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The Sun in the Universe
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Abstract: This article gives an overview of solar energetics: core, corona, etc. the reactions in core and a brief account of corona and flare energetics. It also goes on to discuss the sun’s place in galaxy and universe and the uniqueness of sun for life on earth. Also possible solar twins in vicinity including a brief account on current solar space probes. Sun’s role in Olber’s paradox (darkness of night sky!) which gave the first clue about the finiteness of the universe, crucial for cosmology is also discussed. Discovery of Helium in the sun and its importance for cosmology is also highlighted. Heavy element abundances in sun is compared with stellar abundances which gives clue about various nucleosynthetic processes in the universe. The solar neutrino problem and its final resolution in the Sudbury detector have also been discussed. The article also looks at the sun’s role in the detection of Dark matter. Finally also the evolution of the sun and comparison with other stars as regards future evolution are discussed. 
1. Introduction 

From an astronomer’s point of view, the sun is just a fairly ordinary main-sequence middle-aged low mass star with a G2V spectral type and an X-ray emitting corona. But in several respects, sun is not typical compared to nearby sun-like stars. Typical sun-like star does not have constant luminosity. High precision photometric observations reveal most F and K dwarfs vary at millimag level or greater. Both long term and short term (day to day) variability correlate with Ca II H and K emission index (Radick et al, 2001). In both cases, sun’s variability appears much smaller than stars with similar level of chromospheric activity. Gray: STARS and SUN … ed., Donahaue and Bookbinde gives brief review of magnetic activity cycles in stars of solar type and compares with the sun, and determines low photometric variability of sun!

The sun’s location in the Milky Way is also notable in two ways. It is only at present 10-12 pc from the mid-plane. It is very near the co-rotation circle (Mishurov, 2000). Encounter with spiral arms is infrequent and there is less threat from supernova explosions. 

    
Figure 1: Milky Way as seen edge on

HIPPARCOS- based study indicates that out of 37 stars with age estimates of 3-6 Gyr, sun has 
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. There are several such anomalous properties of the sun. 

MS and giant stars of all spectral types (i.e., with exception of degenerate stars) show UV and X-ray emission and show evidence of chromospheric and coronal activities as measured by the OSO series, the IEU and Einstein satellite. F, G, K and M-stars have coronae similar to the sun where radiation is generally attributed to surface convection of these stars. 

Late supergiants and giants do not seem to have coronae while A-type stars have neither coronae nor chromosphere. Chromospheric emission from T Tau stars originates from mass-infall from accretion discs while for other stars this energy is not received beyond the stellar atmosphere.

2. Solar Flares

Flares can release energy equivalent of billions of atomic bombs in a few minutes. Explosions release bursts of X-rays, charged particles, etc. which may later hit earth, endangering satellites and causing power blackouts. Sudden release of energy in flare results from magnetic reconnection, wherein oppositely directed magnetic field lines come together and partially annihilate. 

Only recently have space probes provided observational evidence for these phenomena. For example the pointed magnetic loops below spots where magnetic reconnection takes place. 

[Ref: http://hesperia.gsfc.nasa.gov/sftheory]

	Loss by
	Quiet sun
	Active region
	Coronal hole

	Conduction
	30
	30-103
	6

	Radiation
	10
	1000
	2

	Solar wind
	5
	(10
	90

	Total flux
	30
	103
	100


       Table 1: Average coronal energy losses (in 104 erg/cm2/s)

Non thermal energy excess to sustain solar corona is only 10-4 of sun’s total energy output. It is easy to propose several mechanisms to divert 0.01% of total solar output to heat corona. Improving spatial and temporal resolution reveals more and more fine structure like magnetic pores, dark mottles, spicules, supergranular cells, filaments, EUV bright points, etc.

Summary of popular heating mechanism (Erdelyi, 2004)
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3. Effects of solar radiation

1. Drell drag: Echo satellite brought down too soon. SKYLAB came down (1979) after 34,981 orbits. Increased solar activity not considered.

2. Poynting-Robertson effect: small particles spiral into sun.

3. Yarkovsky effect: important for asteroids. 

4. YORP effect: asteroid spin rotation affected.

3.1 Solar radiation propulsion: Solar Sail

The solar radiation pressure is of the order of 1dyne/m2. A large sails (~1km2), using this solar radiation pressure, can reach Mars in weeks!

3.2 Solar Twins

New solar twin, HD 98618, was found among a sample of 16 sun-like stars whose spectra was observed in fine detail with 10 metre Keck telescope. This is the second close solar analogue after 18 Scorpii. Both orbit about 8 kpc from galaxy centre. And both have roughly same heavy element concentration as the sun. 

The stars are less than 1% hotter, spin little faster, making them less than half a billion years (less than 8%) younger. They do not have hot Jupiters. Astronomers urge that top priority be given to these two stars when searching for ETI or future searches for life. The time scale for development of these star systems is the same as that for the sun.

[Ref: www.arxiv.org/astro-ph/0603219]

4. Distance to Sun

The earth-sun distance is a key scale in fixing distances in the universe. For instance, stellar parallax using the earth-sun distance as the baseline, gives distances to several nearby stars. Thus determination of astronomical unit (AU) accurately taxed several astronomers who used the transit of Venus, passage of asteroids like Eros, etc to determine this basic astronomy ruler. Nowadays, bouncing radar off the atmospheres of planets have enabled this to be determined to the nearest kilometre!

5. Newton and the density of sun

Although Newton could not accurately estimate the AU, his ingenuity could nevertheless estimate the average solar density as just above that of water! He did this just by knowing that the sun subtends an angle of half a degree in the sky. 

Applying Kepler’s III law: 
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 and r are the sun’s average density and radius. (r/R) is about half a degree ~0.01 rad. And the result follows!

6. The Sun and Olber’s Paradox

On a moonless night, the total intensity of light falling from the night sky off all the other stars put together is less than a hundred millionth of what we get from the sun during daytime. The utter ‘darkness’ of the night sky gave the first clue as to what type of universe we may be in!

This is the famous Olber’s paradox.

Olbers (and others before him, especially Kepler) had pondered as to what effect an infinite static universe (favoured by many philosophers through the ages!) would have on the appearance of the sky. A simple calculation shows that the night sky in this case would be at least as bright as the daytime sky. 

Consider a spherical shell of stars around any observer O. 

For a shell of thickness dR and radius R, the volume of the shell would be 4(R2dR. If L be the average luminosity of a star in the shell and n be the number density in the shell, then for an infinitely large universe, the total light intensity at any arbitrary O would diverge as 
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Figure 2: Universe divided into shells of thickness dR
Number of stars in the shell = 4(R2dR.n
So the darkness of the night sky shows that the concept of an infinite static universe is untenable. Indeed Hubble discovered that the universe is expanding and astronomers realised that all stars including the sun (!) have only a finite lifetime. 

With these conditions the brightness of the night sky is much limited. Many treatises have been written on this subject. Eg. E Harrison ‘Darkness at night’.  

7. Discovery of Helium

Most famous total solar eclipse discovery was made in 1868 in India. Spectrograph revealed brightest emission lines of the chromosphere for first time. At first bright yellow line was thought to be D line of Sodium, but was soon realized that it was displaced from D1-D2 doublet and was called D3. The element that caused bright D3 line was called Helium (after Helios-the sun).

This new element was not identified on earth till 1895, by Ramsey. Helium is the second most abundant element in the universe after hydrogen. It is one-fourth as abundant as hydrogen. Even the oldest stars in the universe (with 10-5 of solar iron) show 20% He abundance. 

Although stars are powered by conversion of hydrogen to helium, it can be easily calculated that all the stars during a Hubble time can convert a bare 2% of the hydrogen to helium. 

But even the oldest objects, more than ten billion years old, show much higher He abundance. The hot big bang model, in which the universe began with a very hot dense phase, naturally accounted for the one-fourth abundance of helium. 

So He played important role in cosmology. Thermonuclear reactions in the first three minutes of the hot expanding universe would convert about a fourth of the hydrogen to helium as observed. 

In addition the big bang produced minute traces of D, He-3 and lithium which are not made in stars. Their observed abundances also agree with observation. 

All the other heavier elements were made in the stars!

Another famous solar eclipse is that of 1919. Eclipse of 1919 played an important role in confirming light deflection by the sun, proving Einstein’s general relativity. 

8. Gold in the Sun

From observation of Au 3122.798 line in the sun it is estimated that there is 1016 (ten quadrillion) tons of gold. However sun emits 1020 units of energy/second. Hence cost of energy (power) emitted by the sun in one day would exceed the cost of the total amount of gold in the sun. 

Gold, uranium and other heaviest elements are produced in supernovae type II, which is formed due to the collapse of massive stars. The nuclear r-process is responsible for the creation of these heavy elements. Each supernova type II explosion perhaps produces about 109 T gold, however blast energy (total power released) in SN II is about 1040 units, worth trillion times cost of gold produced. 

9. Cosmic Power Houses

The following is a comparative study that shows the magnitude of power generated by the sun compared to other sources. 

Sun’s luminosity (power) is of the order of 4(1026W (4(1020MW), where as that for a Boeing 747 ~300MW.

Total power consumed by man (total power installed capacity) ~1013 Watts (India ~120,000MW ~1% of world power)

In one second, sun radiates as much energy as mankind will consume in several million years!

The mass of sun is of the order of 2(1030kg. If sun were made entirely of coal or petroleum it would burn up completely in less than 6000 years!

Boeing 747 consumes 160T jet fuel on a 12 hour flight!

SATURN V rocket which took the Apollo 11 manned flight to moon has a jet power of 200(106 HP and the fuel consumed ~2000T. 

Comparatively the sun is equivalent to 3(1023HP~1018 jumbo jets. 

Source of sun’s power is nuclear energy. Where the mass is converted to energy according to the thermonuclear E = mc2 reactions, where 4H is converted to He. 

In one second sun converts, in its core, 564 million tons Hydrogen to 560 million tons Helium and 4 million tons converted to energy. 

That is: 4(106T(c2 = 4(1026W 
There are stars in the universe emitting several million times the sun’s energy (power). 
The sun has been radiating energy at this rate for about 5 billion years now and would be radiating for another at least 5 billion years!

Our galaxy has 200 billion stars and the power emitted by galaxy ~1037 Watts. 

10. Most Energetic Objects in the Universe
1. Supernovae: star explosion

2. QUASARS

3. Gamma Ray Bursts

Supernovae: Release a total of ~1044 Joules of energy in a few weeks, as much as what the sun radiates in its lifetime of ten billion years!

QUASARS: they are very far away objects (Billions of light years away). They are powered by supermassive black holes! (billion solar masses). In one second, a quasar may emit in X-rays and gamma rays what the sun emits in ten billion years.

Gamma Ray Bursts: they are caused due to the collapse of very massive stars or merger of dense Neutron Stars. In a few seconds, they emit in gamma rays what the sun emits in radiation in its entire life time of ten billion years.

11. Nuclear Reactions in the Solar Core

The following reactions that occur at 107 Kelvin, at the core of the sun are responsible for the power generated by the sun. 

p + p ( D + e+ + 1(e (electron neutrino escapes right through!) 

D + p ( He3 + ( (gamma photon)

He3 + He3 ( He4 + p + p

Direct evidence for nuclear reaction in sun is obtained by the detection of solar neutrinos. 

4 protons fusing to form He releases 26.7 MeV of energy =4.5(10-5 ergs released by 4(1.66( 10-24g hydrogen. 

To generate 4(1033 ergs/sec, 564 million tons hydrogen per second becomes 560 million tons helium per second. Mass difference of 4 million tons/sec converted to energy.
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At this rate the life time of the sun is given by:
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This corresponds to about 10 billion years. 

Thermonuclear reactions in sun produce enormous flux of neutrinos.

p + p ( D + e+ + 1(e; D + p ( He3 + (; etc

The flux of neutrinos on earth from sun ~1012/cm2/s (1014 neutrinos pass through your body per second!)

These neutrinos have now been detected in Gallium experiment and also Chlorine experiments. Also the Kamiokande in Japan has detected these solar neutrinos. 

12. Supernova Neutrinos

When a massive star explodes as much as 1058 neutrinos are released. In February 24 1987, about 20 neutrinos from SN 1987A from Large Magellanic Cloud was detected in water detectors. Water detectors use a few kilotons of heavy water for the neutrino detection. 

Within the solar interiors, the diffusion of photon takes nearly a million years because the matter density within the solar interiors is very large (50 times that of steel). The mean free path between scattering is of the order of 
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. The total number of scattering is given by: 
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Time taken to diffuse through a distance R is 
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For the sun: 
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That is the sun light takes a million years to diffuse out from core to surface. Where as the scattering cross section for the neutrinos are very small. Hence they pass through the sun (and earth) without much resistance. 
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Figure 3: Diffusion of particles in solar interiors

13. Sudbury Heavy Water Neutrino Detector (SNO)

Earlier neutrino detectors had detected only one-third of the neutrino flux, from the sun, of what was expected from the solar models. This inconsistency was sorted out by the Sudbury Heavy Water Neutrino Detector in Canada. 

Heavy water enables detection of neutral current weak interaction. All 3 neutrino flavours (electron, muon and tau) can participate in neutral currents (NC). 
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Also elastic scattering (ES) can be detected by these detectors.
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However earlier detectors were sensitive only to charge current (CC) reactions, that is
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Mu and tau neutrinos cannot have CC interaction as threshold energy to produce mu and tau leptons is several hundred MeV (GeV for tau). So if in Sudbury all 3 reactions, i.e., CC+NC+ES are added up, no neutrino deficit is seen. We get full flux predicted by the solar model. The electron neutrinos are altered to mu and tau neutrinos by oscillations as they traverse from sun to earth. Solar model is correct!

14. Some Subtleties of Solar Nuclear Reactions
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Both pep and Be7 neutrinos are monoenergetic. The pp flux matching with solar luminosity implies 
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neutrinos/sec, occurs only if bulk of solar energy is generated by the pp chain reaction. 

Final step: 
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 starting the chain.

If 50% goes via: 
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, then this reaction does not produce neutrinos. So the flux would be only half! If CNO dominates in the sun, both C13 and N15 decays produce MeV neutrinos and flux in Chlorine detectors would have been ~600 SNU! And not 6 SNU as predicted (1SNU = 10-36 captures/atom/sec). This implies that less than 1% of solar energy is due to CNO cycle. 

If only pp chain were there then reactions could go on for ever as pp is regenerated. But ~15% branch is 
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 (apart from dominant 85% 
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). So the cycle is now broken as He3 is being used up!

He3 + He3 reaction was overlooked by the pioneers Bethe and Critchfield in 1938! And also by Weizaker! Lauritsen pointed it out only in 1950’s! So the main reaction was overlooked for more than 15 years!

HEP neutrinos have the highest energy: 
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Flux on earth is of the order of a millionth of the pp flux 
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The boron-8 reaction, that is 
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 produced 14 MeV neutrinos. The flux associated with this is of the order of 
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The reaction 
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, would have been predominant if the mass of Li4 were less than or about equal to combined masses of He3 and p. Chain would have terminated with high energy beta decay and sun’s lifetime reduced by 40% . It is Obvious that the Li4 production is absent as high energy neutrino flux would be 
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The primary reaction 
[image: image38.wmf]e

ν

e

D

p

p

+

+

®

+

+

 has such a small cross section 
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 (10 sheds) that it has not been observed or produced in the laboratory! Also this small cross section gives the long life for the pp cycle enabling the sun to shine for ten billion years. In stars a few times solar mass, CNO cycle (‘half life’ of only few million years) dominates, so that a ten solar mass star would last only ten million (not ten billion) years.

15. Search for Solar Axions

Axions were proposed by particle physicists to render theory of strong interaction (QCD) invariant with respect to time reversal or CP transformation. By introducing a new pseudoscalar field, the time reversal violating phases can be removed by rotating them into the complex phase of the new field. 

If V is the VEV of the axion field, 
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 the pion coupling. For 
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the mass works out be of the order of eV. Axions are the favoured candidate for CDM in galactic halos. As axions can couple to photons and charged matter they are expected to be copiously produced in cores of stars and especially in red giants and evolved stars. 

One can estimate the rate of axion production as 
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. We get the axion production rate in the sun as ~1042 s-1 (108GeV/V)2 giving solar axion flux on earth as ~1014 s-1 cm-2. (Sivaram, 1987; 1985)

 The solar axions would have a broad spectrum of energies centred around the sun’s interior temperature, i.e., 1 keV, i.e., if converted to photons would have their energies in the soft X-ray range. 

16. Axions and CAST

The CERN Axion Solar Telescope (CAST) is at present most sensitive axion helioscope. It uses a prototype LHC magnet to reconvert solar axions to ‘visible photons’ with mean energy of ~4keV (9T magnetic field). CAST took data with an evacuated conversion volume in 2004, being sensitive to axions with mass < 0.01eV. Final configuration: He-3, buffer gas, probe axion parameter space, mass region: 0.4eV to 1eV. 

CAST may also close gap to existing HDM limits on axion to photon coupling strengths. Most sensitive detector of CAST is X-ray telescope, providing a quantum efficiency of 95% in region of interest for solar axions (1-7keV). X-rays from axion to photon conversion are focussed on a CCD chip into a focal point of size of a few mm squared. 

No axions have been detected so far. 

17. Why is the Sun getting more Luminous?

The sun is becoming more luminous and after hundred million years it would be 1% brighter! What is the basis for this?

This has to do with the increasing helium in the sun’s core. Every second, thermonuclear reactions, produce 560 million tons of helium in the core. This raises the ‘molecular weight’ ( of the gas. This lowers the gas pressure given by: P = (RT/(. So to sustain the equilibrium, core temperature T has to become higher. 

Thus for a change ((, we have: ((/( ( (T/T. In about a hundred million years, knowing the amount of helium already present in the core (~30%), we can easily show that ((/(~0.003. This implies (T increases by 0.3%. Since for the pp chain the average interaction rate depends on T3.7, we get the power output ~3.7(T/T ~1%.

18. Solar evolution from ZAMS

The luminosity of the sun with respect to the composition is given by: 
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Estimate for change in luminosity with time as composition changes is given by:
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The metal content is small compared to H and He in the sun. We know how X(t) changes with time:
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The time rate of change of composition and hence the luminosity is given by:
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Integrating and expressing in units of Lsun we have:
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Form the solution of the above equation, the luminosity on ZAMS, 
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So in a billion years from now the sun would be 12% more luminous. So three billion years ago sun would have been 30% dimmer (paradox of the faint sun etc!). However the B8 branch reaction (giving rise to the high energy neutrinos) goes at least as T18. So the fact that we observe half the (>5MeV) neutrino flux in Kamiokande, etc. enable the core temperature of the sun to be fixed to an accuracy of less than 0.3%!

Ironically, while we are so sure about the sun’s core temperature, the earth’s core temperature is uncertain by more than 50%. (Estimated range between 4000-10,000 degrees!) Thanks to helioseismology and solar neutrinos we know much more about the solar interior than 30km below earth’s surface!

18.1 Five phases of sun’s evolution

· MS

· RG branch

· Core He burning 

· AGB

· WD phase

MS: This phase spans eleven billion years for sun. Solar radius currently increases by 15cm/yr. During MS, diameter expected to increase by 40% and luminosity by 100%.

RG: During this phase there will be increase in stellar radius. Core contraction will occur and shell hydrogen burning will take place. Temperature increases to 50 million. Increase in l by 2000. H burning shell leads to expansion and cooling of outer layers. Radius estimated to increase by factor of 200, may reach 0.8 earth orbit. 

Central density will be of the order of 200kg/cm3~103%. Core temperature will be of the order of 200(106deg. Helium burning starts. The mass loss will be of the order of 0.3Msun. RGB lasts 6(108 years (transition from MS to RG will take 7(108 years). 

Core He burning: Core He flash. Degeneracy. Luminosity produced by He flash, raises TC above 200(106deg. Most of the energy expands inner layers, remove degeneracy. Surface luminosity decreases to 100Lsun, radius reduces by a factor of 5. Stable core He burning phase lasts ~108 years. 

AGB phase: similar to RG. But is distinctive in having two burning shells, one of H, the other He. Surface inflates again to >200 Rsun. Can earth be engulfed? Perhaps not! Because of mass loss + tidal effect. 

During this phase there is high mass loss rate of the order of 10-4Msun/yr. Ejection of entire envelope down to H burning shell will last < few (104 years. Hot core of temperature >105deg becomes visible illuminating ejected envelope. The system becomes visible as a planetary nebula. This phase lasts < 107 years.

WD: The remnant will be about 0.55 Msun. C-O core left after the envelope ejection. The cooling time is greater than 1010 years. 

19. Fate of other Stars

The fate of these stars depends on their mass. There can be three possible scenarios by which these stars can meet their fate. 

· >1.8Msun: no core He flash

· <0.5Msun: no core He burning. End up as He WD’s

· >10Msun: massive stars produce heavier elements. Explode as supernovae. Remnant neutron star or black holes.

20. Concluding Remarks

In this article, the sun’s place in the universe and its consequences has been discussed. Study of the various aspects of the physics and astronomy of the sun, especially in recent years, has enabled us to understand how stars shine and evolve, how they could end their lives, etc. The physics involved in the various stages, especially the energetics of the nuclear reactions, the neutrino production and detection, the dying phases, the compact stellar remnants, etc. have been much clarified. The sun has been a laboratory for understanding various atomic and nuclear processes and complex magneto- hydrodynamics and fluid phenomena. Various phenomena in particle physics like neutrino oscillations, experiments for detecting dark matter candidates like axions have been stimulated by trying to understand the solar interior. A lot of enigmas still remain to be understood about our nearest star, from the core to the corona! Current and future planned solar space probes could provide crucial new inputs. The future for solar physics looks as bright as the sun!
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