrons/cm?.

Density () Air(Earth's atmosphere, sea level) 10 3 gm/cm3. Water 1 gm/cm?, lead 2.2
gm/cm3, ISM 2 10 ?* gm/cm?, Sun(center) 100 gm/cni, Neutron star (mean density)

> 2 102 gm/cms.

Timescales Age of Earth (radioactive dating) 3 10° yr, Life on Earth (fossils) 6 10°

yr, Supernova explosior< 1 minute, Nuclear reaction timescale, radiation interactin < 1
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sec to 16 yr, Lab time scale< 1 sec to 20 yr.

New physics ! nuclear reactions, energy production, degeneracy, equais of state at

high P and , neutrino physics...

Some numbers relevant to planets

M(Earth) 3 10 ® M(Sun), M(Jupiter)  1=1000 M(sun), total mass of 9 planets 450
M(Earth)  1=1000 M(Sun)

Total angular momentum of planets 3 10°° gm cn?/sec, Solar angular momentum

(almost all from its rotation)  1:6 10* gm cn¥/sec, 1/200 that of the 9 planets.

The Vogt-Russell Conjecture

The properties of a star depend only oM; X;Y; Z;t, which are mass, fractional abundance

of H, of He, of elements heavier than He (¥ + Y + Z = 1), and time (i.e. age).

These variables determine the observed parametdrsR; T ; g, which are luminosity,

radius, e ective temperature and surface gravity.

Other potential parameters which have a minor e ect (at leasin most circumstances)

include ;B, which are angular velocity (rotation) and magnetic eld stength.
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Stellar Distances

Direct measurement via parallax - angle subtended by the athof the Earth around the
Sun. The mean distance to the Sun (the mean radius of the Eaftthorbit) is called the
astronomical unit (AU). 1 AU = 1:5 10" cm. At a distance of 1 parcsec (1 pc) 1 AU
subtends 1 arcsec, so, using the small angle approximatidhjpc = 1 AU/1 arcsec (in

radians) = 1:5 102 (57:2 3600) =308 10 cm.

Movie illustrating parallax:

www.astronomy.ohio-state.edu/ pogge/Ast162/Movies/paallax.html (from Richard Pogge)

We now introduce the concept of proper motion, as stellar pwi®ns change through both
parallax and proper motion, and astrometric programs seelotmeasure both of these..
Since stars move around with random motions within our Galgxas well as rotate around
its center, there are two components to a star's motion relate to the Sun. The rst is the
velocity along the line of sight, the radial velocity,v,, which can be measured through the
Doppler e ect. The second is the motion perpendicular to théine of sight, i.e. in the plane
of the sky. This motion, called \proper motion"”, can be deteted as the position of the star
on the sky will change with time, moving linearly with time ina xed direction. Thus the

parallax is a small annual oscillation over the larger and ostant with time proper motion.

The proper motion( ) as seen on the sky in units of radians/sec is
= vr=d = vsin( )=d = v,tan( ), where vy is the tangential projection of the
velocity, d is the distance to the object, and is the angle between the velocity vector and
the line of sight. Putting in the appropriate constants, we nd that = v;=4:74d, wherev;

is given in km/sec,d in pc, and in arcsec/yr.

The angular resolution of a telescope on the surface of therais limited to about 1 arcsec

by turbulence and thermal variations in the Earth's atmosplere. Only with specialized
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techniques can this limit be overcome.

Best centroiding of image of a bright point source: aboue 10D of the image size. So from
the Earth's surface, we can measure a parallax of 0.01 arcsedarger, corresponding to
distances of 100 pc or smaller. At larger distances, we mugtly on indirect estimates based
on calibrated properties, such as the period luminosity rationship of Cepheid variables,

the peak brightness of supernovae, etc.

Telescopes in space are not a ected by this, and the size oktimage of distant point source
that they produce is limited by di raction; their performan ce is not degraded by the Earth's
atmosphere. In such a caseq 1:2=D (tel), where is the wavelength of observation,
D (tel) is the diameter of the telescope primary mirror, and 4 is the di raction image
size (in radians). If can again centroid to 1/100 of the imagsize, than forD(tel) 4 m,

distances out to 10 pc (10 kpc) can be determined.

Astrometric space missions: Hipparcos (ESA satellite) - st telescope, 29 cm diameter
primary mirror, 1 mas accuracy positions for 118,000 starsnpstly V < 7:9 mag) launched
1989, took data for about 4 years, years of data analysis prazkd the Hipparcos catalog,
released in 1997. Many arguements about how accurate the plexes in this catalog
actually are. It is now clear that there are some problems spiec to certain situations in

the catalog.

GAIA { another ESA project, to be launched in 2011, collectig area 30 that of

Hipparcos, position measurements 200 more accurate than Hipparcos.

SIM (space interferometry mission) { JPL project, very amiliious project, very
technically challenging, launch maybe 2011, very high ag@acy astrometry, search for
planets, goal is to measure positions for stars witld < 15 mag to an accuracy of 4 10 ©

arcsec, with many measurements of the each star. This willeld parallaxes for distances
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of up to 1 pc (100 kpc), which includes the entire Milky Way Galaxy. SIMcan measure

proper motions and parallaxes for the entire galaxy !
Parallax Projects

Either on the ground or in space, a parallax project must obsee a star repeatedly over a

year (probably over several years) to measure a parallax.

The project must have a list of stars to be observed BEFORE thproject can begin

(an input catalog).

There must be a scheduling algorithm (minimize telescope mes, dead time, maximum

coverge at the right time of the year for an object, etc).
There must be ongoing monitoring of the whole survey for quj.

After enough measurements have accumulated, data analy$is values for each star

in the input catalog.

Instrument and telescope must be DEDICATED, and cannot be stred. The precision
required is so di cult to achieve that one can't a ord any changes to setups, spatial scales,

etc over the entire observational phase of the survey.

Problem: the reference frame of non-moving ( xed) objectsTo do the analysis one needs
a set of objects at in nite distance that are not moving agaist which motions of nearby

objects can be measured.
Galaxies are too big.

QSOs are OK (most of the time), but they are rare, and they are octh fainter than

the survey objects.

Faint stars are numerous, but they are in fact all moving too.
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At the precision of SIM, even QSOs are not ideal. If the QSOs arjecting blobs that
move away from the central engine, and if the spatial resoligin is high enough, even a QSO
will not be a point source, and since blobs expand away, the gition of the centroid of the

image of a QSO may vary slightly with time.

The solution for parallaxes turns into a big minimization poblem.

Distances to nearby star clusters

Assume a group of stars are moving together through space,daone can measure, and
for each object, which are the the group velocity vector pregted appropriately. If the
group is close enough to the Earth, then the proper motions tfie member stars will appear
to converge to a point (the convergence point), rather than & parallel to each other, as

we would naively expect. With this information, the mean vedcity of the group and its
distance can be determined. Sketches below from Mihalas aBohney, Galactic Astronomy;,

g. 3.1 and 3.2 illustrate the general idea.

The moving cluster method of determining distances is lessrect than parallax
measurements, and it requires special conditions (i.e. aogp of stars moving together in

space) to be applicable.
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Diagram courtesy of Dr, Terry Herter, Cornell University

Fig. 1.| Top: the de nition of parallax. The bottom panel ill ustrates the movement of a

nearby star as compared to the background of faint distant ats.
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0o ' 1w ' ' 20
weosb (mas yrt)
Fig. 6.— In this figure we show the proper motions of the bulge stars, and M4 stars, in
Galactic coordinates. The extragalactic point source has been chosen as the origin. The
meaning of the circle is given in the text.
Fig. 2.| The proper motions of the bulge stars and of the starsin the globular cluster M4
are shown in Galactic coordinates. These were deduced fromulthRepoch HST images. A

single extragalactic point source was chosen as the origiithis is Fig.6 of Bedin, Piotto,

King & Anderson, 2003, AJ, 126, 247
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Convergent point

Figure 3-1. Schematic diagram of a moving cluster.
When the proper motions of the cluster stars are extended,
they appear to intersect at a point of convergence on

the sky.

To convergent point

Sun

Figure 3-2. The space motion of a star in a moving cluster
is assumcd to be parallel to the line of sight from the Sun to
thf: apparent convergent point of the cluster. Then the angle
A is both the angle between the positions of the star and of
the convergent point on the sky, and the angle between the
star’s space-velocity vector and the Sun—star line of sight.
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Mass and Radius Measurements for Stars
Masses

The mass of the Sun can be determined if one knows the radiustioé Earth's orbit around
the Sun and assumed/ (Earth) << M , and the orbit of the Earth around the Sun is

approximately circular.

Newton's law: GM (Earth)M =r2 = M (Earth)v?=r. If r is known, thenv (the orbital

velocity) is known (v =2 r=P , P is the period, 1 year). This givesM =1:99 10* gm.

All other stellar masses are from binaries except for a fewaytitational redshifts for white
dwarfs. The problems of binaries are: we only see the orbitggected onto the sky, not the
full 3D orbit, and we do not know the inclination angle, the agle that the orbital plane

makes with the plane of the sky.

Also for binary stars, the assumption thatM, << M ; is rarely valid. (The convention
is that the most massive component of a binary is star 1.) Thiseans that the stars in the
system orbit around the center of mass which may not be in or en close to theM,, unlike

the planet case, where the center of mass is within, and clasethe center, of the Sun.

Visual Binaries, the orbit of each star is an ellipse about th center of mass of the system, a
circle when the ellipticity is 0. Leta; and axis of each orbit (the radius for circular orbits).

Then we de nea asa; + a,. Assume the parallax of the system is known. Then for an

orbital separation between star 1 and 2 on the sky,, a=1 AU = = and Newton's law
becomes
4 2a3
M1+ Mp= ——
1 2 PZG

or (My+ Mp)=M = ( 3= °)(1yr=P)2.
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Consider the typical accuracy of the data: = 0:050 0:05", so 10% for , same fora.

This leads to a large ( 30%) error inM; + M.

How can we separateM; and M, to complete the solution ? We need, amplitudes or
proper motion undulations of the two stars. The former reques a double lined spectroscopic
binary, period P, radial velocity amplitudes ofk; and k;, in km/sec. The latter requires

a binary close enough to detect the proper motion undulati@anof each of the component

stars.

Then setqto be the ratio of the masses|= M;=M, = k,=k;. qis a measured quantity
for a double lined spec. binary. 1 +%q=(M,+ M{)=M;, and 1 +q= (M, + M;)=M,. For

proper motion undulations,q= M;=M, = ,= ;.

Let i be the angle of inclination of the orbit plane to the line of giht. Then

P=2r=v =2r ,=(k,=sin(i)) =2 r ;=(k;=sin(i))

This provides the necessary separation, i.e.

M a a

T M M) T @r g 2T @+i=g

Combining the above we get

2,3 2 3
= 1m0 = ()%

G(M1+ Mp) = Pz - p2

)1 +1=9°

So we nally have the separate equations:
. 3. - - P 3 - 3
(sin®i)M{(1+1=9G = 2—k2(1 +1=0

and

(sin®i)M,(1+ )G = Zik:l”(l +0q)°
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With these two equations and the one for the sum of the massefstioe two components,
we can now solve foM; and M, separately.

The inclination of a binary system is unknown. Lets look at Sme mean values, assuming a

random orientation of the orbital plane with respect to the pane of the sky. Let =90 .

Then
R, R- R_
. Z o ’sin(90 )cosdd 2 4 “cosd
<sin (i) >= RR =
cosdd 2
Since< cos? > = 1=2;< sin(i) >= =4. But we need< sin 3(i) >, which is

R- . L .
0‘2 cos d . Using a table of de nite integrals, this is evaluated as 3 16. So now

P Kk¥(L+1=9°

G<(M1+M2)>:(2— (3:16)

Eclipsing Binaries

In this case, the inclination of the orbit is known, i.e. the fane of the orbit is, to within
a few degrees, perpendicular to the plane of the skiy ( 90 ). Of course, this means that

only a small fraction of spectroscopic binaries are eclipgj binaries.

For a system withi = 90 , one of the two eclipses is a total eclipse, and the light c.ev

has a at bottom during that eclipse.
If i is not close enough to 9Q the eclipses are partial, as shown in the gure.
Given i, we can solve for the two masses individually, and M.

The range of masses found for stars is from 0:1M (Ross 614B) to 60M (Plaskett's

star), with a maximum near 120M (HD 93129A). We can understand the lower mass
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Fig. 3.| Sketch of proper motion undulations due to orbital motion in a binary star system.

If ’a‘: Go°, | eclpse B bodol | and ha a Lt bod Fom

= e A e Y
Ohecwin  par hal eclip ses ‘__\/v_,\/_-\/_v

Fig. 4.| The light curve of an eclipsing binary with total ecl ipses { = 90 ) and with partial

eclipses ( not exactly 90 .
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limit, the center of the star is too cool for thermonuclear ractions to ever ignite e ciently,
at lower masses than this limit, stars are called \brown dwds". We will see that the
upper mass limit is related to pulsational instabilities bought on by the very high radiation

pressure in such luminous stars.

Movie: simulation of orbiting binary stars by Terry Herter o Cornell,

http://instructl.cit.cornell.edu/courses/astro101/j ava/binary/binary.htm.
Of course, there are triple systems as well !
Searching for Planets

A Jupiter around a Sun at at distance of 10 pc would produce arsaometric wobble
with an amplitude of 0.5 milliarcsec (mas), while an Earthike planet would have a wobble
of only 0.3 mas. This is very small and impossible to measuretkout use of interferometry
in space. The gure below, from planetquest.jpl.nasa.gogtience/ nding_planets.cfm,
shows the result from a model for the entire Solar system, ilncling perturbations from

Saturn and other planets of the astrometric displacement dhe Sun due to Jupiter.

Photometric search - look for transits, light of star + plané becomes light of star only,
small drop in ux (about 1%) is hard to measure from the groundeasier with HST, see
Brown et al, 2001, ApJ, 552, 699. With transits the radius ofte planet can be derived,
and since the mass is known from the orbit, can be obtained, which constrains the
composition of the planet. Maximum drop in ux for planet of HD 209458 is 1.5% of

continuum, R, =1:35 0:06R;, i =86:68 0:14 deg,R(star) =1:146 0:05(R .

Radial velocity searches, which have been the most produetithus far, depend on the
V, accuracy that can be achieved. This is now down in the 1 m/seange, a phenomenal
technical achievement. See the latest result from HARPS gip at ESO, Udry, Mayor, Benz
et al, 2006, A&A
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Fig. 5.] The orbit of a binary star measured with an optical in terferometer. Note that
the scale is in milliarcsec (mas). (Figure 3, from Davis, Melez, Seneta, Tango et al, 2004,

MNRAS, orbit of Cen)
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Astrometne dizglacement of the Sun due to
Jupiter as at it wowld pe onsensed from 10
parsecs, or apout 33 lght—pears.
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Fhased light curve for all four transits, assuming aplanetary orbital period of 3.52474 days. The time
series for each transit has been scaled to have the same average intensity over the second and fifth

(out—of-transit) orbits,
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Information on statistical properties of the 180 (as of Aug 2006) exo-planets found
thus far , see www.exoplanets.org for mass, distance fronaistand eccentricitydistributions,
as well as discussions of the fraction of stars with planetand why this might depend on

metallicity of the star, etc.

Stellar Radii

R =6.95 10°cm. Atd=1 pc, R subtends an angle of 2 10 8 radians, which is

4 10 # arcsec, much too small to be directly measured, even with aléscope in space.

Eclipsing binaries o er a way to measure stellar radii throgh their light curves. The
entrance and egress times in the light curve sketched beloaresponding to the 4 points

marked in the gure are known, and

ty 11 _ 2(R1+ Ry) . tz to _ 2(R1 Ry).
P 2a ’ P 2a )

A more careful treatment allows for the details of the varidbn of the illumination
across the surface of each star and the gravitational distayns from spherical shape of each

star.

Using model atmospheres and limb darkening and multi-colgghotometry of such a

system, we can also derivé, for each of the component stars throughout the period.

Existing interferometers are now good enough that for the aeest and largest stars,
some resolution across the stellar surface is possible, dimdb darkening can be directly

measured.
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Direct radius measurements are only possible with interfemetry (see brief description

below) and only for the nearest and largest stars.

Lunar occultations (a form of interferometry using the limbof the moon as a star is
occulted can be used to measure stellar radi. The main prolbiewith this technique is that
the orbit of the moon is xed and only covers a small part of thed steradian of the sky.
Also the stars must be very bright so as to get enough signal the short crucial time when

the moon occults the star, so its actual applicability is linted.

With su cient time resolution on a bright star, instead of seeing a sharp rise in
intensity as the star emerges from behind the moon, one seediaaction pattern. The
characteristic wavelength of oscillations i$?=2D) = =2, whereh is the distance of the
star from the sharp edge of the moon along its orbit an® is the Earth-moon distance.
h = m is the length of 1 Fresnel zone. (This subject is discussed the Feynman
Lectures, vol. 1, pg 30-9.) Measurement shows 14 m, as we would expect from

[ —
(5000A)D.

The velocity of the moon around the Earth is 2D= (30 days) = 930 m/sec. Thus the
time for the moon in its orbit to cross 1 Fresnel zone is 14 m/@ m/sec) = 15 10 3 sec.
A very bright star is required to get good signal ovet <t (Fresnel)/10 10 3 sec. A very

good fast accurate detector is required as well.

To measure the diameter of the star, the di erence between éhdi raction pattern of a
point source and the slightly rounder edges of a di raction attern of an extended source

(see sketch) must be detectable. This makes it even harder tmeasure stellar radii.

We should note that there are many giant and supergiant starwith R~ 10(R , and
for such stars that are reasonably close, direct measurermh@f R using an interferometric

technique is feasible.
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Fig. 6.| A sketch of light curve of an eclipsing binary with key ingress and egress points in

the orbit marked.
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Fig. 7.| Sketches of the principles of using lunar occulatims to measure stellar diameters.

Fig. 8.| Sketch of the diraction pattern for a point source a s compared to an extended

source as viewed with lunar interferometry.



{26

Improving the Seeing for Ground Based Telescopes

To get the orbit of a binary, we must be able to see a star movingn the sky throughout its
orbit. If a at the distance of the binary cannot be resolved, the orbit cenot be determined.
Thus the seeing limit forces us to only use binaries that araifly close to Earth. There are
several ways of beating the seeing limit imposed by the Eatthatmosphere and reaching
the di raction limit, which for the 200-inch Hale Telescopeat Palomaris 4 10 ° radians,

which is  0:02 ", at a wavelength of 0.5.

Speckle interferometry { post-processing of a sequence efy short exposures, with
each frame taken on a timescale such that the atmospheric @®aerror is constant over the
maximum possible length (which is the Fried length, called,, with a typical value of 20 cm

at 0.5 . This timescale is very shortro=v(wind) 0:02 sec.

The image of a point source as seen with a large telescope ipackle pattern, a splotch
of (D=rg)? images, dancing around rapidly with time, and each of thesenages (called
\speckles") is diraction limited image for a sizery. E ectively each cell is di raction
limited, but has an additional random phase varying rapidlywith time with respect to the

other cells, and the total number of such cells isD=r)2.

This speckle pattern can be resolved with very short exposs. A cross correlation of

the sequence of images will yield the Fourier transform of ¢himage of the source.

MOVIE of dancing speckles {
http://spi .rit.edu/classes/phys445/lectures/atmos/ seeing.mpg

With long exposures, the image becomes a big blur correspamgito the normal seeing
limit.
Adaptive optics involves deformation of the pupil, dividedinto cells as above, in a way

that corrects the phase errors of each cell, and thus prodisca di raction limited image.
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D(telescope)

Fig. 9.] A sketch of the origin of the seeing limited image fora large ground-based telescope.
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For various reasons, including the possibility that the mesurement of the phase error is
not perfect, the image is not quite di raction limited, having a sharp di raction limited
core containing some fraction of the light, the rest being spad out into size of the seeing
limited image. Adaptive optics happens in real time during e observations and requires
corrections at the necessary rapid rate so that the correceoptical gure will still be
appropriate for the atmospheric distortions of the incomig light rays from the star.
Complicated miniaturized electronic devices and fast corafers are required to implement
an adaptive optics system. AO is not adequate for measuringefiar diameters. It is useful

for measuring binary orbits and accretion disks of nearby ats can be resolved.

Interferometry is a way of obtaining a very largeD (telescope diameter), by using an
un lled aperture of 2 or more separate telescopes each obseg the same source at the
same time. A Fourier analysis will produce an image of the same. If the telescopes can
be moved with respect to each other (or the rotation of the Edéin can also be used here)
and observations made at di erent separation vectors of theelescopes, there are more
baselines contributing. The more lled in the aperture is (ie. the more telescopes and
more baselines between them), the more accurate the resadfiimage of the source will
be. While interferometry is most common for radio astronomyinterferometry at optical
wavelengths was achieved in 1920 by A.E. Michaelson at MouwWilson Observatory for
the purpose of measuring stellar diameters of the nearestagt stars. He used two beams
de ned by small mirrors at each end of an optical bench supptd from the top ring of a
single large telescope (the 100 inch at Mount Wilson), as im¢ sketch below; the baseline
for his instrument was 20 ft, later increased to 50 ft. For a 5@ baseline used at 500 nm,
the minimum angular size that can be detected is = % = 0:007 arcsec, small

enough for the closest giant stars. The interference pattefrom the two beams determines

the stellar diameter.
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A number of optical and near-IR interferometers of various @sign are in use today for
this purpose, for determining orbits in binary systems, fomeasuring parallaxes, etc. The
Palomar Testbed Interferometer is one example. The Sydnefystralia) interferometer is
another such device, with a baseline of 188m, hence a minimamgular resolution of 0.0007

arcsec.

Whatever technique is used to improve the angular resolutig either by going into space
or by one of the complex methods described above, the resudtthat binaries which have

smaller separations and/or are more distant can be resolveshd studied.
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Fig. 10.| A sketch of design of Michaelson's interferometer
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Astronomical Units

mag(nitude) = 2:5log10( ux), with 0 mag de ned by Vega. Apparent mag ux received
at Earth (varies with distance of object), absolute mag ux at a xed distance of 10 pc.

Notation convention: M for abs. mag andm for apparent mag, do not confuse with mass !
F (at Earth)/ F(10 pc) = (10 pc)’>=D?, soM = m 5log(D) + 5.

A logarithmic scale is useful because of the large range fi{at the Earth), ranging
over many powers of 10. The mag scale is logarithmic, but 1 maga factor of 2.5, not 10.

Also its backward, brighter objects have more negative maghes.

This is all historic, and has to do with ancient Greeks and Roands and the response

of the human eye.

In an ideal world, the mag system would no longer be used, ance'd all switch to
Janskys (the cgs ux unit). We should try to avoid using them,but they are so ingrained

in the consciousness of older optical astronomers...

Bolometric mag: total luminosity, not mag at a particular wavelength,
Mpo =  2:5log(L=L ) + Mpq(Sun) = my,  5log(d=10 pc). Mpe(Sun) = 4.74 mag.
The term My, M , where is the wavelength of interest/observation, is called the

bolometric correction.

Flux is measured in real life through a particular Iter with transmissionT over a
particular wavelength regime, sd~ / RF Td . T is generally peaked at a particular
wavelength/freq., which is the e ective for that lter/instrument combination. (In real
life, e will depend on the spectral energy distribution of the starand may be perceptibly

di erent for red vs blue stars...)

Interstellar absorption perturbs the intrinsic stellar spectral energy distribution,
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reddening it.

Color indices X,Y / log[F ( e ; filterX )=F( o ;filterY )] = 0:4[m(filterY )

m(filterX )]+ A, A is a constant.

Calibration of the ux in a photometric system is done using bservations of some terrestrial
source of known ux (a crucible of a melting metal, platinum las been used, or a NIST
calibrated standard lamp) mounted on a tower, and observedithh a small telescope

interleaved with observations of Vega or some other very Igt star.

In the center of the optical band, at 500 nm, V = 0.0 mag corregmds to a received

ux of 3:8 10 ° ergs/sec/cn?/A 1000 photons sec/crf A (this is Code's number).
1 Jansky = 10 2 ergs/cn¥/sec/Hz.
0 mag at 500 nm 3:2 10 29 ergs/cn?/sec/Hz or 3,200 Jy.
L =3:9 10% ergs/sec (emitted luminosity)
Mps =0mag! L =3 10% erg/sec

mpo = 0 mag ! F(at Earth) =2:5 10 ° ergs/cn¥/sec.
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Table 1. Traditional Photometric Bands

Name Central Full Width Half Maximum
(A) (A)
U(ltraviolet) 3650 680
B(lue) 4400 980
V(isual) 5500 890
R(ed) 7000 2200
I(infrared) 9000 2400
(microns) (microns)
J 1.25 0.38
H 1.6 0.4
K 2.2 0.48
L 3.4 0.70
M 5.0
N 10.2

Adopted from Allen, Astrophysical Quantities, 3rd

edition, section 97. The zero points are also given there.
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Stellar Spectral Classes

Spectral types: the names are historical, but the concept isseful, and the classes
correspond to di erent ranges of physical parameters, mdgt T, , with the luminosity

classes depending on log)f as a secondary parameter.

Spectral classi cation (based on characteristics of stall absorption lines) (a good

indicator of e ective temperature) (The luminosity given is for main sequence stars)
The Sun is a G2V star in this classi cation scheme.

90% of stars can be satisfactorily classi ed by the above sae. The reaminder are
special cases where rare e ects cause the star to appear pecufor example peculiar
A stars (Ap stars) have strong magnetic elds that inhibit cawection and thus have
abnormally strong lines of certain elements (Si, Mn, Cr, Siku...), while very metal poor

stars also fail to t into the above scheme.

Special classes of stars

Periodic Variables

Cepheids P 1 to 20 days, assymetric light curve, spectral class F witll  5M and age

< 0:1Gyr

Miras Very long period red variables, P 8 - 1000 days, vary by up to adtor of 50, highly

evolved
RR Lyrae P < 1day, My 0, low metallicity, low mass

W Virginis stars P 7 60 days, old stars
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Table 2. Stellar Spectral Classes

Name Te log[L=L ] Dominant Features
(1000 K)
@) > 25 > 5 Hell
B 11{25 2{5 Hel, Balmer HI
A 7.5{11 2{5 Balmer lines dominant
F 6{7.5 o{1 Call, Fe I, ionized metals
G 5{6 03 0 CH, CN, neutral metals, Call, Fel
K 3.5{5 1 0:3 molecular bands, metals
M 2.5{3.5 < 1 TiO
C Carbon rich variant of M, CH, CN, C2
L 2.0 Water
T 1.0 Methane

MK Luminosity Classes (indicates surface gravity)
la Most luminous supergiants

Ib Luminous supergiants

1l Luminous giants

[ Giant
\Y, Subgiant
Vv Main sequence dwarf

Luminosity discrimination based largely on line width, hidper gravity

stars have broader lines.
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High mass loss rate stars

Herbig-Haro stars Protostars with long jets
OH-IR Stars 1612 MHz OH line is seen in emission, high luminosity in the oHIR

Wolf-Rayet Stars Very hot stars, losing mass very rapidly, spectra show broagmission

lines of C or N, no hydrogen

Explosive Variables

Dwarf Novae short period binary, white dwarf + G, K or M main sequence starocassional

eruptions by up to a factor of 100 in luminosity

Novae Luminosity up by a factor of 500 or more during eruption, clas binary, mass
containing accretes onto lower mass component and H evenilyagnites, ejection velocity

Vej < 3000 km/sec.

Supernovae Violent explosion,ve; 10,000 km/sec.
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E ective Temperature
L = emitting area  energy emitted = 4R 2T % .
For the Sun, Te = 5780 K, andL =3:8 10* ergs/sec.
The range for stars: 103 <L=L < 10 (range of 16 )

10° K < T, < 1 K (range of only 100)

Surface Gravity

The local gravity at the surface of a star is the surface grayi g, g= GM=R?, g =2:7 10

cm/sec. Recall that g at the surface of the Earth is 980 cm/sec

Spectral Energy Distributions of Stars

SEDs of stars arealmosta black body, but not quite. SEDs for galaxies are the sum
of many di erent stars, so further from a single T blackbody,and distinct from those of

individual stars.

Planck function, ux emitted by a blackbody, B = 22—23eh T ergs/cm2/sec/Hz
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Fig. 11.| The spectral energy distribution of model stellar atmospheres of main sequence

stars as a function ofTe . This gure is from R.L.Kurucz.
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Fig. 12.| Color-color plots (3 di erent sets of lters) for s tars from the SDSS (black points)
and for QSOs (color encodes redshift as indicated in the legh. Note the concentration
over a relatively range in color of the stellar population. Tis is gure 4 of Richards et al,
Colors of 2625 QSOs from SDSS, AJ, 2001, 2308. (see also thevBDalization of this in
Fan et al, AJ, 117, 254)
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Photometri Radii

Use model atmosphere to match theoretical and observed SEDhis gives T, and g.
If the distance to the star is known, then with a bolometric coection, we can getL. Once

L and T, are known, we can deriveR.

Typical stellar radii: main sequenceR=R = (M=M )% 0.1M , 0.2R ; 10M
4.3R .

White dwarf: R =0:01R = 7000 km
Neutron star: R =10 °®R =7 km
Red giant: R 1000

1 AU = distance Sun to Earth = 214R , 1R; (J = Jupiter) = 1,110 R , so a red giant
is so large that the orbit of the Earth would be inside the starand in some cases, the orbit

of Jupiter as well.

Chemical Composition of Stars

For stars which have not mixed any nuclear processed matdriaom their interiors, have
not accreted such material from a close companion, etc, i.enevolved stars with the initial

composition of normal ISM material,
H (X) 0.72 by mass, 0.9 by number
He (Y) 0.26 by mass

Other elements (\metals") (Z) 0.02 (Sun), range from 10° Sun (very metal poor) to
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3 Sun (metal-rich)

There are many types of abnormalities of the chemical elentsrseen in stars, some
caused by mixing of processed material from the interior ohé star (intrinsic abnormalities),
some by accretion of processed material from a companiomrr being born of gas heavily
polluted by a nearby SN, from various atmospheric e ects wbh modify the abundances
only near the surface of the star (radiative levitation or tle opposite, sinking into the star

of \metals"), etc.

5. Star Clusters

Star clusters have special importance in studying stellaharacteristics and evolution.
They represent a group of stars formed at approximately theame time, same age, same

chemical composition. They are very useful for testing mobpredictions.

Theoretical evolutionary tracks are predictions of a paraeter A as a function of time
for a xed M. Isochrones predictA as a function ofM for a xed time. So the values ofA

within a given cluster should represent the isochrone &f for t = the age of the cluster.

In general, young clusters are not fully virialized and may @t be bound against the
Galactic tidal eld or passages through the Galactic planeYoung clusters contain stars of

a wide range in mass.

Old \globular clusters”, found in the Galactic halo, are masive clusters which are
dynamically evolved and have ages of 10 Gyr, so they probe the evolution of low mass

stars, all older stars having evolved through stellar death
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Fig. 13.| Isochrones for stars of low metal content with agesfrom 0.1 to 18 Gyr. Note
the overlap of all tracks for the lower main sequence whereas$ of low mass have not yet

exhausted their H.
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Fig. 14.| Isochrones for stars of a range of metal content wih a xed age of 13 Gyr. Only
the region of the red giant branch is shown. Fiducial lines fal well studied Galactic globular
clusters are shown. Overlapping theory and data requires egifying the distance and the

interstellar reddening of each cluster.
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Fig. 15.| Isochrones for stars of a range of metal content wih a xed age (13 Gyr ?).
Fiducial lines for 4 well studied Galactic globular clustes are shown including the lower

main sequence and the RGB. Individual horizontal branch sta are shown as well.
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Fig. 16.| Match of observations and theoretical isochronesfor stars in the nearby Hyades
cluster, believed to have an age of about 400 Myr. Note the @ence of stars signi cantly

more luminous (i.e. massive) than the Sun still on the main geence.
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Fig. 17.] Match of observations and theoretical isochronesfor stars on the lower main

sequence of the nearby vound clusters Pleides and Praesddete the very tight locus of the
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6. The Endpoint of Stellar Evolution

Eventually nuclear fuels are completely consumed, at least the hot central regions of the
star. At that time, low mass stars more or less cease nucleanrbing, and gradually fade in
a quiescent fashion, becoming white dwarfs. These stars basentral regions made mostly

of He or of the CNO elements, with at most a thin outer layer of H

The manner of \stellar death”, for single non-rotating stas, depends on the initial mass
of the star and on the amount of mass lost during its evolutianThere will be extensive
mass loss during the AGB, supergiant, and/or planetary neba phases. Higher mass stars
explode, becoming supernovae of various types. The remnanty be a neutron star (a
pulsar perhaps), a black hole, or in the case of certain violkeexplosions, no remnant left
at all. The nature of the remnant depends on the stellar massaiid to a lesser extent, its

metallicity).

The material ejected from the supernova into the insterstiEr medium contains heavily
processed material, both from nuclear burning prior to theI$, and nuclear burning during
the SN itself, which enriches the ISM in metals. The heavy mat content of the ISM rises

with time due to mass loss from evolved stars (AGB, PN nuclegtc) as well as from SN.

Type la SN, which do not show any lines of H in their spectra, arbelieved to arise from
interactions in evolved binary stellar systems. These ine lower mass stars in general.
Since the timescales for stars increase rapidly as the séelimass decreases, there will be
a delay in the appearance of Type la SN compared to the Type IINSoccuring as the
endpoint of stellar evolution for single massive stars. Sia these contribute di erent sets
of elements to the ISM, this delay can in principle be obsergeby studying the chemical

evolution of the ISM with time, measured through unevolvedtars of di erent ages.
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JPG

Fig. 18.| The lower main sequence and the sequence of low lumosity small radius white
dwarfs in the globular cluster M4. The white dwarf sequencealsically represent a cooling

locus.
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Fig. 19.| The mode of stellar death as a function of initial stellar mass. Low mass stars

become white dwarfs, while stars withtM > 8 become SN of various types.
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Fig. 20.] The remnant at the end stage of the evolution of a sta is shown as a function
of mass and metal content. Possibilities include white dwes, neutron stars, black holes, no

remnent left at all, etc.



