
QCD in strong magnetic fields

Umut Gürsoy
Utrecht University

IPMU, 26.9.2013

Part I: arXiv:1212.3894 with I. Iatrakis, E. Kiritsis, F. Nitti, A. O ’ Bannon
Part II: ongoing with D. Kharzeev and K. Rajagopal

QCD in strong magnetic fields – p.1



QCD under magnetic fields

• Schwinger pair productionif F > m2
e/e for eB ≈ 1013 G.

• Magnetic de-catalysis: B (de)catalyzes〈q̄q〉 is non-monotonic
Bali et al ’12

• rho-meson condensation⇒ superconducting QCD vacuum!
Chernodub ’10see Nele Callebaut’s talk

• Phase diagramof QCD inµ− T −B? depending on
Nf/Nc << 1 or O(1)
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• Schwinger pair productionif F > m2
e/e for eB ≈ 1013 G.

• Magnetic de-catalysis: B (de)catalyzes〈q̄q〉 is non-monotonic
Bali et al ’12

• rho-meson condensation⇒ superconducting QCD vacuum!
Chernodub ’10see Nele Callebaut’s talk

• Phase diagramof QCD inµ− T −B? depending on
Nf/Nc << 1 or O(1)

This talk:

• Chiral Magnetic effectKharzeev, McLerran, Warringa ’07

• Induced currents in the quark-gluon plasmaU.G, Kharzeev, Rajagopal,

ongoing

QCD in strong magnetic fields – p.2



Heavy ion collisions and magnetic fields

B
• Initial magnitude of B

• Bio-Savart:B0 ∼ γZe b
R3 ⇒

∼ 1018(1019) G at RHIC
(LHC).

• B0 ∼ 1010 − 1013G (neutron
stars),1015 (magnetars)

• More relevantlyeB ≈ 5 −
15×m2

π RHIC (LHC).

H L

L
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• Subsequent evolution of B in

charged medium

• Solve∇2 ~B = µǫ∂
2 ~B
∂t2

+ µσ ∂ ~B
∂t

• ~B(t0) = ŷB0e
−x2+y2

R2 − z2γ2

R2 .

Quark-gluon plasma under strong B
in the lab! QCD in strong magnetic fields – p.3



PART I: Chiral Magnetic Effect
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• Classically QGP chiral symmetric:NL = NR

asT ≈ 500 MeV ≫ mu, md

• Axial current∂µJµ5 = ∂µ
(

〈ψ̄γµψ〉L − 〈ψ̄γµψ〉R
)

= 0

• Chiral imbalanceonly due toQM anomaly.

• UnderB spin degeneracy of quarks lifted dueH ∼ −q~s · ~B:
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• Classically QGP chiral symmetric:NL = NR

asT ≈ 500 MeV ≫ mu, md

• Axial current∂µJµ5 = ∂µ
(

〈ψ̄γµψ〉L − 〈ψ̄γµψ〉R
)

= 0

• Chiral imbalanceonly due toQM anomaly.

• UnderB spin degeneracy of quarks lifted dueH ∼ −q~s · ~B:

• Macroscopic manifestation of the axial anomaly

• Anomalous magnetohydrodynamics:~J = e2

2π2 µ5 ~B

Kharzeev et al ’07, Son, Surowka ’09

• µ5 encodes the imbalanceNL 6= NR QCD in strong magnetic fields – p.5



How to generate chiral imbalance in the first place?
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How to generate chiral imbalance in the first place?

• Answer:topologically non-trivial gluon configurations

• Gluon winding number:Qw = g2

32π2

∫

d4xF a
µνF̃

µν
a ∈ Z.

• Anomaly∂µ(j
µ
L − j

µ
R) = −

Nfg2

16π2
Fa
µν F̃

µν
a ⇒ ∆(NL −NR) = 2NfQw.
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Topologically non-trivial gluon fields

• Sphalerons: thermally inducedchanges inQw

• pQCD:sphaleronsthe most dominantQw decay:Moore et al ’97

• Sphaleron decay rate:d(NL−NR)
dtd3x

≈ 192.8α5
s T

4
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≈ 192.8α5
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4

But should we trust pQCD in the Quark-gluon plasma?
QCD in strong magnetic fields – p.6



Holographic calculation

r

IR

UV

QFT

Horizon

T

Finite T,Nc ≫ 1, αs ≫ 1 QFT⇔ GR
on black holes in 5D

Maldacena ’97; Witten; Gubser, Klebanov, Polyakov ’98

1. A bulk fluctuationφ(x, r) ⇔ O(x) on the boundary.

exp(−SGR[φ(x, r) → φ0(x)]) = 〈exp(−
∫

dxOφ0)〉

2. e.g.〈O(x1)O(x2)〉 computed from∇̂2φ = m2φ on the BH.
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Finite T,Nc ≫ 1, αs ≫ 1 QFT⇔ GR
on black holes in 5D

Maldacena ’97; Witten; Gubser, Klebanov, Polyakov ’98

1. A bulk fluctuationφ(x, r) ⇔ O(x) on the boundary.

exp(−SGR[φ(x, r) → φ0(x)]) = 〈exp(−
∫

dxOφ0)〉

2. e.g.〈O(x1)O(x2)〉 computed from∇̂2φ = m2φ on the BH.

3. RecallωJµ5(ω) ∝ TrFF̃ (ω). Introduce CP oddaxiona(r, x)

4. The source term
∫

d4xa0(x)TrFF̃ (x) with a(r, x) → a0(x) at
the boundary.
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Holographic calculation of∆(NL −NR)

• Initial excessN5 ≡ NL −NR near thermal equilibrium.

• Described by perturbationL → L+ ǫTrFF̃

• Linear response theory:d
dt
N5 → ωJ05 ∝ 〈TrFF̃ TrFF̃ (ω)〉N5

• Should calculate the decay rateΓCS ∼ 〈TrFF̃ TrFF̃ (ω)〉
• Holography:Study∇̂2a(r, x) = 0 on the 5D BH.

QCD in strong magnetic fields – p.8



Holographic calculation of∆(NL −NR)
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Holographic calculation of∆(NL −NR)

AdS/CFT:ΓCS = (g2Nc)2

256π3 T
4, Son, Starinets ’02
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Holographic calculation of∆(NL −NR)

AdS/CFT:ΓCS = (g2Nc)2

256π3 T
4, Son, Starinets ’02

Phenomenologically interesting regionT ≈ Tc whereconformality
breaks down:
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improved holographic QCD model

Trace of the energy-momentum tensor
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Improved holographic QCD U.G., Nitti, Kiritsis ’07

•
SGR

M3
pN

2
c
=

∫

d5x
√−g

(

R− (∂Φ)2 + V (Φ)− 1
2N2

c
Z(Φ)(∂α)2

)

• ParametrizeZ(λ) = Z0

(

1 + c1λ+ c4λ
4
)

• Result:ΓCS(Tc) ≥ C s(Tc)Tcχ U.G, Iatrakis, O’Bannon, Kiritsis, Nitti ’12

• whereχ = ∂2ǫ(θ)
∂θ2

is the topological susceptibility
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T�Tc
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Is T�Nc
2M

for ihQCD to reproduce lattice0+− glueball spectrum within 1σ.
QCD in strong magnetic fields – p.10



Summary - part I
• Calculated theΓCS in non-conformal holography

• CME is proportional toΓCS

• Comparison of AdS/CFT with non-AdS/non-CFT atTc:
ΓCFT
CS ≈ 0.045T 4

c vs.ΓCS > 1.64T 4
c

• Precise value atTc ambiguous but a lower limit exists.

• “Realistic” holography in favor of thechiral magnetic effectin
HICs
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Summary - part I
• Calculated theΓCS in non-conformal holography

• CME is proportional toΓCS

• Comparison of AdS/CFT with non-AdS/non-CFT atTc:
ΓCFT
CS ≈ 0.045T 4

c vs.ΓCS > 1.64T 4
c

• Precise value atTc ambiguous but a lower limit exists.

• “Realistic” holography in favor of thechiral magnetic effectin
HICs

Outlook:

• To fix the ambiguity, determineZ(φ) ⇒ compareTrF ∧ F
Euclideancorrelators with lattice

• DetermineΓCS(B, T )

• How about other non-conformal models? e.g.Craps et al ’12for
Sakai-Sugimoto
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PART II: Induced currents in the QGP
ongoing work with D. Kharzeev and K. Rajagopal
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Biggest problem in search for magnetic effects in QGP:how to
distinguish effects ofB from effect ofanisotropy?

B

H L

L
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Charged medium:

• t-dependence ofB inducesFaraday currents~JF ∼ σ ~EF with

∇× ~EF = −∂ ~B
∂t

• Expanding mediuminducesHall currents~JH ∼ σ ~EH with
~EH = −~u× ~B

• We ignoreanomalous currentsin this talk.
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• For initial ~B(t0) = ŷB0e
−x2+y2

R2 − z2γ2

R2 straightforward to
calculate:
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• For initial ~B(t0) = ŷB0e
−x2+y2

R2 − z2γ2

R2 straightforward to
calculate:

• More realistic profiles includeparticle fluctuationsbut Gaussian
is sufficient for usTuchin ’11
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• However QGP is anexpandingfluid with 4-velocityuµ(x)

• One has to add theinduced velocityvB to uµ(x)

• Suppose we knowuµ, assume|~vB| ≪ |~u|
• TreatvB as perturbation, ignore backreaction on expanding

fluid profileu:

• Construct the total 4-velocityV µ ∼ uµ + vµB: contains all
observableinformation on time varying B.

QCD in strong magnetic fields – p.15



Do we knowuµ of this expanding fluid?
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Do we knowuµ of this expanding fluid? No, but really close:
• As a first step, assume:Bjorken ’83

1. Boost invariancealong z:ξ = z∂t + t∂x

2. Rotation around z: ξ = x∂y − y∂x

3. Translations in transverseplane:ξ = ∂x andξ = ∂y

• Solution to[ξ, u] = 0 is u = ∂τ (ds2 = −dτ2 + τ2dη2 + dx2
⊥

+ x2
⊥
dφ2)

• Hydrodynamics:∇µT
µν = 0 with

Tµν = ǫuµuν + p(gµν + uµuν) + visc.

• Bjorken’s flow: fine except transverse translations
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• As a first step, assume:Bjorken ’83

1. Boost invariancealong z:ξ = z∂t + t∂x

2. Rotation around z: ξ = x∂y − y∂x

3. Translations in transverseplane:ξ = ∂x andξ = ∂y

• Solution to[ξ, u] = 0 is u = ∂τ (ds2 = −dτ2 + τ2dη2 + dx2
⊥

+ x2
⊥
dφ2)

• Hydrodynamics:∇µT
µν = 0 with

Tµν = ǫuµuν + p(gµν + uµuν) + visc.

• Bjorken’s flow: fine except transverse translations

• Gubser’s flow Gubser ’10

• Replaceξ = ∂x, ∂y with ξi = ∂i + q2
[

2xixµ∂µ − xµxµ∂i
]

• Solution to[ξ, u] = 0 is u = coshκ∂τ + sinhκ∂⊥ with

κ = 2q2τx⊥

1+q2τ2+q2x2
⊥

• Solution to Hydrodynamics:∇µT
µν = 0 with

ǫ = ǫ̂0
τ4/3

(2q)8/3

[1+2q2(τ2+x2
⊥
)+q4(τ2−x2

⊥
)2]

4/3
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How to test Gubser’s flow?
• Hadron spectrum from hydrodynamic flow:Cooper-Frye:

Si = p0 dNi

dp3
= − gi

(2π)3

∫

dΣµp
µF

(

pµVµ

Tf

)
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• Isothermal freezout curves

• Tf is the freezout temperature,
Tf ≈ 130 MeV

• Assume Boltzmann distribution:
F (x) = ex
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How to test Gubser’s flow?
• Hadron spectrum from hydrodynamic flow:Cooper-Frye:

Si = p0 dNi

dp3
= − gi

(2π)3

∫

dΣµp
µF

(

pµVµ

Tf

)

• Isothermal freezout curves

• Tf is the freezout temperature,
Tf ≈ 130 MeV

• Assume Boltzmann distribution:
F (x) = ex

• Si(pT ) =
gi
2π2

∫

dx⊥x⊥τf

{

K1(
mT uτ

Tf
)I0(

pT u⊥

Tf
)− τ ′f pTK0(

mTuτ

Tf
)I1(

pT u⊥

Tf
)
}

• Gubser’s flow is independent ofΦp andY

QCD in strong magnetic fields – p.17



Comparison to data
Need to fix parametersq andǫ̂0. Some tension betweenrealistic
spectrumandhydronization temperatureTh ≈ 400− 550 MeV ⇒
Optimal solutionq−1 = 6.5 fm andǫ̂0 = (8.7)4
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Effect of induced currents on spectra

• Decompose spectrum inflow parameters:
Si = v0 (1 + v1(pT , Y ) cos(φp) + · · ·)

• Effects of magnetically induced currents most clearly seenin “
charge identified directed flow parameter”v1:

• Directed flow only fromπ+ or π− or p.

• v1|Gubser = 0 butv1|Gubser+B 6= 0, solely due toB!

• Partial results at RHIC, no charge identified results at LHC yet.
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Calculation of v1
• Need to calculate the total currentVGubser+B

• In lab frame:uµ, B, EFaraday

• Go to fluid rest frame byΛ(−~u) ⇒ B′ andE′ includeboth
Faraday and Hall

• Solve forstationary current:

m
d〈 ~v′B〉
dt

= q〈 ~v′B〉 × ~B′ + q ~E′ − µm〈 ~v′B〉 = 0 ,

• Go back to lab frameΛ(−~u) ⇒ V includes both〈vB〉 andu.
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Calculation of v1
• Need to calculate the total currentVGubser+B

• In lab frame:uµ, B, EFaraday

• Go to fluid rest frame byΛ(−~u) ⇒ B′ andE′ includeboth
Faraday and Hall

• Solve forstationary current:

m
d〈 ~v′B〉
dt

= q〈 ~v′B〉 × ~B′ + q ~E′ − µm〈 ~v′B〉 = 0 ,

• Go back to lab frameΛ(−~u) ⇒ V includes both〈vB〉 andu.

• Calculation is trustable only when〈|~vB|〉 ≪ |~u|

Ratio of Lorentz factorsγV /γG: Assumption is satisfied.QCD in strong magnetic fields – p.20



Predictions for charge identifiedv1
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• Summary - part II:

• QFT anomalies + sphalerons⇒ chiral magnetic effect

• Holographic calculation preferslarge decay rate⇒
significant charge separation at HICs

• To distinguish anisotropies in QGP from effects of B,
calculatev1 from Gubser’s flow

• To be compared with data
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• Outlook:

• RelaxO(2) along z and⇒ analytic hydro solution?

• Going beyond the perturbative treatment⇒ full
magnetohydrodynamics.
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• Summary - part II:

• QFT anomalies + sphalerons⇒ chiral magnetic effect

• Holographic calculation preferslarge decay rate⇒
significant charge separation at HICs

• To distinguish anisotropies in QGP from effects of B,
calculatev1 from Gubser’s flow

• To be compared with data

• Outlook:

• RelaxO(2) along z and⇒ analytic hydro solution?

• Going beyond the perturbative treatment⇒ full
magnetohydrodynamics.

• Transport coefficients e.g.η(B)

• Anomalous transport

• Analogies with cosmology?
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THANK YOU !
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