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QCD Phase diagram

T.Schafer, hep-ph/0304281
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QCDTILEDIH?
o NAZILEEE: o

spin 0 quark-antiquark pair

Spin up quark and spin down antiquark feel the same Lorentz force

— decrease or increase Tc ?
cf) enhancement of symmm. br.
(magnetic catalysis)
flavored meson will be broken
e BALIA® (Polyakov loop) :
quark loopZ1 B L TH A W5 EHBE1ER

Te TR T HDT=AHHV?
DA IILERACIAD I RIFICEIoEES?
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e Tc decreases

Chiral perturbation theory for two flavors : Agasian, Fedorov, PLB (2008)
Linear sigma model : Mizher, Chernodub, Fraga, PRD (2010)
Sakai-Sugimoto model with nonzero chemical potential :

Preis, Rebhan, Schmitt, JHEP (2011)
Bag model : Fraga,Palhares, arXiv:1201.5881 [hep-ph]

and more

e Tc increases

 Fermionic models
Linear sigma model coupled to quarks and Polyakov loops:
Mizher, Chernodub, Fraga, PRD (2010)
NJL, EPNJL, PNJL, nonlocal PNJL: Gatto, Ruggieri, PRD(2010),(2011), etc
Schwinger-Dyson in QED3 : Alexandre, et al. PRD (2001)
e Sakai-Sugimoto model : Johnson,Kundu, JHEP (2008)
and more



Strange quark susceptibility

165
150
135 i 1
" i early
I I universe
i | b | |
0.2 0.4 0.6 0.8

eB (GeV?)

-- Tc significantly decreases with increasing B

-- Chiral condensates enhanced

-- No splitting of chiral sym. br. and deconfinement
-- transition seems to be still crossover

Lattice results

G.S.Bali, F.Bruckmann, G.Endrodi,
Z.Fodor, S.D.Katz, S.Krieg, A.Schafer
and K.K.Szabo, JHEP 02 (2012) 044
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/ Heavy-ion Collisions: Little Bang

collision evolution

energy density

collision ’

overlap
zone

guantum
fluctuations

“Glasma”

\ T~ 0fm/c -1 fm/c

T ~ 10 fm/c

™

: : particle
expansion and cooling _ - detectors
Color Glass kinetic distributions an
Corilaneste freeze-out correlations o
i o produce
lumpy initial hadronization particles

Figure by P.Sore
arXiv:0905.017
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/" The Universe: Big Bang N

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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Early thermalization problem

RHIC, LHCE D EA A EEIZHULVT., QGPAERL (BFr e k) A
[FEEICEVEMEITERINATINASEIICEZILONBE,
QGPOREIREE: HHEDO/MSWLEMNRORE LS

IR E O HARFR (B E &L FRE) T,=0.6fm/c
[FEFM R (elliptic flow) |DFRSE v, NRAREER TR Shd
(EFAQCDD2AELEL TIE. 2-3 fm/c HILE (bottom-up thermalization))

QGPDTERBEIE . ERL-EOI & 12 BB LAGNVEE.
QGPO)%I&E#‘EU&\% !
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BN R E{bZzERAT SERIL, SDECHEEL | FETAEHREE,

(BIRIE. RE . [RF %L vol.52 suppl.1 (2008) BN SEFEEE TR —F. AR EME. FIFERIZSHE)

Boltzmann A2 TR FHELTILAERFELTE R | FEIETEE
Vlasov 2= YIMNGIGERFOMREER. 75XIFLTE M (Weibel)
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Glasmal&Z A+ =T E

HS5—FER Tanj, Iwazaki
DA—0-ROF—IHER THEER] ! A\

DS5—RER  Fujii-itakura, Iwazaki 2008
GINAERIBESAILANLDIEKX

HS5—EBIB LIS D HTF Tanji-itakura2012
Nielsen-Olesen " ZE & TEKLT=

C—

GlasmaMD IEMRRLBFEFEE > ELRMBIRARI L (F EL 1)

Fukushima-Gelis, Berges, et al.




REFME S — a3y
ALRRIRAF DO HIR

Vlasov simulation THR5NS
Arnold-Moore, 2006
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Cascade region well fit |

‘ ™, | by power law, f(k)xk=2
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FEERIZBONVHDT—BENH DM 5SchwingerféfE NI ADITEo&
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ex) QED cascading  Fedotov, Narozhny, Mourou, Korn PRL 2010
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NV Elkina, et al, Phys. Rev. ST Accel. Beams 14, 054401 (2011)




QED cascade

week ending

PRL 105, 080402 (2010) PHYSICAL REVIEW LETTERS 20 AUGUST 2010

Limitations on the Attainable Intensity of High Power Lasers

A.M. Fedotov and N. B. Narozhny
National Research Nuclear University MEPhI, Moscow 115409, Russia

G. Mourou
Institut de la Lumiére Extréme, UMS 3205 ENSTA, Ecele Polytechnique, CNRS, 91761 Palaiseau, France

G. Korn
Max Plank Institute for Quantum Optics, Garching 85748, Germany
(Received 30 April 2010; published 18 August 2010)

It is shown that even a single e~ e™ pair created by a superstrong laser field in vacuum would cause
development of an avalanchelike QED cascade which rapidly depletes the incoming laser pulse. This
confirms Bohr’s old conjecture that the electric field of the critical QED strength Eg = m?¢?/eh could
never be created.

e We cannot go beyond Schwinger’s critical field E.=m?/e.

* Once an e+e- pair creation occurs, electrons/positrons are accelerated by the
laser field to emit hard photons (brems), which then decay into e+e- pairs.
The original laser field will be screened by this cascade.

e \Very short period < Schwinger mechanism

e Cascade itself occurs at lower electric field £ > aE, (¢ =1/137). Thus injection
of an energetic electron will be enough for the cascade to occur even in
subcritical electric field.



Prototype of cascade

e Observation of photon emission and its decay in laser field

E144 @ SLAC
Gamma pholon Lassy
PRL76 (1996)
PRL79 (1997)
e + nwg— e + w .
——= v A Elecion-
— positron
Confirmed up to n=4 -ipﬂn w+Mm Wy

> e +ef

Electron energy 46.6 GeV
Laser Nd:glass 1054 and 527 nm
Peak intensity 1018 W/cm?2



Numerical simulation

Elkina, et al. PRST 14 (2011)

Monte-Carlo simulation of cascade equations

electrons

positrons

10*

Injected electron 0.0 0.5 1.0 1.5 2.0
beam

o : laser frequency

Number of e+e- pairs grow exponentially in time.
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QGP in Early Universe

E_/{j‘/ﬁ]x’CGDQGPﬂ/Eﬂi LIFLIEFHEDHADAGPOEER
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QGP in Early Universe

o ARBERNTENICRES:
HERORBNGERDELET. HAIVIHBMEBRE T+ —7%
TJILF U DVERK

EW plasma+ QGP —> QGP

« HBEXITQGPDAER:
QGPMISEMBI B A E A 2 (F TLIDVERLY

QGP&QED plasma®d E7F
incoherent’Z5& L\ F IS5 D 1FTE

quarkXERZHD
(EWPTDHIIL. EW plasma + QGP + QED plasma)

o ZHLELRAPDOERNEHIENFEEL-"IREMY
& E55RERTE THRIGE R ? of) Vachaspati (1991)

Diged, HFIHEBRIEELIZQGPERIVEDHY
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magnetar
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Enoto 2013 N, .4

Magnetic field - anisotropy in photon spectrum — effects of polarization
High energy photons (E>500keV) split into low energy photons
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e Qutbursts and short bursts

Rate (¢cnt s1)

X-ray flux (erg s'' cm?2)

1r g i ) ' ' ' ) ! ' ' ) ' ' ' ) ' ' T
; 2009 Jan. 22 3 hour Sporadic Bursts ;
- ~100 keV -2 MeV -
10" -
"Bl Mmmmgggﬁw
00:0 12:00 M
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Photon splitting

Impossible in vacuum

LOW FIELD CASCADES HIGH FIELD CASCADES

B < 0.1 Bcr B>0.1 Bcr
3 Splitting Modes
» L=l L=
No Splitting Splitting Only L —= 11
I — LIl

1 .

A

I, L Il 1

Baring, Harding
AplJ 547 (2001)

Jet production
around magnetic
poles



RIS TR REEFILLVAR T —F

Photon conversion into pi-0 and pi-0 2gamma decay

Hattori, KI, Ozaki 2013
e Have azimuthal distribution

different from photon splitting
e Additional source of photons

STRONG e “Works only in VERY strong B

field

¥,
No effect A
s pi-0

-
-
-

Weak field




B~ ZE SGR 0418+5729 ) %Al

Nature 500 (2013) 312 15 August 2013

Magnetic dipole model suggests moderate value of magnetic
fields 6x10'°Gauss. But this object shows bursts, a property

typically seen in magnetars.

“Phase dependent” X-ray measurement suggested “proton
synchrotron resonance” and spots with very high magnetic
fields > 2x10'*Gauss.
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« RMMUBARYN > BRLDEM
« KIBEDHEER

BFEAMF T BF EGEFGBLHLLELEF)
& f5FDcomposition ratex LS THDIRE
2. WIGMERIZERLY KFF 0.1-0.4 Tesla (R &)
XT3 — 10 Tesla
& HRHMHDTIERK, EMRIZQEDE EHEHNE
3. Y1 X X5 E& 1407km
RTRAZ— EE  10km 2E
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o BRELIZPTOI BRI FHR
HFDnRIBABEERAMIFIEE
> n2EBEAEF DB ZNEMAC: Euler-Heisenberg
W5 er<7E Bz D, ERIEHARIK
3/ ZET photon splitting and merging
e vs RG> B2F07? JEFDBECHIIREE?
photon liquid?

* Nonabelian Magnetic Reconnection

BAA &R 75 ZFF Dflux tube MASATFEAIZIFFE
flux tubeESLDMB B ERAOPR CHRLEINGREON U BIES ?
— B ? ROFEHFIE?

GEGE . BBVRERBIEI{CAHYFET
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