
Shall We Play a Game of Shall We Play a Game of 
Thermonuclear War?Thermonuclear War?
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Thermonuclear Energy SourcesThermonuclear Energy Sources

Electrostatic PotentialElectrostatic Potential
EEcc ~ e~ e22/r/r00 1.7(101.7(10--66) ) 
ergs  ergs  1 1 MevMev

In a star pressure and In a star pressure and 
high temperature cause high temperature cause 
penetration of the penetration of the 
Coulomb barrier.  Or do Coulomb barrier.  Or do 
they?they?
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The Solar CoreThe Solar Core

The velocities are The velocities are MaxwellianMaxwellian::
f(Ef(E) = (2/) = (2/ππ1/21/2) (1/kT)) (1/kT)3/23/2 ee--E/kTE/kT EE1/21/2

E is the average thermal energy of a protonE is the average thermal energy of a proton
<E> = 3/2 <E> = 3/2 kTkT which is several which is several keVkeV at 2(10at 2(1077) K or  ) K or  
1010--33 EEcc!!

The Sun does not have sufficient numbers of The Sun does not have sufficient numbers of 
protons at high temperatures to fuel its energy protons at high temperatures to fuel its energy 
output!  Or does it?output!  Or does it?
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Barrier PenetrationBarrier Penetration
Consider Consider 8484PoPo212212: it is an : it is an αα emitter with a laboratory emitter with a laboratory 
halfhalf--life of 3(10life of 3(10--77) sec.) sec.

The  particle has an energy of ~ 9 The  particle has an energy of ~ 9 MeVMeV.  This particle .  This particle 
should not be able to escape from a classical potential!should not be able to escape from a classical potential!

But atoms are NOT classical systems.But atoms are NOT classical systems.
They are quantum mechanical entitiesThey are quantum mechanical entities
The particles in a nucleus are described by a spatial The particles in a nucleus are described by a spatial 
probability distribution.probability distribution.
The probability density is highest where the classical The probability density is highest where the classical 
theory says the particle should be but the probability is theory says the particle should be but the probability is 
nonnon--zero at zero at everyevery other point.other point.
Sometimes the Sometimes the αα particle will find itself at r > rparticle will find itself at r > r00!!
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The Inverse ProblemThe Inverse Problem

We are interested in the inverse of the Po case.We are interested in the inverse of the Po case.
We want to break the barrier coming in.We want to break the barrier coming in.

Classically there is no opportunity for the Classically there is no opportunity for the 
penetration but in QM there is a finite penetration but in QM there is a finite 
probability of the event; that is, the incoming probability of the event; that is, the incoming 
particle will sometimes find itself at r < rparticle will sometimes find itself at r < r00..

The closer you can get the incoming particle to the The closer you can get the incoming particle to the 
nuclei to be penetrated the better the probability.nuclei to be penetrated the better the probability.
Thus penetration is favored in a fast moving Thus penetration is favored in a fast moving 
particle.particle.
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MiniumumMiniumum Mass for StarsMass for Stars

““Low TemperaturesLow Temperatures”” favor penetration of low favor penetration of low 
Z speciesZ species

Low mass objects have lower values of TLow mass objects have lower values of T
Only H can be burntOnly H can be burnt

Core Temperature Core Temperature TTcc > T> TII (ignition) for a (ignition) for a 
particular fuelparticular fuel
If we have a uniform density: If we have a uniform density: ρρ = M/4= M/4ππRR33

TTcc ((GmGmμμmmHH) / (5kR)    (Hydrostatic Ideal ) / (5kR)    (Hydrostatic Ideal 
Gas)Gas)

Barrier Potential  ZBarrier Potential  Z11ZZ22ee22



7Thermonuclear Energy

The Condition for BurningThe Condition for Burning

At high density matter becomes degenerate and the At high density matter becomes degenerate and the 
thermal energy of a photon must be less than the thermal energy of a photon must be less than the 
Fermi energy:Fermi energy:

Charge neutrality must be maintained: Charge neutrality must be maintained: nnee==nnpp= = ρρ/m/mHH
from which one may obtain:from which one may obtain:
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The Minimum MassThe Minimum Mass
The InterThe Inter--nuclear Separation is:nuclear Separation is:

Note that 2mNote that 2meekT is the thermal wavelength of an electronkT is the thermal wavelength of an electron
One can then obtain:One can then obtain:

For H ( For H ( μμ = = ½½) at T = 10) at T = 1077: M/M: M/M > 0.14> 0.14
A more detailed argument says: M/MA more detailed argument says: M/M > 0.05 to 0.08> 0.05 to 0.08
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Energy ReleaseEnergy Release

Units: ergs gmUnits: ergs gm--11 secsec--11

εε00:: Constant depending on the reactionConstant depending on the reaction
a:a: A constant which is ~ 1A constant which is ~ 1
n:n: 4 for H burning (pp cycle) and 30 for 4 for H burning (pp cycle) and 30 for 
C burningC burning

The Process is characterized byThe Process is characterized by 0
a nTε ε ρ=
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Reaction NetworksReaction Networks

Energy release: photons (Energy release: photons (hhνν) + neutrinos) + neutrinos
Only the photons contribute to the energy generationOnly the photons contribute to the energy generation
Neutrinos are lost to the systemNeutrinos are lost to the system
Note that the photon generation can be after the reaction: Note that the photon generation can be after the reaction: 
specifically in specifically in eeee++ annihilationannihilation

A reaction network is a specific set of nuclear A reaction network is a specific set of nuclear 
reactions leading to either energy production and/or reactions leading to either energy production and/or 
nucleosynthesis.nucleosynthesis.

pp hydrogen burning is one such networkpp hydrogen burning is one such network
CNO hydrogen burning is anotherCNO hydrogen burning is another
33αα (He burning) is another(He burning) is another
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The pp ChainThe pp Chain

Initial Reaction: p + P Initial Reaction: p + P →→ D + eD + e++ + + ννee
Energy = 1.44207 Energy = 1.44207 MeVMeV
Only D remains as the position undergoes Only D remains as the position undergoes 
immediate pair annihilation producing 511 immediate pair annihilation producing 511 KeVKeV.  .  
The e is lost energy to the system.The e is lost energy to the system.
This can be written: HThis can be written: H11 ((p,p,ββ++ννee) D) D

Next: p + D Next: p + D →→ HeHe33 + + γγ
Produces 5.49 Produces 5.49 MeVMeV
At T < 10At T < 1077 K this terminates the chainK this terminates the chain

Process: PPIProcess: PPI
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PPI continuedPPI continued

Lastly (at T > 10Lastly (at T > 1077 K): HeK): He33 + He+ He33 →→ HeHe44 + 2p+ 2p
This produces 12.86 This produces 12.86 MeVMeV

Total Energy for PPI: 2(1.18 + 5.49) + 12.86 Total Energy for PPI: 2(1.18 + 5.49) + 12.86 
= 26.2 = 26.2 MeVMeV

Reaction 1 & 2 must occur twiceReaction 1 & 2 must occur twice
The neutrino in reaction 1 represents 0.26 The neutrino in reaction 1 represents 0.26 MeVMeV
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PPIIPPII

HeHe33 + He+ He44 →→ BeBe77 + + γγ 1.59 1.59 MeVMeV
BeBe77 + p + p →→ BB88 + + γγ 0.13 0.13 MeVMeV
BB88 →→ BeBe88 + e+ e++ + + ννee 10.78 10.78 MeVMeV (7.2 in (7.2 in ννee))
BeBe88 →→ 2He2He44 0.095 0.095 MeVMeV
The total energy yield is 19.27 The total energy yield is 19.27 MeVMeV (including (including 
the first two reactions of PPI.the first two reactions of PPI.
Note that when Be or B are made they end up Note that when Be or B are made they end up 
as He.as He.

HeHe44 must be present and T > 2(10must be present and T > 2(1077) K) K
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PPIIIPPIII

Start with the BeStart with the Be77 from PPIIfrom PPII
First reaction is First reaction is BeBe77 + e+ e-- →→ LiLi77 + + νν
Next                  Next                  LiLi77 + p + p →→ 2He2He44

This is the infamous neutrino that the Davis This is the infamous neutrino that the Davis 
experiment tries to find.experiment tries to find.
Note that we cannot make Li either!Note that we cannot make Li either!

A Minor Chain as far as probability is concerned.A Minor Chain as far as probability is concerned.
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Timescales for the ReactionsTimescales for the Reactions

3(103(10--88))BB8 8 and Beand Be99 decaydecay

6.6(106.6(1011))BeBe77 + p+ p

9.7(109.7(1055))HeHe33 + He+ He44

2.4(102.4(1055))HeHe33 + He+ He33

4.4(104.4(10--88))p + Dp + D

7.9(107.9(1099))p + pp + p

HalflifeHalflife (Years)(Years)ReactantsReactants
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NucleurNucleur Reaction RatesReaction Rates
Energy Generation Depends on the Atomic Physics Energy Generation Depends on the Atomic Physics 
only (On A Per Reaction Basis)only (On A Per Reaction Basis)

Basics:    4H Basics:    4H →→ HeHe44

4H = 4(1.007825 AMU) = 6.690594(104H = 4(1.007825 AMU) = 6.690594(10--2424) gm) gm
HeHe44 = 4.00260 AMU = 6.645917(10= 4.00260 AMU = 6.645917(10--2424) gm) gm

Mass = 4.4677(10Mass = 4.4677(10--2626) gm) gm
E = mcE = mc22 = 4.01537(10= 4.01537(10--55) ergs = 25.1 ) ergs = 25.1 MeVMeV ((vsvs 26.2 26.2 MeVMeV ?!)?!)

Mass Excess Mass Excess ≡≡ M = M M = M -- AmAmHH
Reactions can be either exothermic or endothermicReactions can be either exothermic or endothermic

Burning Reactions that produce more tightly bound nuclei Burning Reactions that produce more tightly bound nuclei 
are exothermic; are exothermic; ieie, the reactions producing up to the iron , the reactions producing up to the iron 
peak.peak.
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Conservation LawsConservation Laws

Electric ChargeElectric Charge
Baryon NumberBaryon Number

p = n = 1p = n = 1
e = e = νν = 0= 0

SpinSpin
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The Units in The Units in εε = = εε00ρρaaTTnn

εε = ergs g= ergs g--11 ss--11 = g cm= g cm22 ss--22 gg--11 ss--11 = cm= cm22 ss--33

Assume a = 1 Assume a = 1 ∴∴ ρρaa = = ρρ : g cm: g cm--33

So cmSo cm22 ss--33 = = εε00 g cmg cm--33 KKnn

εε00 = (cm= (cm22 ss--33)/(g cm)/(g cm--33 KKnn) = (cm) = (cm22/g) cm/g) cm33 ss--33 KK--nn

So how do we get So how do we get εε00??
Bowers & Deming Section 7.3Bowers & Deming Section 7.3
ClaytonClayton
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Reaction Cross SectionReaction Cross Section
Cross Section  Cross Section  σσ

Let X = Stationary nucleusLet X = Stationary nucleus
Let a = Moving nucleusLet a = Moving nucleus

Probability of a reaction per unit path length is Probability of a reaction per unit path length is 
nnXXσσ where where nnXX is the density of particle Xis the density of particle X

nnXXσσ = # cm= # cm--33 cmcm22 = # cm= # cm--11 (This is 1 / MFP)(This is 1 / MFP)
MFP = (1 / MFP = (1 / nnXXσσ) = ) = vtvt where t = time between collisions and v = where t = time between collisions and v = 
speed of particles (the speed of particles (the one(sone(s) that are moving).) that are moving).
t = 1 / t = 1 / nnXXσσvv or Number of Reactions (per Stationary particle/s) = or Number of Reactions (per Stationary particle/s) = 
nnXXσσvv

Total number of reactions: r = Total number of reactions: r = nnaannXXvvσσ(v(v))
r = cmr = cm--33 cmcm--11 cm scm s--11 = # / (cm= # / (cm33 s)s)
The cross section must be a function of vThe cross section must be a function of v



20Thermonuclear Energy

Integrate Over VelocityIntegrate Over Velocity
There actually exist a range of velocities There actually exist a range of velocities f(vf(v) so we ) so we 
must integrate over all velocities:must integrate over all velocities:

The total energy is then The total energy is then rQ/rQ/ρρ..
r = reaction rate in # / (cmr = reaction rate in # / (cm33 s)s)
Q = energy produced per reactionQ = energy produced per reaction
ρρ = density g cm= density g cm--33

rQ/rQ/ρρ = cm= cm--33 ss--11 gg--11 cmcm33 ergs = ergs = ergsergs ss--11 gg--11 = = εε = = εε00ρρaaTTnn

( ) ( )a X a Xr n n v v f v dv n n vσ σ= ≡ < >∫
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Penetration FactorPenetration Factor
The penetration factor is defined as:The penetration factor is defined as:

m is the reduced mass of the systemm is the reduced mass of the system

1
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The Cross SectionThe Cross Section
We write the cross section thus:We write the cross section thus:

S(E) is the S(E) is the ““areaarea”” of the reaction of the reaction -- set by the set by the deBrogliedeBroglie wavelength of the wavelength of the 
particleparticle
S(E) varies slowly with ES(E) varies slowly with E
Now change variable to E and rewrite <v>Now change variable to E and rewrite <v>
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GamowGamow PeakPeak
<<σσvv> is the combination of two > is the combination of two 
pieces:pieces:

ee--E/kTE/kT ((MaxwellianMaxwellian) decreases with ) decreases with 
increasing E and represents the increasing E and represents the 
decreasing number of particles with decreasing number of particles with 
increasing E.increasing E.
ee--b/SQRT(Eb/SQRT(E)) (Penetration) increases (Penetration) increases 
with E and represents the with E and represents the 
increasing probability of a reaction increasing probability of a reaction 
with E [speed].with E [speed].

EE00 is the peak energy for <is the peak energy for <σσVV> > 
and can be thought of as the and can be thought of as the 
most effective energy for that Tmost effective energy for that T

E

E0
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AnalyticallyAnalytically
S(E) varies slowly with E and its primary S(E) varies slowly with E and its primary 
contribution is at Econtribution is at E00 ==> want S(E==> want S(E00))
Next approximate the Peak by a Gaussian and Next approximate the Peak by a Gaussian and 

you get:you get:
See Clayton For the Approximation formulaeSee Clayton For the Approximation formulae
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Nuclear Burning Stages and Nuclear Burning Stages and 
ProcessesProcesses

Main Sequence Energy GenerationMain Sequence Energy Generation
pp Hydrogen Burningpp Hydrogen Burning

pp cycle: pp cycle: H(H,eH(H,e++ννee) D () D (H,H,γγ) He) He33 then Hethen He33 (He(He33,2p) ,2p) 
HeHe44

Slowest Reaction is: Slowest Reaction is: H(H,eH(H,e++ννee) D) D
The cross section for the above has never been The cross section for the above has never been 
measured.  It also depends on the weak interaction measured.  It also depends on the weak interaction 
which governs  which governs  ββ decay : p decay : p →→ n + en + e++ + + ννee

For pp T ~ 10For pp T ~ 1077 K so this is the energy source for K so this is the energy source for 
the lower main sequence (mid F the lower main sequence (mid F -- 2 M2 M and later)and later)
εε = = εε00ρρTT44 for the pp cyclefor the pp cycle
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Reactions of the PP ChainsReactions of the PP Chains

3(103(10--88))7.27.218.07418.074BB88((ββ++νν)Be)Be88*(*(αα)He)He44

6.6(106.6(1011))102.65102.654.0(104.0(10--22))0.1350.135BeBe77(p,(p,γγ)B)B88

1.8(101.8(10--55))84.7384.731.2(101.2(1022))17.34717.347LiLi77(p, (p, αα)He)He44

3.9(103.9(10--11))0.800.800.8610.861BeBe77(e(e--,,νν)Li)Li77

9.7(109.7(1055))122.28122.28--2.8(102.8(10--44))4.7(104.7(10--11))1.5861.586HeHe33((αα,,γγ)Be)Be77

2.4(102.4(1055))122.77122.775.0(105.0(1033))12.85912.859HeHe33(He(He33,2p)He,2p)He44

4.4(104.4(10--88))37.2137.217.2(107.2(10--66))2.5(102.5(10--44))5.4935.493D(p,D(p,γγ)He)He33

7.9(107.9(1099))33.8133.814.2(104.2(10--2424))3.78(103.78(10--2222))0.2630.2631.4421.442H(p,H(p,ββ++νν)D)D

ττ (years)(years)††BB
dS/dEdS/dE
(barns)(barns)

SS00

((KeVKeV barns)barns)
Average Average νν
Loss (Loss (MeVMeV))

Q Q 
((MeVMeV))ReactionReaction

Reactions of the PP ChainsReactions of the PP Chains

†† Computed for X = Y = 0.5, Computed for X = Y = 0.5, ρρ = 100, T= 100, T66 = 15= 15
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The CNO CycleThe CNO Cycle
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The CNO CycleThe CNO Cycle
Effective at T > 2(10Effective at T > 2(1077) K) K

Mass > 2 MMass > 2 M (O through early F stars)(O through early F stars)
The main energy generation is through the CN CycleThe main energy generation is through the CN Cycle
The first two reactions are low temperature reactions.  They The first two reactions are low temperature reactions.  They 
produce produce 1313C in zones outside the main burning regions.  C in zones outside the main burning regions.  
This material is mixed to the surface on the ascent to the This material is mixed to the surface on the ascent to the 
first redfirst red--giant branch: giant branch: 1212C/C/1313C is an indicator of the depth of C is an indicator of the depth of 
mixing mixing -- not a signature that the CNO process has been the not a signature that the CNO process has been the 
main energy generator.main energy generator.
1414N is produced by incomplete CN burning (and is the main N is produced by incomplete CN burning (and is the main 
source of that element).source of that element).
The cycle when complete is catalytic.The cycle when complete is catalytic.
εε = = εε00ρρTT1616 for the CNO cyclefor the CNO cycle
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CNO ReactionsCNO Reactions

3.103.10167.15167.15Resonant ReactionResonant Reaction1.1931.1931717O(p,O(p,αα))1414NN
0.940.942.7622.7621717F(F(ββ++νν))1717OO

5.855.85166.96166.96--2.81(102.81(10--22))10.310.30.6010.6011616O(p,O(p,γγ))1717FF
152.54152.541.86(101.86(1011))27.427.412.12612.1261515N(p,N(p,γγ))1616OO

--0.210.21152.54152.548.22(108.22(1022))5.34(105.34(1044))4.9654.9651515N(p,N(p,αα))1212CC
1.001.002.7612.7611515O(O(ββ++,,νν))1515NN

4.214.21152.31152.312.752.757.2937.2931414N(p,N(p,γγ))1515OO
1.701.70137.20137.201.34(101.34(10--22))5.505.507.5507.5501313C(p,C(p,γγ))1414NN

0.7100.7102.2212.2211313N(N(ββ++νν))1313CC
2.302.30136.93136.934.261(104.261(10--33))1.401.401.9441.9441212C(p,C(p,γγ))1313NN

Log(Log(ττρρXXHH))
(years)(years)††BB

dS/dEdS/dE
(barns)(barns)

SS00

((KeVKeV
barns)barns)

Average Average νν
Loss (Loss (MeVMeV))Q (Q (MeVMeV))ReactionReaction

Reactions of the CNO CycleReactions of the CNO Cycle

†† Computed for Computed for TT66 = 25= 25
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PrePre--Main Sequence Nuclear SourcesMain Sequence Nuclear Sources

66Li (H,Li (H,44He) He) 33HeHe
77Li (H,Li (H,44He) He) 44HeHe
1010B (B (22H,H,44He) 2He) 244HeHe
99Be (2H,2Be (2H,244He) He) 33HeHe
D (D (H,H,γγ) ) 33HeHe

These are parts of the pp These are parts of the pp 
cycle and destroy any of cycle and destroy any of 
these elements that are these elements that are 
present.  But these species present.  But these species 
still exist!  How do they still exist!  How do they 
survive?survive?
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PostPost--Main Sequence ProcessesMain Sequence Processes

Mass Criteria: M/MMass Criteria: M/M > 0.5> 0.5
TTcc ≈≈ 101088 KK
Summary:   3 Summary:   3 44He He →→ 1212C + C + γγ Q = 7.27 Q = 7.27 MeVMeV
Details:     Details:     44He (He (44He, ) He, ) 88Be (Be (44He,) He,) 1212CC

44He (He (44He, ) He, ) 88Be is endothermicBe is endothermic
The third The third 44He must be present when He must be present when 44He (He (44He, ) He, ) 88Be occurs Be occurs 
or Beor Be8 8 →→ 2He2He44 occurs (Timescale is 2.6(10occurs (Timescale is 2.6(10--1616) s)) s)
This is a three body collision!  It happens because This is a three body collision!  It happens because 1212C has C has 
an energy level at the combined energy of an energy level at the combined energy of 88Be + Be + 44He.  This He.  This 
is a resonance reaction.is a resonance reaction.
εε = = εε00ρρ22TT3030 for 3for 3αα

The Triple The Triple αα ProcessProcess
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Other Common ReactionsOther Common Reactions

A Very Important Reaction: A Very Important Reaction: 1212C(C(44He,)He,)1616OO
This reaction has a very high rate at the This reaction has a very high rate at the 
temperatures and densities of 3temperatures and densities of 3αα
After 3After 3αα one has C and O.one has C and O.

1414N (N (44He,eHe,e++ννee) ) 1818O (O (44He,) He,) 2222NeNe
This burns to completion under 3This burns to completion under 3αα conditions so conditions so 
all N is destroyed.all N is destroyed.

These happen along with 3These happen along with 3αα
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Carbon BurningCarbon Burning

1212C + C + 1212CC

2222Na + HNa + H 2020Ne + Ne + 44HeHe 2323Mg + nMg + n 24Mg + 24Mg + γγ

•• C is the next fuel C is the next fuel -- it is the lowest Z nuclei it is the lowest Z nuclei 
left after 3left after 3αα

•• TTcc > 6(10> 6(1088) K) K
•• εε = = εε00ρρTT3232 for carbon burningfor carbon burning
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Oxygen BurningOxygen Burning

1616O + O + 1616 OO

3232S + S + γγ 3131P + pP + p 3131S + nS + n 2828Si + Si + αα 2424Mg + 2Mg + 2αα
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Neutrino Energy LossNeutrino Energy Loss

Cross Section is Cross Section is σσ ~ 10~ 10--4444 cmcm22

Interaction Probability Interaction Probability σσnnbbRR
nnbb = baryon number= baryon number
R = radius of starR = radius of star

Neutrinos are a source of energy loss but Neutrinos are a source of energy loss but 
do not contribute to the pressuredo not contribute to the pressure
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Davis ExperimentDavis Experiment
1717ClCl3737 + + ννee →→ 1818ArAr3737 + e+ e--

The threshold energy is 0.81 The threshold energy is 0.81 MeVMeV for the for the 
reaction.reaction.
This is a This is a ““superallowedsuperallowed”” transition as the transition as the 
quantum numbers of excited quantum numbers of excited 1818ArAr3737 at 5.1 at 5.1 MeVMeV
are the same as the ground state in are the same as the ground state in 1717ClCl3737..

We would expect to be able to detect a single event We would expect to be able to detect a single event 
at E > 5.1 at E > 5.1 MeVMeV

Primary Primary ννee sources in the Sun are the pp and sources in the Sun are the pp and 
CN cycles.CN cycles.
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Sources of Solar Sources of Solar NeutinosNeutinos

2.6(102.6(10--22))1.701.701.001.00OO1515 →→ NN1515 + e+ e++ + + ννee

3.7(103.7(10--22))1.191.190.710.71NN1313 →→ CC1313 + e+ e++ + + ννee

4.5(104.5(10--44))14.014.07.27.2BB88 →→ BeBe8*8* + e+ e++ + + ννee

0.40.40.860.860.860.86BeBe77 + e+ e-- →→ LiLi77 + + ννee

1.55(101.55(10--22))1.441.441.441.44p + p p + p + e+ e-- →→ D + D + ννee

6.06.00.420.420.260.26p + p p + p →→ D + eD + e++ + + ννee

MaxMaxMeanMean
RelativeRelative
ImportanceImportance

Neutrino EnergyNeutrino Energy
ReactionReaction
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Experimental ResultsExperimental Results
The only neutrino the Davis experiment can The only neutrino the Davis experiment can 
see is the Bsee is the B88 neutrino neutrino -- the least significant the least significant 
neutrino source in the chains.neutrino source in the chains.
Original Predicted Rate was 7.8 SNU with a Original Predicted Rate was 7.8 SNU with a 
detected rate of 2.1 detected rate of 2.1 ±± 0.3 SNU0.3 SNU
GALLEX tests the p + p neutrino production: GALLEX tests the p + p neutrino production: 
its rate is about 65% of the predicted values.its rate is about 65% of the predicted values.

Better solar models are cutting the predicted ratesBetter solar models are cutting the predicted rates
DiffusionDiffusion
ConvectionConvection
Better opacitiesBetter opacities


