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2o%xEE#2% Delbrueck scattering ~ O(Z*a?)

1o%EBZ#25 Photon splitting ~ 0(Z%a%)
ELbPHIESNTLNS.

Milstein, Schumacher, Phys. Rep. 243 (1994) 183
Akhmadaliev et al. PRL 89 (2002) 061802
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&\‘h(,‘ob\géi(' \i%bi‘\ 1 Tesla = 10 Gauss
ECTEMTDON?  “lilion,

Noncentral heavy-ion collisions

at RHIC and LHC
Also strong Yang-Mills fields

4x10'3 Gauss : “Critical”
magnetic field of electrons
VeB.= m,_ = 0.5MeV

45 Tesla : strongest 10%Tesla=1012Gauss:

steady magnetic field Typical neutron star Super critical magnetic
(High Mag. Field.Lab.In Florida) . . .
surface field may have existed in
very early Universe.
Maybe after EW phase

8.3 Tesla:
Superconducting
magnets in LHC

transition? (cf: Vachaspati '91)
(5x10~Tesla=0.5Gauss on the earth)



RHIC & LHC

o EZERDINERE
e pp, pA(dA), AADEE R IR ZATDOE TR FT—EFZERLIT

Large Hadron Collider at CERN in Europe
energy upto 5TeV/nn (8TeV for pp)

Relativistic Heavy lon Collider
at Brookhaven National Laboratory in NY, USA
energy upto 200GeV/nn (500GeV for pp)
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GEKKO-EXA (Japan)
XFEL, POLARIS, NIF, etc
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CUOS @ Michigan U.
(Center for Ultrafast

Relativistic Optics Optical Science)
i ; Hercules has the world
E =myc- Record 1022 W/cm?
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o [ Q-switching

Mourou, Tajima
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Extreme light infrastructure (ELI)

Research Activity Description

http://www.eli-beams.eu/
Mo D iR

This largely untouched intensity territory will provide access to fundamental physical effects
with much higher characteristic energies and will regroup many subfields of contemporary
physics (atomic physics, plasma physics, particle physics, nuclear physics, gravitational physics,
nonlinear field theory, ultrahigh-pressure physics, astrophysics and cosmology). In a longer-term
perspective, relativistic compression offers the potential of intensities exceeding 102> W/cm?,
which will challenge the vacuum critical field as well as provide a new avenue to ultrafast
attosecond (1018 s) and even zeptosecond (102! s) studies of laser-matter interaction.

Some of the particular QED phenomena that

will be studied at ELI are:
Electron-positron plasmas
Vacuum four-wave mixing
Vacuum polarisation
Vacuum birefringence
Unruh radiation
QED cascades: Inverse Compton Scattering
Quark-gluon plasmas
electrons

I

Pair production in
Solid Tlrﬂ-ﬂ\ relativistic plasma

e e* fireball

\t‘-'-'#

Strong ponderomotive forces drive
electrons Thog = 1 MoV

laser X-rays

B -


http://www.eli-beams.eu/
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Because there exists in Nature especially in extreme conditions

Because we can learn something about “vacuum”

Because it is a special tractable case of non-equilibrium physics
(can be formulated in weak-coupling theory)

Because it may allow for a new kind of universal picture in

Nature

Because it could give hints to unsolved problems.

Because it gives a new controllable parameter in additionto T
and p. New axis in the phase diagram.
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* Traditional ways of understanding physics
- based on classification of physical systems (in scale hierarchy)

ex) elementary particle physics, nuclear physics, atomic physics, optics,
condensed matter physics (metal, insulator, semiconductor), astrophysics

e Interdisciplinary ways of understanding physics
— based on properties that are common in different systems

ex) nonlinear physics, critical phenomena, non-equilibrium physics, etc

e Strong field physics is one of such.
- we treat extreme phenomena in many different systems
which could be hopefully described in “universal” ways.



Workshop series “Physics in Intense Fields”

covered many areas in physics

(particle physics, nuclear-hadron physics, cond-mat physics, astrophysics, laser physics)
e PIF2010 @ KEK (# of participants ~100) chair of program committee
http://atfweb.kek.jp/pif2010/
e PIF2013 @ DESY (# of participants ~60) one of organizers

https://indico.desy.de/conferenceDisplay.py?confld=7155
e PIF2015? @ England?



http://atfweb.kek.jp/pif2010/
https://indico.desy.de/conferenceDisplay.py?confId=7155
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Chirped Pulse Amplification
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Strickland & Mourou (1985)
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Collide two heavy ions (nuclei without electrons)

at very high energies to create “Quark-Gluon Plasma (QGP)”

quarks (fermions, with electric and “color” charges)

gluons (gauge bosons, non-Abelian analog of photon)

e v RO Al SF S S
e @QGP T TEREE | 10 m
183 C. W n e =101 m

. . ‘ o h | N v
.‘. < nucleons
.
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 Two ions with large electric charges collide at high energy

 Non-central HICs at RHIC and LHC provide STRONGEST
magnetic fields.

Strong -
Ze B field

M

(& —%1) x &

B(X)= 7 sinh(Y 372
ei3(x) = Zomm stmh( )[[El—,ﬂ)j + (tsinh Y — zcosh ¥)?]3/2

X’ , Y : transverse position and rapidity (velocity) of moving charge

Z=79 (Au), Y=6, b=4fm - eB (origin, t=z=0) ~ 10 4 -10 ® MeV?
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S A A VB RICEITHERIFGEN
 Two ions with large electric charges collide at high energy

 Non-central HICs at RHIC and LHC provide STRONGEST
magnetic fields.

At RHIC o

:VeB, ., ~1-10m_>>m,

B

140MeV  0.5MeV

eB/m.2 ~ O(10°) t=0, O(102-3) 1~0.6fm

eB/m 2 ~ O(10%) t=0, O(10%1) t~0.6fm
for u quark m,~ 2MeV

3

>

)
=3
a8

I'l.l

1.
Even larger at LHC 0

e Decay very fast:

Strong field physics will be most prominent in very early time!
(though the fields are still strong enough even at QGP formation time)



distribution function
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Lorentz contracted

Color Glass Condensate

E% | B4

722D IR 1o FHIR

Gluon dominant Original figure
by N.Tanji
[L—
*’)
*)
.= | mmp (I acp
b—f—J
Glasma flux tubes el I
non-Abelian Gauss’s laws
Er, || By V-E* = —gf*A". E°

Vv - B¢ :_gfabcAb_Bc

internal structure
of a proton

" Gluon (x0.05)A

o001 0%l of 1
momentum fractlon

. y,
After the collision: GLASMA

Very strong color SU(3) electromagnetic fields
with flux structure
Both color ELECTRIC and MAGNETIC fields

\/gB ~ \/gE ~Q,~ 1-afew GeV>>m,

Strong fields, but weak coupling Q, >> Ay



http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A%5Cnabla%20%5Ccdot%20%5Cmathbf%7BE%7D%20%5Ea%20=%20-gf%5E%7Babc%7D%20%5Cmathbf%7BA%7D%20%5Eb%20%5Ccdot%20%5Cmathbf%7BE%7D%20%5Ec%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A%5Cnabla%20%5Ccdot%20%5Cmathbf%7BE%7D%20%5Ea%20=%20-gf%5E%7Babc%7D%20%5Cmathbf%7BA%7D%20%5Eb%20%5Ccdot%20%5Cmathbf%7BE%7D%20%5Ec%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A%5Cnabla%20%5Ccdot%20%5Cmathbf%7BB%7D%20%5Ea%20=%20-gf%5E%7Babc%7D%20%5Cmathbf%7BA%7D%20%5Eb%20%5Ccdot%20%5Cmathbf%7BB%7D%20%5Ec%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A%5Cnabla%20%5Ccdot%20%5Cmathbf%7BB%7D%20%5Ea%20=%20-gf%5E%7Babc%7D%20%5Cmathbf%7BA%7D%20%5Eb%20%5Ccdot%20%5Cmathbf%7BB%7D%20%5Ec%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A%5Cmathbf%7BE%7D%20%5Ea%20_%5Ctext%7BL%7D%20%5Cparallel%20%5Cmathbf%7BB%7D%20%5Ea%20_%5Ctext%7BL%7D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A%5Cmathbf%7BE%7D%20%5Ea%20_%5Ctext%7BL%7D%20%5Cparallel%20%5Cmathbf%7BB%7D%20%5Ea%20_%5Ctext%7BL%7D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A1/Q_s%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A1/Q_s%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A%5Cmathbf%7BE%7D%20%5Ea%20_%7B%5Ctext%7BT%7D%7D%20%5Cperp%20%5Cmathbf%7BB%7D%20%5Ea%20_%5Ctext%7BT%7D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A%5Cmathbf%7BE%7D%20%5Ea%20_%7B%5Ctext%7BT%7D%7D%20%5Cperp%20%5Cmathbf%7BB%7D%20%5Ea%20_%5Ctext%7BT%7D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A1/Q_s%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0A1/Q_s%0A%5Cend%7Balign*%7D
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Color Glass Condensate



Glasma = Glass + Plasma
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E* =ig[a}, )

B* =ige[al, ad).

\/gB ~ \/gE ~Q
~ 1- a few GeV >> m,
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Cosmological Time Table

Widrow, et al. arXiv:1109.4052
102 1036 1030 1024 108 1012 106 (109 106 10'2 108s “The First magnetic Fields”
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“Vacuum” in modern physics

) Cluzipretig) mlalel Tri=er '/ is the basic language of modern physics
—> describes dynamics of oscillating degrees of freedom at
each space point

o a7 = lowest energy state of the system having nontrivial
~ structure. Always fluctuating.

e vacuum structure is the fi
understandmg thgphVSlcaI%'f'

ex) “Higgs particle” is a fluctuation,
excitation of the vacuum with nontrivial
structure (condensed Higgs fields).

ATLAS E



A world of photons, electrons and positrons



The vacuum is always fluctuating with virtual electron-positron pairs.

N P, |



The vacuum is always fluctuating with virtual electron-positron pairs.



The vacuum is always fluctuating with virtual electron-positron pairs.



Random fluctuations align in external fields
—> they behave “coherently”.

S S S
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With increasing external electric fields, virtual pair becomes real.
Amplification of fluctuation!
= Vacuum “break-down” (Schwinger mechanism)




Schwinger mechanism is now about to be investigated

by intense laser facilities.
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External photons easily couple to aligned (enhanced) fluctuations
to change their properties. cf) exiton-polariton

5 o 3N
SESAL



Sometimes a real photon can split into two photons
- “Photon Splitting”




Photon-photon scattering is enhanced due to external fields
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