1I. The Solar WindI.1 Early ObservationsBrandt, p. 103 - 110enough, the lowest energy the solar even sort of before be measured asuccess story of theoretical together some remote observational the observations of were too vague to to the - - In 1943, a paper on comet by a the 50’s, Sketch, ViewComets show 2 tails. Both point away from the Sun, but at different angles.bowed interpreted the away from the means of pressure. However, there a more straight the ion to observations example, lots of CO+.In general laborious to transform the observations the sky into the assume a comet whose to the we compute the which the tail is dragged out directly from the comet’s orbital motion V and the e of the tail w.r.t. to the comet-sun line according to:Tan = VI.1_1Average value from observations: e »In reality the orbit w.r.t. the view the sky. We see only a of the true orbital speed V., as shown in Fig. 1. = V . g 33.3 km/sfrom 600 comets-> Vr 450 km/sTherefore, a typical radial speed of 450 km/s for the ions in the emerged. Biermann. In the 50’s the �what how� of the was not clear yet. Fig.: 1: View of comet and of a comet tail in the sky.

2Kallenrode, p. 147 — 149, Brandt p.6-10Let us now turn to the solar atmosphere.- PhotosphereT 5500 K- ChromosphereT 10,000 K- CoronaT 1 - 2 106 KThe reason that the solar atmosphere is so extended that so hot. evidence for the temperature the presence of from ions, such as Fe with charge states above 20 etc. Such lines were first interpreted unknown elements (e.g. Coronium), from that known elements. away to the electrons from ions requires a very high energy in the interaction, up to several keV Therefore, the electrons the environment, the corona, need to energies that high. This argument leads to T several million K. Here we have the strange that the cooking pot hotter than the we not treat course. a subject the course. Let me just mention that the motion of the magnetic the solar atmosphere most the energy converted kinetic energy and thus heat. I say ’most likely’, because the details of the processes under debate. processes are currently one of the by SOHO spacecraft and they form one of the main drivers to finally build a Solar Probe.Let compare the solar atmosphere the atmosphere of scale height of the sun�s atmosphere huge. In contrast the height of the atmosphere reaches only a few km.oI.2_1On Mt. Everest only 30% of the pressure at sea level is found. (H 8 km)I.2_2where H = kT/mg according to the kinetic gas theorySun: Photosphere: 180 (Corona) 60,000 km10% of RsHowever, too compared of corona. Note: model assumes that all the atoms are bound to the sun!outermost layer of the Earth’s atmosphere the , the part of atmosphere that not completely bound to anymore. fastest of athermal (v V) may the atmosphere reaches farther into space. Let us now explore this option for the sun.

3If there a perfect the freely, but there aCondition: 1 c¥I.2_3sccccIn model the mean free for the height. Above atmospheric gases can freely escape. For the sun this scale height is at 2 Rs.f(v)dv = 4p(m/2pkT)3/2v2exp[-mv2/(2kT)] dvI.2_4s 620 km/s for the sun.However, there is a modification: The solar atmosphere a e tend to move faster, leave the faster. They anelectric field as they separate from the protons (100 kV for a separation of 1m at density N 10 m)Let’s assume:eE = mpgs bI.2_5between the the gravitational of the fraction of the gravitational by forces of the mpgsb)mpgspppppI.2_6egs + eE bpgs = kTed(log Ne)/dh (mep << 1)T and N equal -> b = 0.5. -> meff = mp/2Thus a factor of 2 goes into the escape formula: 435 km/s for the sun.

4This seems remarkably close to the comet value for the ’wind’, but because doesn’t work!!Ions that leave the sun with Vesc will approach V -> 0 for r -> ¥I.e. the wind stops and would be very slow at Earth !! What is wrong here?The exospheric model really only works for a neutral gas. It is a test particle picturewith no interaction between the particles. The corona is a plasma, which needs to betreated in a collective picture. The long range Coulomb force comes in. We have alsoneglected the fact that the electrons are capable of transporting heat very efficiently.Static CoronaKallenrode, p. 149— 152, Kivelson&Russell, p. 91 — 100, Hundhausen p. 1-14temperature the corona still seems bound.pot s mHs »�KIn 1957 Chapman tried a treatment of a static corona with thermal conduction.becomes an important role in the corona. The plasma is electrically conductive fi heatconductive. After Spitzer: I.2_7ko weakly dependent on n and Tsn~sthe metal are treated as an electron plasma)high temperatures since:radiation transport 4conductive transport

5q = -e(I.2_8)For a static (/t = 0) corona with no heat sources and sinks the heat transfer reads0 = - q = T)

1r2 ddr ke edr) = 0(I.2_9)can be integrated1. integration: ke edr = C2. integration: Separation of variables:ee

= Cko drr2

27e = - Cko

1rFor r T 0C chosen such thatI.2_10�

(ror

- 72

C o = roTeoFor T = 2 . 10K at the base of the coronaAssumption of a static atmosphere:

dr = - rr2 (I.2_11)re + ) » n�p (I.2_12)

6(equal number of + and - charge), but both particles contribute to the pressure: (m willstand for m)r kT/m(I.2_13) ddr (2 m

(ror) = - r2

1r dr - 2/7 r(r)

= - s m2kTeoro2/7

�r2drr - s mr drrln r

(r) = 2/7 ln r + 75 s mo roIntegrate from r r , r (I.2_14)For r -> ¥oo) -> ¥P (r) �

-7/10 Po . e-140/16 » Po . 0.00016Recall values from the beginning of the lecture: P » 1.6�no14 m-3�K = 2 � 1014 �1.36�1� 2�1 = 5.6�21.6�10-4 fi 10-62(r) = o

(rro2/7

75 s mo

(ror)P(r) = Po

(ror)

75 m-3 temperature T 7000 K. Even, if we admit that there is still a substantial uncertainty (n »0.06 — 0.2 . 6 m-3 are debated) and we add pressure of a so far unknown interstellartotal pressure does not reach anywhere near the extrapolated pressure of a staticParker: "Probably it is not possible for the solar corona or indeed perhaps theatmosphere of any star to be in complete hydrostatic equilibrium out to largeI. 3 Expansion of the Corona (Solar Wind)Kallenrode, p. 152 - 156Kivelson&Russell, p. 100 - 103Kirk et al., p 48-52Since the cometary observations () suggested a rapid outflow from the solarFor a constant outflow (I.3_5) has to be replaced by:r u dudr

= - dr - rsr2 or

= - - sr2 I.3_1Viewgraph momentum transportIn addition, the mass in the flow must be conserved, Mass conservation:

u) = 1r2 ddr (rru) = 0 or r dudr + r2 u rdr + 2ru = 0I.3_2Integrating yields: ( = mn)We have3 u, r, P, total of 5 variables (or 3 variables for a spherically symmetric case)but only3 equations (I.3_1), 1 equation (I.3_2)In addition, we need the information about the energy transport. To simplify thetreatment this is replaced by an equation of state for r and P.o (r/ro)a rawith thea.I.3_3

8 I.) and can be combined to form a complete differential by using1/ra dP/dr - aP/ra+1 dr/dr = 0 ->

1r dr = a ddr Pa = ddr a Pr 22 + a Pr - sr I.3_4This is the total energy, which is a constant of the motion under these assumptions.no energy transport a adiabatic index (e.g. 5/3):very efficient energy transporta = 1The latter case requires a modification of the energy equation:

22 + 2 p lnr

- sr I.3_5The first term is the kinetic energy of the bulk flow, the third the gravitational energy.Without the thermal term this would just be a simple energy equation for a singleparticle motion in a gravitational field. With the thermal energy there is anotherreservoir to tap for the bulk flow. As can be easily seen, the isothermal case (T = const.)leads to a transfer of thermal energy into the bulk flow during expansion. In otherwords, the density decreases on the way. In the adiabatic case the thermal term willremain constant, and we are back to the simple relation between u and GMs u dudr

= - 2kTm r - sr2 (I.3_1a)- r = duudr

+ 2r (I.3_2a)Inserting (2a) into (1a) to eliminate r:

9ududr = m ( 1u dudr

+ 2r

) - GMs r2

) = 4kT

- sr2 dr = 12u � du2dr

12 du2dr

(1 - 2

) = (4kT

- sr2)(I.3_6)s

=am this becomes

(1 - s2u2

) = (s2r

- sr2)(I.3_7)c

= s s2

T< GMs4krowhere r Rs is the base of the corona.c

2drcors2 = u2c(I.3_8)(8a) either maximum or minimum at rc Viewgraph (Topology)(8b) or monotonically increasing or decreasing (passing through critical point)2 reach the sound speed at rc

(us)2 us)2rc) + 4 cr + CI.3_9where C = -3. Class 1: solar breeze, always subsonic, which means:

us)2us for r us » rcus » cr)2(I.3_10)

10Because of mass conservation urr2 = const -> r = constrAn analogy is the deLaval nozzle (homework problem) for u < cs for u > csIn the solar wind the boundary conditions are such that the same thing happens. Wereached at a certain height.s

With rC = GMS/2 cS2S2rcsss. 3for T = 2. K 6for T = 1. KThe critical radius is closer to the solar surface for a hotter corona and farther away for acooler corona. I.e. a stronger wind with higher density is produced in a hotter corona.The important processes for the wind formation are confined to the immediate vicinityof the sun. The spacecraft that came closest to the sun up to date were the 2 Helios probes in the1970’s. They reached 0.3 AU ( 60 Rs). This already required a good thermal design ofs (Solar Probe) uViewgraph (Parker’s Sol.)

11N 0. 35 - 40 cm for 1 - 2 106 Kn »-3 i.e., the estimate seems reasonable.However, the trend in the estimate (high densities for high corona temperatures, i.e.high solar wind speeds) is opposite to the observations. Something is missing in ourus also use this to evaluate the physical system in the neighborhood of the critical u dudr

= - - sr2 2(I.3_11)where the sound speed is also r-dependent. However, we consider only a smalldeviation from the isothermal behavior, i.e., a - 1 << 1 so that cs is still close to the actuals2

12 du2dr

(1 - s2u2

) = - s2dr

+ (s2r

- sr2)(I.3_12)

(1 - s2u2) = - r2 ddr (s22

) - sr2where cs is only varying slowly with r. We use the Ansatz s(r) srh c2

(1 - s2u2) = (2+h

) 2rsrh - sr2(I.3_13)hin for the first term on the r.h.s.. In this way we can determine rc close to theisothermal case by setting the r.h.s. to 0:

2r + 2r h + 2 ln(srh

- sr2 = 0co rc s21 - (ln(Rs

) + 12hcscs

12 rc s21 + (ln( s

) - 12h(I.3_14)Therefore, the correction term in the bracket is positive!h Viewgraph (Topology)ho. perturbation away from the critical solutiona) to the right: There is not enough heat conduction, i.e. h is larger than ho, we reachthe breeze solution. However, because is larger now, the critical point moves furtherhhodriven too hard and reaches the sound speed too early. However because h is smallernow, the critical point moves further in towards the actual the flow.It should be noted that also the sound speed on the left hand side is affected by thehIn any case, the deviation from the critical solution is always corrected towards theThe modification of the equation of state does not remedy the problem with thedensities, noted earlier. Probably something else turned wrong through ourEnergy transport equation:

12 ddr2 r22 + 32P)u + Pu - kdr]} + r sr2 = 0I.3_15Under the Differential: transport of energy with the flowRemaining Term:change of energy in the gravitational field (may be any field)1. term:kinetic energy of bulk flow2. term:inner (thermal) energy3. term:work of expansion/contraction4. term:heat flux through thermal conduction2 sr2 = -2 ddrsr] = - ddr2 sr ]

13because of mass conservation (dr2/dr = 0). This transforms I.3_15 into a complete2 r22 + 52P - sr )u - kdrNow we can evaluate the processes close to the sun (r < rc) in more detail:bound atmosphere-> maybe the outflow at low altitudes was wrong. We still have a bound atmosphereto "lift" the atmosphere and therefore produce higher densities to start the flow.With k = koT and the total energy flux J: - T dr = J2 + r sr Separation of variables: T

J2 + 2 s ] T

= 7o

[Jr + sss2 s ]T72koJ4pRsRsr(

rsusRs2J

GMs2r