Electrodinàmica clàssica pod Otoño, 2001

⃗r′_⊥ = ⃗r_⊥ , r′_‖ = γ(r_‖ −vt), t′ = γ(t−^1_c ⃗r⃗β) x^′ = x cosh ξ − ct sinh ξ , ct^′ = ct cosh ξ − x sinh ξ ⃗r′ = ⃗r + (_{γ−1} v^2 ⃗r · ⃗v − γt ) ⃗v , t^′ = γ ( t −^{⃗v·⃗r}_{c2} ) i, j ≤ 3 L^{i′}_j = δ^{i′}_j +^{γ−1}_{β2} β^{i′} β_j i ≤ 3 L^{i′}_4 = L^{4′}_i = −γβ^i L^{4′}_4 = γ

Contracció longituds: Δ⃗x^′_⊥ = Δ⃗x_⊥ , Δx^′_‖ = γΔx_‖ l = l^′ √ 1 − (_v c )_2

cos^2 α^′ =^{l′}

√_{γ2 cos2 α+sin2 α} , tgα^′ = 1 γ tgα Temps: Δt = γΔt^′ = γτ

Velocitats: ⃗u^′_⊥ =^{⃗u⊥}_γ^(_{1− ⃗v·⃗u} c2 ) , u^′_‖ =^{u‖−v}_{1− ⃗u·⃗vc2} , ϕ^′ = ϕ − ξ ⃗u′ =^{⃗u+ γ−1}v^{2 ⃗u·⃗v−γ⃗v} γ ( 1−^{⃗v·⃗u}_{c2} ) , tgθ^′ =^{u sin θ} γ (_{u cos θ−v}) , v = c tghξ u^′ = √ u^2+v^2−2uv cos θ−(^{vu}_c sin θ)^2 1−^{⃗v·⃗u}_{c2} , γ ′ u = γ_uγ_v ( 1 −^{uv}_{c2} )

Ones planes: ⃗n = ⃗k/2π = n̂/λ ⃗n′ = ⃗n +^{γ−1}_{c2} (⃗v · ⃗n)⃗v −^{γν}_{c2} ⃗v , ν′ = γ(ν − ⃗v · ⃗n) Doppler: ν_R = ν_E / γ ( 1 −^{⃗v·n̂R}_{c1,R} ) D. rad (lluny): ν_R = ν_E √_{1−v/c} 1+v/c , tg: νR = νE/γ Aberració: sin α^′ =^{sin α}_{γ(1+β cos α)} , cos α^′ =

cos α+β 1+β cos α

Fresnel: c^′_1 = c_1^{1−} v c1 cos α √ 1−2 cos α^{vc1}_{c2} −(^v_c sin α)^2

≈ c_1 − v ( 1 −^1_{r21} )

Quadrivectors: v^{μ′} = Λ^{μ′}_ν v^ν , Λ = L · R t. propi Δτ = γ^{−1}Δt =^1_c ∫_λ λ_0 dλ √ −Ẋ^μẊ_μ 4-vel: u^μ =^{dXμ}_{dτ} = γ(⃗ω, c) , (u)^2 = −c^2 , ⃗β = ⃗ω c =^{⃗u}_{u4} 4-acc: b^μ =^{duμ}_{dτ} , b^4 = γ^{4 ⃗ω·⃗a}_c =^{⃗b·⃗ω}_c =^{⃗u·⃗b}_{u4} , b^μu_μ = 0 ⃗b = γ2⃗a + γ4 (_{⃗ω·⃗a} c^2 ) ⃗ω = γ^4 ( ⃗a +^1_{c2} ⃗ω × (⃗a × ⃗ω) ) dγ dt =^1_{c2} ⃗ω · ⃗aγ^3 , b^μb_μ = γ^4 ( ⃗a^2 + γ^{4 ⃗ω·⃗a}_{c2} )

4-p: p^μ = mu^μ = mγ(⃗ω, c) , p^μp_μ = −m^2c^2 , E = cp^4 E^2 = (c⃗p)^2 + (mc^2)^2 , ⃗β = ⃗p/p^4 , c|⃗p| = √ T (T + 2mc^2) ⃗p_{cm} = 0 , ⃗v_{cm} = c⃗p/p^4 , ⃗K = hν/c(n̂, 1) Dinàmica: f^μ =^d_{dτ} p^μ = γ( ⃗F , ⃗v ⃗F /c) ⃗F = mγ⃗a + mγ3^{⃗v·⃗a}_{c2} ⃗v −→_{(⃗v⊥⃗a)} mγ3⃗a L = −mc^2 √ 1 −^{v2}_{c2} , H = c √ m^2c^2 + ⃗p^2 Acció S = ∫ Ldt = −mc^2 ∫ dτ ⃗∇ · ⃗B = 0 , ⃗∇ × ⃗E + ∂_t ⃗B = 0 , ⃗D = ϵ_0 ⃗E + ⃗P = ϵ ⃗E ⃗∇ · ⃗D = ρ , ⃗∇ × ⃗H − ∂_t ⃗D = ⃗ȷ , ⃗H =^{⃗B}_{μ0} − ⃗M = μ ⃗B 4-corrent: j^μ = (⃗ȷ, cρ) , Continuïtat:^∂_{∂xμ} j^μ = 0 Força de Lorentz f^μ = qF^μ_ν u^ν Tensor electromagnètic F_{i4} = −F_{4i} = E_i/c F_{ij} = ϵ_{ijk}B^k ; E_i = cF_{i4} = −cF_{4i} , B^k = 1 2 ϵ^{ijk}F_{ij} Camp E: E^′_‖ = E_‖ , ⃗E^′_⊥ = γ ( ⃗E_⊥ + ⃗v × ⃗B ) Camp B: B^′_‖ = B_‖ , ⃗B^′_⊥ = γ ( ⃗B_⊥ −^1_{c2} ⃗v × ⃗E ) → ⃗E^′ = ⃗E + γ(⃗v × ⃗B) +^{1−γ}_{v2} ⃗v × (⃗v × ⃗E) → ⃗B^′ = ⃗B −^γ_{c2} (⃗v × ⃗E) +^{1−γ}_{v2} ⃗v × (⃗v × ⃗B) Invariants ⃗E · ⃗B , ⃗B^2 −^1_{c2} ⃗E^2

Maxwell ∂_ρF^{νρ} = μ_0j^ν , ∂_αF_{βγ} + ∂_βF_{γα} + ∂_γ F_{αβ} = 0 4-potecial A^ν = ( ⃗A, ϕ/c) , F_{μν} = ∂_μA_ν − ∂_ν A_μ → Maxwell ∂^ν ∂_ρA^ρ − ∂_ρ∂^ρA^ν = μ_0j^ν Galga Coulomb ⃗∇ · ⃗A = 0 Lorentz ∂_μA^μ = 0 Energía ⃗∇ · ⃗S +^{∂U}_{∂t} = −⃗ȷ · ⃗E , ⃗S = ⃗E × ⃗H Energia-impuls θ^{μα} = ϵ_0c^2 ( F^{νμ}F^α_ν −^η_4 F^{σρ}F_{σρ} ) θ^{44} = U , θ^{i4} = θ^{4i} = S_i/c θ^{ij} = −ϵ_0 [ E^iE^j + c^2B^iB^j −^1_2 δ^{ij} ( ⃗E^2 + c^2 ⃗B^2) ] = −T^{ij} Conservació ∂_μθ^{μα} = j_ν F^{να} Moment^d_{dt} ∫ v(ρE_i +(⃗ȷ× ⃗B)_i)dv = −^1_{c2}^d_{dt} ∫ v S_idv + ∫ A T^{ij}n̂_id^2A L(⃗x, t) = −mc^2 √ 1 −^{v2}_{c2} + q(⃗v × ⃗A) − qϕ P_i =^{∂L}_{∂vi} = mγv_i + qA_i H(P, ⃗x, t) = √ m^2c^4 + c^2( ⃗P − q ⃗A)^2 + qϕ

Telegrafia ∇^2 ⃗E − μϵ^{∂2}_{∂t2} ⃗E − σ^∂_{∂t} ⃗E = 0 si ⃗E = ⃗E(⃗r)e^{−iωt} → ∇^2 ⃗E + ( 1 +^σ_{μϵ} ) μϵ ⃗E = 0 Transversalitat c_1 ⃗B = n̂ × ⃗E Temps retardat τ_r = t −^1_c |⃗x − ⃗y| , c^2(t − t_r)^2 − (⃗x − ⃗z_r)^2 = 0 Radiació multipolar A^μ(⃗x, t) =^{μ0}_{4π} ∫ R^3 d 3⃗y^j μ ( ⃗y,t∓^{|⃗y−⃗x|}_c ) |⃗x−⃗y| θ ( ±t −^{|⃗x−⃗y|}_c ) ± ±^1_{4π} ∫ R^3 d^3⃗y |⃗x−⃗y| [_1 c ∂_tA^μ(⃗y, 0)δ(ct ∓ |⃗x − ⃗y|)+ +A^μ(⃗y, 0)δ^′(ct ∓ |⃗x − ⃗y|)] Part. lliures a t → −∞

→ A^μ =^{μ0}_{4π} ∫ R^3 d 3⃗y^j μ ( ⃗y,t∓^{|⃗y−⃗x|}_c ) |⃗x−⃗y| Font localitzada. Camps pròxims ⃗E_I =^1_{4πϵ0} ∫_{R3} d3⃗y^{ρ(⃗y)}_{|x−y|2} e−ik|⃗x−⃗y| ⃗B_I = −^μ0_{4π} ∫_{R3} d3⃗y^{n̂×⃗ȷ(⃗y)}_{|⃗x−⃗y|2} e−ik|⃗x−⃗y| Camps de radiació. Camps de radiació ⃗E_{II} =^{ik}_{4πϵ0} ∫_{R3} d3⃗y^{e−ik|⃗x−⃗y|}_{|⃗x−⃗y|} (ρn̂ −^1_c⃗ȷ(⃗y)) = iωr̂ × (r̂ × ⃗A) ⃗B_{II} = −^{ikμ}0_{4π} ∫_{R3} d3⃗y^{e−ik|⃗x−⃗y|}_{|⃗x−⃗y|} n̂ × ⃗ȷ(⃗y)) = −^{iω}_c r̂ × ⃗A ⃗A =^μ0_{4π}^{e−ikr}_r ∫_V d3⃗yeikr̂⃗y⃗ȷ(⃗y) Radiació dipolar magnètica (e^{ikr̂⃗y} ≈ 1)

⃗A = i^μ0^ω_{4π}^{e−ikr}_r ⃗p , ⃗p = ∫_v d3⃗rρ(⃗y)⃗y Moment dipolar magnètic (part antisimétrica) ⃗A = −^{ikμ}0_{4π}^{e−ikr}_r r̂ × ⃗m , ⃗m = ∫_v d3⃗y ⃗M = ∫ v d^3⃗y^1_2 ⃗y × ⃗ȷ(⃗y) Moment quadrupolar elèctric (part simètrica) ⃗B = −i^{ck2}_{24π} μ_0^{e−ikr}_r r̂ × ⃗q , ⃗E = −i^{c2k3}_{24π} μ_0^{e−ikr}_r (r̂ × ⃗q) × r̂ a^{ij} = ∫ v d^3⃗y(3y^iy^j − ⃗y^2δ^{ij} )ρ(⃗y) , q^j = r̂_ia^{ij} r̂ × ⃗q = 3r̂ × ∫ v d^3⃗y(⃗yr̂)⃗yρ(⃗y) Partícules en moviment j^μ = qδ(⃗y − ⃗z(t))(⃗v(t), c) , R^ρ = x^ρ − y^ρ , ρ_r = |⃗x − ⃗z| A^ν (⃗x, t_r) = −^{μ0c}_{4π} q^{żnu}_{(⃗x−⃗z)ρżρ} F^{μν}_I = −^q_{4πϵ0c}^{żμrν −żν rμ}_{ρ2r} F^{μν}_{II} = −^q_{4πϵ0c} {_{z̈μrν −z̈ν rμ} cρ_r + ż^μr^ν −ż^ν r^μ cρ_r (rz̈) } a t, τ_r → −∞ , z̈ = 0 → F_{II} = 0 ⃗E_{II} = q 4πϵ_0c|⃗x − ⃗z|(1 − n̂⃗β)^3 n̂ × (n̂ − ⃗β) × ˙⃗β ⃗B_{II} = q 4πϵ_0c^3|⃗x − ⃗z|(1 − n̂⃗β) ( (1 − ⃗βn̂)(⃗a × n̂) + (⃗an̂)(⃗β × n̂) ) = 1 c n̂ × ⃗E_{II} 4-moment radiat^d_{dτ} p^μ =^{q2}_{6πϵ0c5} (z̈^νz̈_ν )ż^μ Energía:^d_{dt} ε =^{qγ6}_{6πϵc3} (⃗a^2 − (⃗β × ⃗a)^2) formula de Larmor^d_{dt} ε =^{q2}_{6πϵ0c3} ⃗a^2

Distribució angular^d_{dt} ε = ⃗Sd^2 ⃗A observador^{d2ϵ}_{dtd2Ω} =

q^2 16π^2ϵ_0c 1 (1−n̂⃗β)^6 ( n̂ × ( (n̂ − ⃗β) × ˙⃗β ))_2 càrrega (t. retardat)

d^2ϵ dtd^2Ω = q^2 16π^2ϵ_0c 1 (1 − n̂⃗β)^5 ( n̂ × ( (n̂ − ⃗β) × ˙⃗β ))_2

Accelerador lineal^d_{dt} ε =^{q2γ6}_{6πϵ0c3} ⃗a^2 ,^d_{dt} ε = mγ^3⃗v⃗a dε_{rad} dε =^{q2}_{6πϵ0c3m2v}^{dε}_{dx} , dε = mγ^3vadt = mγ^3adx Distribució angular^{d2W}_{dΩ2} =^{q2v̇2}_{16π2ϵ0c3}^{sin2 θ}_{(1−β cos θ)5}

f(θ) =^{3(1−β2)}_{8π}^{sin2 θ}_{(1−β cos θ)5} , cos θ_{max} = −1+ √_{1+15β2} 3β resultats^{d2W}_{dΩ2} ∝ γ^8 , Δθ ∝ γ^{−1} triem ⃗β = βk̂ , n̂ = (sin θ cos φ, sin θ cos φ, sin φ)

Accelerador circular^d_{dt} ω =^{q2γ4}_{6πϵ0c3} a^2 Δε_{rad,1rev} ε =^{Δε}_{mγc2} =^{q2ϵ2β3}_{3ϵ0Rm4c8}

d^2W dΩ^2 = q^2β̇^2 16π^2ϵ_0c(1−β cos θ)^5 [ (1 − β cos θ)^2 − (1 − β^2) sin^θ cos^φ ] ρ =^3

8πγ^4(1−β cos θ)^3 [ 1 −^{sin2 θ cos2 φ}

γ^2(1−β cos θ)^2 ] siγ ↑ → ρ ≈^1_{(1+γ2θ2)} ( 1 − γ^{2 θ2 cos2 φ}

(1+γ^2θ^2)^2 ) triem ⃗β = βk̂ , ˙⃗β = β̇î Sincrotó δt = 2δθR(1/β − 1 =≈ γ^{−3}/ω_0 Radi de radiació δω ≈ ω_0γ^3