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2.01 ± 0.04 solar mass



𝑅𝜇𝜈 −
1

2
𝑔𝜇𝜈 𝑅 = 8 𝜋 𝐺 𝑇𝜇𝜈

𝑇0
0 = 𝜀(𝑟) 𝑇𝑖

𝑗 = 𝑃(𝑟)𝛿𝑖
𝑗

𝑑𝑠2 = −𝑒𝜈 𝑟 𝑑𝑡2 + 𝑒𝜆 𝑟 𝑑𝑟2 + 𝑟2𝑑Ω2

Tolman–Oppenheimer–Volkoff equations

Only unknown: Equation of State F 𝜀, 𝑃 = 0

𝜕𝜇 𝑇𝜈
𝜇

= 0

𝑃(𝑟∗) = 0

𝑟∗





Perturbation Theory

Lattice QCD

Chiral Perturbation Theory

Phenomenological models: Nambu-Jona-Lasinio, Walecka

𝜇 ≪ 𝑇

𝜇 > 1 𝐺𝑒𝑉

𝑇 ∼ 0.1 − 1 𝑘𝑒𝑉

𝜇 < 500 𝑀𝑒𝑉

𝑛 ≤ 𝑛𝑠 ≃ 0.16 𝑓𝑚−3 𝑛 ∼ 5 𝑛𝑠

Extrapolated from low density





[Kurkela, Fraga, Schaner-Bielich, Vuorinen 1402.6618]



[Weber astro-ph/0407155]



What about holographic models?

Strong coupling

No problems with large density

Large-N: baryons are difficult

Not QCD: systematic uncertainty
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What about holographic models?

Strong coupling

No problems with large density

Large-N: baryons are difficult

Not QCD: systematic uncertainty

Restrict to deconfined phase

universality in quark-gluon plasma (?) 



[Weber astro-ph/0407155]

Deconfined matter at the core







𝑑𝑠2 =
𝑑𝑟2

𝑟2
+ 𝑟2𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈

𝑥𝜇

𝑟

𝑑 dimensions



Field theory
directions

radial direction

volume ~ area



infinite distance

length = length



Boosted particle

Massive particle at rest

Lightcone



UV CFT

RG flow

IR



𝑑𝑠2 =
𝑑𝑟2

𝑓(𝑟)𝑟2
+ 𝑟2(−𝑓 𝑟 𝑑𝑡2 + 𝛿𝑖𝑗𝑑𝑥𝑖𝑑𝑥𝑗)

𝑓 𝑟 = 1 −
𝑟𝐻

𝑑

𝑟𝑑

Thermal state

Temperature = Hawking temperature

Thermal Entropy = Black hole area



Thermal state

Temperature ~ 

Thermal Entropy ~ 

𝑑𝑠2 =
𝑑𝑟2

𝑓(𝑟)𝑟2
+ 𝑟2(−𝑓 𝑟 𝑑𝑡2 + 𝑔𝑖𝑗𝑑𝑥𝑖𝑑𝑥𝑗)

𝑓 𝑟 = 1 −
𝑟𝐻

𝑑

𝑟𝑑

𝑟𝐻

𝑟𝐻
𝑑−1





Global symmetries Asymptotic symmetries

Field theory Gravity

Local symmetries are not ``physical’’

Conformal symmetries AdS isometries

𝑟 → 𝜆 𝑟 𝑥𝜇 → 𝑥𝜇/𝜆 𝑑𝑠2 =
𝑑𝑟2

𝑟2
+ 𝑟2𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈



Field theory Operators Gravity fields

Local gauge-invariant

MassConformal dimension

Local fields

Equal charges and spin

𝒪(𝑥) Φ(𝑥, 𝑟)

Δ 𝑀𝑠
2 = Δ(Δ − 𝑑)

Φ 𝑥, 𝑟 ∼
𝑔

𝑟𝑑−Δ
+

𝒪

𝑟Δ



𝑊 𝑔 = 𝑒 𝑔 𝒪 𝑆 𝑔 =
1

16 𝜋𝐺
 𝑅 + ℒ𝑚𝑎𝑡𝑡𝑒𝑟

Generating functional On-Shell action

Field theory Gravity

𝒪𝒪 =
𝛿2 𝑊

𝛿 𝑔2





𝒩 = 4 SU(𝑁𝑐) Super Yang-Mills

𝒩 = 2 𝑁𝑓 ≪ 𝑁𝑐 Flavor hypermultiplets

Fields in adjoint of color: 

Fields in (anti)fundamental of color: 

𝐴𝜇 , 𝜙𝑖=1,⋯,6 , 𝜆𝑎=1,⋯,4

𝑞,  𝑞, 𝜓,  𝜓

𝜆𝑌𝑀 = 𝑔𝑌𝑀
2𝑁𝑐 ≫ 1

𝑁𝑐 → ∞



𝐴𝑑𝑆5 × 𝑆5 + 𝑁𝑓 D7 flavor branes

𝑑𝑠2 =
𝑑𝑟2

𝑓(𝑟)𝑟2
+ 𝑟2(−𝑓 𝑟 𝑑𝑡2 + 𝛿𝑖𝑗𝑑𝑥𝑖𝑑𝑥𝑗) + 𝑑Ω5

𝑑Ω3D7 flavor branes

probe approximation



𝐴𝑑𝑆5 × 𝑆5 + 𝑁𝑓 D7 flavor branes

𝑆𝐷7 = −𝑇7  𝑒−𝜑 det(𝑔𝑎𝑏 + 𝐹𝑎𝑏) + 𝑇7  𝐶4 ∧ 𝐹 ∧ 𝐹

𝐴0 ≈ μ +
𝐽0

𝑟2

baryon chemical potential

baryon charge density

(beta-equilibrium: no electrons)



free energy = -on-shell action (gravity+D7)

gravity action does not depend on chemical potential

ℱ𝐺 ∼ −𝑁𝑐
2 𝑇4

D7 brane action at small temperatures

ℱ𝐷7 = −
𝑁𝑐𝑁𝑓

4𝛾3𝜆𝑌𝑀
(𝜇2 − 𝜇0

2)
2

+O(𝜇3𝑇)
[Karch, O’Bannon 0709.0570]



𝑁𝑐 = 𝑁𝑓= 3Number of color and flavors the same as QCD

Stefan-Boltzmann result at large chemical potentials

ℱ𝐷7 ≃ −
𝑁𝑐𝑁𝑓

4𝛾3𝜆𝑌𝑀
𝜇4 = −

𝑁𝑐𝑁𝑓

12 𝜋2
𝜇4 𝜆𝑌𝑀 =

3 𝜋2

𝛾3
≃ 10.74

Pressure (=- free energy) vanishes ~ 1/3 nucleon mass

𝜇0 ≃ 308.55 𝑀𝑒𝑉





first order phase transition



increasing pressure



deconfined matter at the core starts

increasing pressure



unstable branches



no deconfined matter in stable stars



A non-Trivial Condition for Serious EoS



𝑣𝑠
2 =

𝜕 𝑃

𝜕𝜀

stiffness ~ speed of sound

Neutron star mass larger for stiffer EoS



Conjecture: speed of sound is bounded in holographic models

[Cherman, Cohen, Nellore '09; Hohler, Stephanov '09]

[Cherman, Nellore '09]

Assumptions: UV fixed point (asymptotically AdS)

Shown true for: scalars at finite temperature

Holds in SUGRA models: Klebanov-Strassler, N=2* 

Holds in D-brane models even at finite density (D7 model) 



EoS of nuclear matter models

[Weber astro-ph/0612054]



Conformal EoS too soft

[Weber astro-ph/0612054]



Conformal EoS too soft

[Weber astro-ph/0612054]



Conjecture: speed of sound is bounded in holographic models

Assumptions: UV fixed point (asymptotically AdS)

scalar at low temperature and finite density
small breaking of conformal invariance
SUGRA model: R-charged black hole



Conjecture: speed of sound is bounded in holographic models

also analytic results at large values of the chemical potential

Stability OK (no homogeneous condensates)



Speed of sound with large breaking of conformal invariance

Mixed phases in neutron stars

Nuclear matter in holographic models (light baryons?)

Surface tension of bubbles in mixed phases

Transport properties, emissivities, etc



¡ Gracias !


