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X-ray cavities

® Areas of lower X-ray emission in galaxy
clusters (Fabian et al. 2001, Churazov et al.
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Hydra A cluster, z=0.054,T=107K,
* Image: NASA/CXC/U . Waterloo/C.Kirk




X-ray cavities

Hydra A cluster, z=0.054,T=107K, size ~ 200kpc,
* Image: NASA/CXC/U.Waterloo/C.Kirkpatrick et al. 2009




X-ray cavities

i "

Hydra A cluster, z=0.054,T=107K, size ~ 200kpc,
Image: NASA/CXC/U.Waterloo/C.Kirkpatrick et al. 2009




X-ray cavities

Hydra A cluster, z=0.054,T=107K, size ~ 200kpc;
Image: NASA/CXC/U.Waterloo/C.Kirkpatrick et al. 2009
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Static Solutions

The magnetic field plays an important role in stabilizing the cavity (Reynolds
et al. 2005)

Spheromak (Chandrasekhar & Kendall 1957) configurations (force-free) are
) _stable but they have .drawbacks
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Static Solutions

The magnetic field plays an important role in stabilizing the cavity (Reynolds
et al. 2005)

Spheromak (Chandrasekhar & Kendall 1957) configurations (force-free) are
stable but they have drawbacks:
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We look for equilibrium between the magnetic field and the plasma pressure
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Grad-Shafranov
equation and solution

We look for equilibrium between the magnetic field and tl

JxB=Vp B=VU xV¢-
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Grad-Shafranov
equation and solution

We look for equilibrium between the magnetic field and tl

sin(ar)
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® The system is in stable equilibrium

® The magnetic field on the boundary is zero (no
current sheets)
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An external magnetic field stabilizes through “magnetic draping” (Lyutikov
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Expanding bubbles
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Expanding bubbles

Two options:
* self-similar expansion
* quasi-static evolution

The self-similar expansion
requires a special profile of

expansion (uniform) and [=4/3 B =VV x V¢ +a(t)¥Ve a(t) = (vot +70)~

In the quasi-static formulation we require:

* conservation of magnetic flux, helicity and mass
e force equilibrium (RHS of momentum equation)
* [ is not constrained to 4/3




Expanding bubbles
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Expanding bubbles

Two options:
* self-similar expansion
* quasi-static evolution

The self-similar expansion
requires a special profile of

expansion (uniform) and [=4/3 B =VU¥ x V¢ +a(t)¥Ve a(t) = (vot +ro) ™"
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®  We have three regimes:

® For [=4/3: the ratio of magnetic to plasma pressure does not change

with expansion

For [<4/3: after some expansion the plasma pressure dominates, the

o » v 3 - & 2 v 4 - & - 3 A v n & ¢ % » N ,A" . i o LA
13 R PR . / & 1. * A | b - % > e - 4 Bl [ % o A A1V R O VR S Bl I o ) by

A o o B N ry | j i 5rll= N | 1T e Mtk B §T A Sleis) a2 - Rt ISRt fon s B A L& v N7 e PR BTN . K o A2 0D
A = - e ] | \ |\ @ - 11U LT o o - 2 RS CAS 0 5 ¢, /4 A

el - ¥ . L - ! - - — B e, ey B e 9% - f 3

oY Spler oy Crey © Jat A A I et S T A ML oy AN YL AT v > e o




Evolution
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® For [=4/3: the ratio of magnetic to plasma pressure does not change
with expansion
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Evolution

®  We have three regimes:

® For [=4/3: the ratio of magnetic to plasma pressure does not change
with expansion

® For [ <4/3: after some expansion the plasma pressure dominates, the
‘magnetic field is diluted
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®  We have three regimes:

® For [=4/3: the ratio of magnetic to plasma pressure does not change
with expansion

For [<4/3: after some expansion the plasma pressure dominates, the
magnetic field is diluted
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Evolution

®  We have three regimes:

® For [=4/3: the ratio of magnetic to plasma pressure does not change
with expansion

® For [<4/3: after some expansion the plasma pressure dominates, the
magnetic field is diluted

® For [>4/3:the magnetic pressure dominates, we expect to have areas
with magnetic field but no plasma pressure, the magnetic field there will
be force-free and contain current sheets

r the expansion the bubble and given the formation of
eXpect reconnection
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®  We have three regimes:

® For [=4/3: the ratio of magnetic to plasma pressure does not change
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® For [<4/3: after some expansion the plasma pressure dominates, the
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Subatomic particles with extremely high kinetic energies E >10'%V,
exceeding by far their rest mass energy

GZK (Greisen Zatsepin Kuzmin) limit: UHECRs with energies above
E >5 x10'%eV shall interact with CMB photons and produce pions.
The mean free path for this process is 50 Mpc (Greizen & Kenneth
I966 Zatsep n & Kuzmln I966 o |
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Subatomic particles with extremely high kinetic energies E >10'%V,
exceeding by far their rest mass energy

GZK (Greisen Zatsepin Kuzmin) limit: UHECRs with energies above
E >5 x10'%eV shall interact with CMB photons and produce pions.
The mean free path for this process is 50 Mpc (Greizen & Kenneth
1966, Zatsepln & Kuzmin I966)
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UHECRSs Overview

® Subatomic particles with extre

mely high kinetic energies E >10""eV.
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Acceleration

If slow continuous reconnection was taking place during the evolution of

the cavity the flux would be destroyed and we will never reach the essential
potential (Beford & Protheroe 2008)
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Acceleration

® |[f slow continuous reconnection was taking place during the evolution of

the cavity the flux would be destroyed and we will never reach the essential
potential (Beford & Protheroe 2008)
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Acceleration

If slow continuous reconnection was taking place during the evolution of

the cavity the flux would be destroyed and we will never reach the essential
potential (Beford & Protheroe 2008)
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Acceleration

If slow corjiid ec volution of

the cavity the essential
potential (
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® We have found stable, analytical solutions for magnetic cavities

Their evolution can be traced by quasi-static evolution, simulation is
essential however
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