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Quantum Corrections to the Black Hole Entropy



Kerr-Newman Black Holes in N ≥ 2 Supergravity



Can embed arbitrary Kerr-Newman black holes into N ≥ 2 supergravity: +I + Fµν = X I Fµν



X I = constant Compute quantum fluctuations around Kerr-Newman background. =⇒ logarithmic corrections to black hole entropy!
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Logarithmic Corrections



Corrections take the form ∆S = f (M, Q, J) log A Computed via heat kernel method 1 f (M, Q, J) = − 2



Z



√ d4 x −g a4 (x)



Heat kernel coefficient depends on four-derivative geometry terms a4 (x) ∼ cW 2 − aE4 where a, c depend on field content.
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W 2 and E4 Corrections  Z  Z ∆S ∼ c W 2 − a E4 log A c-type corrections: Z πβM 2 Q4 (3r4 M 4 + 2r2 M 2 J 2 + 4J 4 ) W 2 = 64π 2 + r3 J 4 (r2 M 2 + J 2 )   J 3πβM Q4 (r4 M 4 − J 4 ) −1 tan − r4 J 5 rM Messy, complicated dependence on black hole parameters. a-type corrections: Z E4 ∝ χ = 2 Topological, Euler characteristic χ = 2 for all Kerr-Newman black holes. 4



c and a Calculations



c



a



Multiplet



Bosons



Fermions



Total



Bosons



Fermions



Total



Gravity



137 60 1 5 1 - 20 1 30



− 137 60



0



− 589 360



− 11 24



- 15



0



1 20 1 - 30



0



106 90 31 90 1 90 1 90



41 360 11 360 19 − 360



11 24 1 24 1 − 24



Gravitino Vector Hyper



0



↑



↑



W2



E4



(complicated corrections)



(topological corrections)
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Universal Corrections to Black Hole Entropy



Upshot: c vanishes for each multiplet. Result #1: Entropy corrections determined entirely by the theory, independent of black hole parameters! ∆S =



1 (23 − 11(N − 2) − nV + nH ) log A , 12



with N − 2 gravitino multiplets, nV vector multiplets, and nH hypermultiplets. [AMC and Larsen, ’15] Subtlety: Integer corrections due to zero modes at extremality. Matches existing results in BPS limit. [Sen ’12; Keeler, Larsen, and Lisbao ’14] Insensitive to deformations off extremality, universal! 6



Supersymmetry?



Cancellation of c between bosons and fermions within each multiplet; smells like SUSY! Puzzle: background is non-supersymmetric. 1. Why do the quantum fluctuations respect supersymmetry? 2. Why does supersymmetry force c = 0?
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Supersymmetry and the Quantum Effective Action



Quantum Effective Action



To understand quantum effects, expand fields around classical solution: φ → φ + δφ Then, compute the quantum effective action: Z Γ[φ] = −i log Dδφ exp (iS[φ + δφ]) Γ is the generator of all 1PI diagrams of the quantum theory, but in general is non-local and very complicated. Important: the operators present in Γ must respect symmetries of the low-energy theory!
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Quantum Effective Action Logarithmic corrections to entropy come from the logarithmically divergent (e.g. marginal) operators in Γ. In 4D, marginal operators are four-derivative operators: X  Z √ ∆S ∼ d4 x −g c4 O4 log A . | {z } a4 (x)



Should think of a4 (x) as effective four-derivative action with the same symmetries as Γ. Moral of the story: The operators that appear in a4 (x) must be compatible with SUSY, though the background we evaluate them on may not be.
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Supersymmetrizing the Quantum Fluctuations



Originally expressed a4 (x) ∼ cW 2 − aE4 Not manifestly supersymmetric! Instead, look at supersymmetric completion: a4 (x) ∼ c0 (W 2 + SUSY) − a0 (E4 + SUSY) Need to study higher-derivative N = 2 supergravity to understand what these operators are.
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Supersymmetry Constraints on Higher-Derivative Actions Higher-derivative N = 2 supergravity actions constructed using the off-shell superconformal formalism. Two known duality invariant four-derivative actions: 1. SUSY completion of W 2 2. SUSY completion of E4 [Butter, de Wit, Kuzenko, and Lodato, ’13] Evaluate on-shell for Einstein-Maxwell backgrounds: W 2 + SUSY → E4 E4 + SUSY → E4 Not at all immediate; requires elaborate cancellations between the gravitational terms (R2 ), the matter terms (F 4 ), and the cross-terms (RF 2 ). 11



Non-Renormalization for Non-Supersymmetric Black Holes



Supersymmetric completions of W 2 and E4 both coincide with E4 for Einstein-Maxwell backgrounds! [AMC, Larsen, and Mayerson ’17] c = 0 required, W 2 term is inconsistent with N = 2 SUSY. Result #2: N = 2 SUSY guarantees that no W 2 term can appear in the effective action for Einstein-Maxwell solutions. This holds even for backgrounds that break the supersymmetry of the theory!
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Higher-Derivative Corrections



String theory =⇒ higher-derivative (e.g. α0 ) corrections to Einstein-Hilbert term:   Z √ 1 2 S = d4 x −g R + gW + . . . 2κ2 Application of quantum result: coupling constant g is not renormalized in N ≥ 2 supergravity. g can be related to microscopic theory for BPS black holes!
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Minimal Supergravity



Example: minimal N = 2 supergravity (e.g. no vector multiplets), arises from compactifying type IIB on a rigid Calabi-Yau.    1 1 L ∼ 2 R − Fµν F µν + g W 2 + SUSY + (fermions) 2κ 4 Equations of motion become extremely elaborate, but can still look for black hole solutions.
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Minimal Supergravity Two-derivative part of Einstein equation: (ordinary Einstein-Maxwell) 1 1 Rµν − gµν R = Fµρ Fν ρ − gµν Fρσ F ρσ 2 4 Four-derivative part of Einstein equation: 4 1 0 = 4Rµρ Rνρ − gµν Rρσ Rρσ − Rµν R + gµν R2 − 2∇2 Rµν 3 3 1 4 ρ 2 + 4∇ ∇µ Rνρ + gµν ∇ R − ∇µ ∇ν R 3 3 1 − −ρσ + +τ λ − +τ − +ρσ + gµν Fρσ F Fτ λ F − 2gµν Rρσ Fρτ Fσ + 8Rµρ Fνσ F 4 − + − +ρσ − +νρ + 4Rρσ Fµρ Fνσ + 4∇ρ ∇µ (Fνσ F ) − 2∇2 (Fµρ F ) − 2gµν ∇ρ ∇σ (F −ρτ F +στ ) Can work hard to show that this is automatically satisfied by Einstein-Maxwell solutions with no modifications to the geometry! 15



Kerr-Newman Black Holes with(out) String Corrections



Use the Wald entropy formalism to compute Kerr-Newman black hole entropy: S=



A + 64π 2 g , 4GN



g = coupling of (W 2 + SUSY) term



Result #3: Kerr-Newman black holes are solutions to minimal N = 2 supergravity, even with higher-derivative corrections. Entropy correction is constant and independent of black hole parameters! [AMC and Larsen, ’16]
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Summary and Future Directions



Summary Result #1: Quantum corrections to Kerr-Newman entropy determined entirely by the supergravity theory, independent of black hole parameters! Result #2: N = 2 SUSY guarantees that no W 2 term can appear in the effective action for Einstein-Maxwell solutions. Result #3: Kerr-Newman black holes are solutions to minimal N = 2 supergravity, even with higher-derivative corrections. Entropy correction is constant, independent of black hole parameters! Overall: numerous novel and surprising non-renormalization results for non-supersymmetric black holes in N = 2 supergravity. 17



Future Directions



Microscopics Entropy corrections (quantum and higher-derivative) are computed macroscopically in semi-classical gravity. Match to microscopic results! Results indicate that microscopic theory is insensitive to deformations away from BPS limit (e.g. independent of coupling) Other Embeddings Results are for black holes on BPS branch. Non-BPS branch? Higher-Derivative Black Holes Extend minimal supergravity results; construct non-supersymmetric solutions with arbitrary vector multiplets. Non-supersymmetric attractor flow equations?
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