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Electromagne5c	  field	  in	  rela5vis5c	  HIC	  
W.	  T.	  Deng	  and	  X.	  G.	  Huang,	  PRC	  85,	  044907	  (2012)	  

§  Based	  on	  HIJING.	  Similar	  results	  from	  AMPT	  
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Effect	  of	  QGP	  conduc5vity	  on	  magne5c	  field	  
L.	  Mclerran	  &	  V.	  Skokov,	  NPA	  929,	  184	  (2014)	  

§  Life<me	  of	  magne<c	  field	  is	  long	  only	  if	  QGP	  is	  a	  perfect	  conductor.	  
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Figure 12: (color online) Comparison of the time evolution
of the magnitude of the magnetic field (in neutral pion mass
units squared) at the center of the grid in five di↵erent cases:
a) ECHO-QGP 2D+1 RMHD evolution starting from initial
conditions as described in this section, with � = 5.8 MeV b)
time evolution of the magnetic field computed using the same
approach exploited to provide the initial conditions
(explained in details in Ref. [23]), assuming assuming a
medium with uniform and constant electrical conductivity
s=5.8 MeV c) same as in case b), but assuming zero
electrical conductivity s=0 MeV (vacuum) d) exponential
decay of magnetic field as modeled in Ref. [59], with tD=1.9
e) Bjorken flow. The parameters are for the reaction Au+Au,
b=10 fm at

p
sNN=200 GeV.
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Figure 13: (color online) v2 of ⇡+ in two cases: a) Without
magnetic field, b) With an initial magnetic field computed
assuming � = 5.8 MeV. The parameters are for the reaction
Au+Au, b=10 fm at

p
sNN=200 GeV.

finite electrical conductivity, i.e. without taking into account
any resistive e↵ect. In the present version, the code has been
tested with an ideal-gas EoS, either in the presence of a fi-
nite mass-density or in the ultrarelativistic regime (p = e/3).
After introducing the physics equations on which the code is
based, we gave an overview of their numerical implementa-
tion. Then, we illustrated the results of several tests to validate
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Figure 14: (color online) Transverse momentum distribution
of ⇡+ in two cases: a) Without magnetic field, b) With an
initial magnetic field computed assuming � = 5.8 MeV. The
parameters are for the reaction Au+Au, b=10 fm atp

sNN=200 GeV.

the implementation. Since our final aim is to exploit the code
to study the evolution of the Quark-Gluon Plasma formed in
Heavy-Ion collisions, we showed first applications in this con-
text, adopting simplified initial conditions.

Due to the (on average) small ratio of the magnetic to ther-
mal pressure, the magnetic field does not seem to significantly
a↵ect the fluid evolution and we observed only a tiny e↵ect on
inclusive hadronic observables such as the elliptic flow and
transverse momentum spectra of pions. However, in our ap-
proach the magnitude of the initial magnetic field could have
been underestimated, possibly because in the pre-equilibrium
phase we considered the electrical conductivity � as constant,
while there are some evidences that it increases with the tem-
perature [62–65]. Other authors, employing di↵erent initial
conditions for the magnetic field, found a non-negligible e↵ect
of the latter on the hadron elliptic-flow [59–61]. Clearly this
would a↵ect the estimate of the viscosity-to-entropy ⌘/s ratio
obtained by comparison of hydrodynamic results with exper-
imental data: if, for example, part of the hadron v2 in non-
central collisions arose from the magnetic field, one should
reduce the contribution from the hydrodynamic expansion, via
for instance a larger value of ⌘/s.

Our preliminary results suggest also that the formation of
a deconfined conductive plasma, compared to the case of the
vacuum, might slow down the decay of the initial magnetic
field generated by the colliding nuclei, possibly a↵ecting non-
perturbative phenomena relying on the presence of huge mag-
netic fields to show up. Since our study refers to the case of an
ideal plasma, with infinite electrical conductivity, our results
have to be considered as an upper limit on the lifetime of the
magnetic field produced in heavy-ion collisions.

However, the recent estimates both from lattice QCD com-
putations [62–64] and fitting of experimental data [65] point
toward high, but finite value for the electrical conductivity
of the QGP. For a quantitative comparison with experimen-
tal data this has to be taken into account including the e↵ects

Magne5c	  field	  from	  magneto-‐hydrodynamics	  	  
Inghirami,	  Zanna,Beraudo,	  Maghaddam,	  Becahni	  &	  Bleicher,	  	  
arXiav:1609.03042v2	  [hep-‐ph]	  	  	  

Au+Au	  @200	  GeV	  
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Interplay	  between	  chiral	  separa<on	  and	  magne<c	  effects	  leads	  
to	  the	  chiral	  magne<c	  wave.	  
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The	  chiral	  magne5c	  wave	  
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Chiral	  magne5c	  wave	  and	  ellip5c	  flow	  spliEng	  
G.	  Wang	  et	  al.,	  NPA	  904-‐905,	  248c	  (2013)	  	  	  

7	  

19.6 GeV (2011). All were obtained with a minimum-bias trigger. Only events within 40 cm of
the center of the detector were selected for this analysis. In the calculation of charge asymmetry,
(anti)protons with transverse momentum pT < 0.4 GeV/c were excluded to reject beam pipe
protons. A distance of the closest approach (dca) cut (< 1 cm) was also applied to reduce the
number of weak decay tracks or secondary interactions. To select pions, we eliminate charged
particles 2σ away from the expected TPC energy loss for pions.
Elliptic flowmeasurements were carried out with the two-particle cumulantmethod v2{2} [16,

21] for 200 and 62.4 GeV, and v2{η sub} approach for the rest beam energies, where two subevents
consist of charged particles with η > 0.3 and η < −0.3, respectively. Pions at positive (negative)
η are then correlated with the subevent at negative (positive) η to calculate v2. The η gap of 0.3
unit suppresses short-range correlations such as Bose-Einstein interference and Coulomb final-
state interactions [21]. The η gap was also used in the v2{2} analysis in a similar way. To focus
on the soft physics regime, only pions with 0.15 < pT < 0.5 GeV/c were used to calculate the
pT -integrated v2. Taking 30-40% 200 GeV Au+Au as an example [22], we show pion v2 as
a function of observed charge asymmetry in the left panel of Fig. 1. π− v2 increases with the
observed A± while π+ v2 decreases with a similar magnitude of the slope. After the tracking
efficiency correction for the charge asymmetry, the v2 difference between π− and π+ is fit with
a straight line in the right panel. The slope parameter r, or 2qe/ρ̄e from Eq. 2, is positive and
qualitatively consistent with the expectation of the CMW picture. The intercept of the linear fit
is non-zero, indicating the baseline v2 for π− and π+ are different.
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Figure 2: (Color online) The slope parameter r, supposedly 2qe/ρ̄e, as a function of centrality. For comparison, we also
show the UrQMD [23] simulation for 200 GeV Au+Au, and the calculations with CMW [14] with different duration
times. The grey band represents the systematic uncertainty due to varied dca cuts and the tracking efficiency.

In both v2{2} and v2{η sub}, there are correlations not related to the reaction plane, and not
suppressed by the η gap, for example due to back-to-back jets. They are largely canceled out in
the v2 difference between π− and π+. Correlations between daughters of weak decays like Λ/Λ

G. Wang / Nuclear Physics A 904–905 (2013) 248c–255c250c

�v2 = v2(�)� v2(+), A± =

N+ �N�
N+ + N�

, slope parameter =

�v2

A±
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Au+Au 200 GeV (30-40%)

Final-‐state	  effect	  on	  charge	  asymmetry	  dependence	  	  	  
of	  pion	  ellip5c	  flow	  	  

G.	  L.	  Ma,	  PLB	  735,	  383	  	  
(2014)	  	  	  	  

Modified	  ini<al	  
distribu<ons	  in	  	  
the	  transverse	  
plane	  of	  a	  collision	  
described	  by	  AMPT	  
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Charge	  asymmetry	  dependence	  	  
	  	  	  	  	  of	  pion	  ellip5c	  flow	  spliEng	  

§  Both	  intersec<on	  at	  Ach	  =	  0	  and	  slope	  parameter	  are	  sensi<ve	  	  
	  	  	  	  to	  ini<al	  quadrupole	  moment	  in	  transverse	  plane.	  



Chiral	  kine5c	  equa5on	  
§  Path	  integral:	  Stephanov	  &	  Yin,	  PRL	  109,	  162001	  (2012)	  
§  Poisson	  brackets:	  Son	  &	  Yamamoto,	  PRD	  87,	  085016	  (2013)	  
§  Covariant	  Wigner	  func<on:	  	  Chen,	  Pu,	  Wang	  &	  Wang,	  PRL	  110,	  

262301	  (2013)	  	  	  	  
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ẋ⌥ ṗ⇥ p
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ẋ = p̂± ṗ⇥ b
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§  CKE	  leads	  to	  the	  
	  	  	  	  separa<on	  of	  	  par<cles	  	  
	  	  	  	  of	  right	  chirality	  and	  	  
	  	  	  	  leo	  chirality.	  	  
	  
§  CCS	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  resul<ng	  	  	  	  	  	  	  	  
	  	  	  	  in	  more	  posi<vely	  	  
	  	  	  	  charged	  par<cles	  	  
	  	  	  	  moving	  in	  y-‐direc<on.	  

Chirality	  changing	  scaIering	  (CCS)	  

13	  
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Applica<on	  to	  non-‐central	  HIC	  with	  ini<al	  condi<ons	  

Anomalous	  transport	  model	  

T (x, y) =

T0
✓

1 + e

p
x

2+y

2
/c

2�R

a

◆1/3

eBy =

eB0

1 + (t/⌧)

2

T0 = 300 MeV, R = 3.5 fm, a = 0.5 fm, c = 1.5 fm

eB0 = 7 m

2
⇡, ⌧0 = 6 fm/c

� = �0(T0/T )

3
with �0 = 13 ⇠ 15 mb by fitting to measured v2

Longitudinal	  distribu<on	  
	  
z	  =	  τ0	  sinh	  y,	  pz	  =	  mT	  cosh	  y	  
	  
τ0	  =	  0.4	  fm/c	  



Differen5al	  ellip5c	  flow	  	  

Data	  from	  Adams	  et	  al.	  (STAR	  Collabora<on),	  PRC	  72,	  014904	  (2005)	  	  



Time	  evolu5on	  of	  eccentricity	  and	  v2	  spliEngs	  	  

§  Including	  only	  chiral	  kine<c	  mo<on	  (CKM)	  and	  chirality	  changing	  
	  	  	  	  	  quark-‐an<quark	  scaEering	  (CCS)	  and	  neglec<ng	  the	  Lorentz	  force.	  



Vector	  and	  axial	  vector	  charge	  distribu5ons	  	  	  	  

@	  z	  =	  0	  &	  A±	  =	  0.16	  

Axil	  charge	  distribu<on	  
	  	  	  	  	  (dipole	  moment)	  

	  	  	  Charge	  distribu<on	  	  
(quadrupole	  moment)	  



Effect	  of	  Lorentz	  force	  

§  Not	  included	  before	  [Y.	  Burnier	  et	  al.,	  PRL	  107	  (2011);	  M.	  Hongo	  et	  
al.,	  arXiv	  1309.2823	  (2013);	  Yee	  &	  Yin,	  PRC	  89	  (2014)].	  

§  Larger	  ellip<c	  flow	  for	  posi<vely	  charged	  than	  for	  nega<vely	  
charged	  par<cles,	  leading	  to	  nega<ve	  v2	  splihng.	   18	  



§  Flow	  is	  larger	  in	  z-‐direc<on	  because	  of	  ini<al	  narrow	  size	  in	  z-‐direc<on.	  
§  Lorentz	  force	  leads	  to	  different	  v1	  for	  posi<vely	  and	  nega<vely	  charged	  

par<cles.	  
§  Ellip<c	  flow	  is	  larger	  for	  par<cles	  in	  upper	  leo	  and	  lower	  right	  

quadrants.	   19	  

Effect	  of	  Lorentz	  force	  on	  charge	  distribu5on	  
µ

T
=

NR �NR̄ + NL �NL̄

NR + NR̄ + NL + NL̄



§  Lorentz	  force	  leads	  to	  nega<ve	  slope	  parameter.	  
§  The	  posi<ve	  slope	  parameter	  (r	  =	  1%)	  without	  LF	  is	  smaller	  

than	  experiment	  data	  (r	  =	  3%).	   20	  

Charge	  asymmetry	  dependence	  of	  v2	  spliEng	  



Chiral	  kine5c	  equa5on	  with	  vor5city	  
§  Path	  integral:	  Stephanov	  &	  Yin,	  PRL	  109,	  162001	  (2012)	  
§  Poisson	  brackets:	  Son	  &	  Yamamoto,	  PRD	  87,	  085016	  (2013)	  
§  Covariant	  Wigner	  func<on:	  	  Chen,	  Pu,	  Wang	  &	  Wang,	  PRL	  110,	  

262301	  (2013)	  	  	  	  
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Vor5city	  in	  rela5vis5c	  heavy	  ion	  collisions	  
Jiang,	  Lin	  &	  Liao,	  ar	  Xiv:1602.0658	  [nucl-‐th]	  

Au+Au	  @	  200	  GeV	  
AMPT	  
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Time	  evolu5on	  of	  eccentricity	  and	  v2	  spliEngs	  	  
with	  vori5cal	  effect	  only	  (B	  =	  0)	  	  

§  Similar	  effects	  on	  posi<vely	  and	  nega<vely	  charged	  par<cles	  with	  	  
	  	  	  	  	  chiral	  kine<c	  mo<on	  (CKM)	  and	  chirality	  changing	  quark-‐an<quark	  	  
	  	  	  	  	  scaEering	  (CCS).	  
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§  Large	  axial	  charge	  dipole	  moment	  than	  the	  case	  when	  the	  
charge	  asymmetry	  is	  0.16	  in	  the	  presence	  of	  a	  strong	  and	  long-‐
lived	  magne<c	  field.	  

Axial	  charge	  distribu5on	  for	  zero	  charge	  asymmetry	  
with	  vor5cal	  effect	  	  
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§  Finite	  eccentricity	  and	  ellip<c	  flow	  splihngs	  even	  when	  charge	  
asymmetry	  is	  zero.	  

§  Ellip<c	  flow	  splihng	  develops	  faster	  than	  in	  the	  presence	  of	  	  
	  	  	  	  	  magne<c	  field	  only.	  

Time	  evolu5on	  of	  eccentricity	  and	  v2	  spliEngs	  	  
with	  both	  vor5city	  and	  mage5c	  field	  effects	  
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§  Lorentz	  force	  leads	  to	  larger	  ellip<c	  flow	  for	  posi<vely	  charged	  than	  
nega<vely	  charged	  par<cles.	  	  

Effect	  of	  Lorentz	  force	  on	  5me	  evolu5on	  of	  	  
eccentricity	  and	  v2	  spliEngs	  
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§  Large	  ellip<c	  flow	  splihng	  when	  charge	  asymmetry	  is	  zero.	  
§  Lorentz	  force	  destroys	  chiral	  effects.	  	  

Charge	  asymmetry	  dependence	  of	  v2	  spliEng	  



Summary	  
§  Magne<c	  field	  and	  vor<city	  generated	  in	  non-‐central	  rela<vis<c	  	  
	  	  	  	  	  heavy	  ion	  collisions	  are	  large	  but	  short-‐lived.	  

§  In	  the	  presence	  of	  strong	  magne<c	  field	  and	  large	  vor<city	  that	  last	  	  
	  	  	  	  	  sufficiently	  long,	  anomalous	  transport	  study	  shows	  that	  	  
	  
	  	  	  	  	  -‐	  	  Chirality	  changing	  scaEering	  is	  essen<al	  for	  genera<ng	  eccentricity	  	  
	  	  	  	  	  	  	  	  and	  ellip<c	  flow	  splihngs.	  
	  	  	  	  	  -‐	  	  CMW	  enhances	  v2	  of	  nega<vely	  charged	  par<cles	  and	  leads	  to	  
	  	  	  	  	  	  	  	  a	  posi<ve	  slope	  parameter.	  	  Including	  also	  CVW	  leads	  to	  nonzero	  	  
	  	  	  	  	  	  	  	  v2	  splihng	  at	  zero	  charge	  asymmetry.	  
	  	  	  	  	  -‐	  	  Lorentz	  force	  enhances	  v2	  of	  posi<vely	  charged	  par<cles	  and	  	  
	  	  	  	  	  	  	  	  leads	  to	  a	  nega<ve	  slope	  parameter	  or	  destroys	  the	  chiral	  magne<c	  
	  	  	  	  	  	  	  	  and	  vor<cal	  effects.	  
	  
§  Long-‐lived	  magne<c	  field	  and	  fast	  rota<ng	  QGP	  in	  rela<vis<c	  heavy	  	  	  	  	  	  	  	  ion	  collisions	  is	  not	  supported	  by	  microscopic	  calcula<ons.	  
§  It	  remains	  a	  challenge	  to	  find	  the	  mechanisms	  for	  extending	  the	  
	  	  	  	  	  life<me	  of	  strong	  magne<c	  field	  in	  rela<vis<c	  heavy	  ion	  collisions.	  


