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Do Do wewe understandunderstand CygnusCygnus A ?A ?

Lorentz factor = 1.04, v_J = 0.28 c, Mach = 6
[ Hughes 1996 ] 6 ppb

���� Not at all !
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Bow shock in Cyg A is a weak shock !!!



Magnetic Jets
have much more
Parameters

Fundamental Plane for Jets



HerbigHerbig--Haro FlowsHaro Flows

Almost 50 years ago, George Herbig
and Guillermo Haro independently
discovered a number of compact
nebulae with peculiar spectra near
dark clouds. 

The large range of excitation
conditions requires bow shocks and 
other complex morphologies. By the
early 1980s, several Herbig-Haro
(HH) objects were shown to be
highly collimated jets of partially
ionized plasma moving away from
young stars at speeds of 100 to over
1000 km/s (R. Mundt,
MPIA Heidelberg; Bo Reipurth at 
ESO). 
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OriginOrigin of of KnotsKnots
Pulsed Hydro-Jet
(Popular Model)

Overpressured Magnetic Jet (LSW Model; Camenzind 1990)

Turbulent
Cloud

Homogeneous Cloud



ClosedClosed MagneticMagnetic StructureStructure

Thiele &
Camenzind 2001



Pinch &
Kink
Instabilities

Div(B) = 0
All field lines
are closed !



3D MHD Jet in
Turbulent Cloud

619





EssentialsEssentials

•• Cluster Cluster gas propertiesgas properties areare essential essential forfor

understandingunderstanding theirtheir JETsJETs ((densitydensity contrastcontrast

and and profileprofile, , temperaturetemperature, , magneticmagnetic fields);fields);

•• Low Low ηη JetsJets �� 3 Phase Model of JET 3 Phase Model of JET 

evolutionevolution: : FromFrom thethe SedovSedov--phasephase overover thethe

cigarcigar--phasephase towardstowards thethe bubblebubble--phasephase;;

•• Do Do wewe nownow understandunderstand CygnusCygnus A ?A ?

•• TheThe BubbleBubble--PhasePhase of of JETJET--activityactivity is now a is now a 

very active field of research (Perseus).very active field of research (Perseus).



Cluster Cluster 

EvolutionEvolution
•• Clusters form in Clusters form in thethe

high high densitydensity peakspeaks of of 
cosmiccosmic densitydensity
perturbationsperturbations (M. (M. 
White et al. White et al. 2001;2001;

Millenium Run 2005).Millenium Run 2005).

•• Standard Standard cosmologycosmology: : 
LCDM Parameters:LCDM Parameters:

•• 0.67, 0.3, 0.7, 0.040, 0.67, 0.3, 0.7, 0.040, 
11

•• 200 x 200 x 33 200 x 200 x 33 MpcMpc

•• Gas Gas distributiondistribution -->>

First Quasars

HzRGs

Local Universe

First Stars

z = 15 z = 6.4

z = 4.7 z = 2.1

z = 1.0 z = 0

Most Quasars



Temperature vs Cluster Mass



SIDM ?

 JET Propagation ����

gamma = 4/3
alpha = 1

nu = 3



Typical
Density Profile
in a
Cluster
(Hydra, CXO)

� Used to
determine
total cluster

Mass

� Input for
Jet Simulation



___________ FR II / FR I Transition ___________

_________________________________________

L_R = 10^45  erg/s
L_J  = 10^46  erg/sCyg A

3C295

Cyg A is similar
to High z Radio Galaxy



3C132
3C341

3 3 PhasePhase--EvolutionEvolution

of Jetsof Jets
3C295
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Bipolar Hydro Simulations

Cocoon Gas is Hot !!!



Bow shock

Shocked cluster gas

Hot Cocoon



TheThe PresentPresent State of State of CygnusCygnus AA

•• CygnusCygnus A A isis in a in a clustercluster: M(R < 500 : M(R < 500 kpckpc) =   2 x ) =   2 x 10101414

M_SunM_Sun (Smith et al. 2002);(Smith et al. 2002);

•• Gas Gas densitydensity profileprofile isis shallowershallower thanthan givengiven byby ROSAT ROSAT 
observationsobservations: : nnGasGas ~ r~ r--1.41.4

•• TheThe synchrotronsynchrotron--ageage of of CygCyg A (27 A (27 MyrMyr) ) isis compatiblecompatible
withwith thethe SedovSedov--phasephase::

•• �� ifif thethe densitydensity profileprofile was as was as flatflat as as measuredmeasured byby
ChandraChandra;;

•• �� corecore densitydensity isis aboutabout 0.1 0.1 cmcm--33, , LLJetJet = 1 x = 1 x 10104646 ergerg/s;/s;

•• �� tthehe easterneastern Jet Jet isis just on just on thethe way to way to breakbreak out.out.

•• �� CocoonCocoon cylindricalcylindrical: : duedue to to magneticmagnetic confinementconfinement ?       ?       
oror duedue to to lowlow Mach Mach numbersnumbers ??



LargeLarge--ScaleScale SimulationsSimulations
on Supercomputers (NEC, HLRS)on Supercomputers (NEC, HLRS)

Very light 
Bipolar Jets:
NEC SX-5
for 1 month

���� NEC SX-6,
& NEC SX-8

�20 Mio years
in real life.

Transition from
spherical bubble
���� cigar-shape. M. Krause, LSW



Chandra VLA 330 MHz

Cyg A is at the End in the Sedov-Phase
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Morphology 
similar

KH instabilities
supressed

contact 
discontinuity in 
head region is 
more stable.

Cocoon still not 
cylindrical
M. Krause 2004

Magnetic 
vs.
Hydro η=10-3



WhatWhat happenshappens at z > 2 ?at z > 2 ?

•• Background Background densitydensity isis higherhigher and ambient and ambient 
temperaturetemperature lowerlower ((virialvirial temperaturetemperature):):

•• �� etaeta isis eveneven smallersmaller, , etaeta = 0.0001;= 0.0001;

•• �� SedovSedov phasephase lastslasts longerlonger, Jet , Jet extensionextension
thereforetherefore smallersmaller;;

•• �� coolingcooling becomesbecomes importantimportant;;

•• �� shockedshocked clustercluster gas gas coolscools byby LyLy alphaalpha
emissionemission;;

•• �� structurestructure of of thethe Jet Jet changeschanges;;

•• �� mixingmixing isis veryvery efficientefficient..



Density: after
1.4 – 3.0 – 6.8 

Mio years
Background: 

n = 10 / cm³

� Cooling leads to
Fragmentation
of Bow Shock

M. Krause, LSW



Temperature Diagnostics



WhatWhat wewe havehave achievedachieved

•• WeWe extendedextended Jet Jet simulationssimulations to to ηη <<<< 0.010.01 !!

•• Parameters Parameters forfor CygCyg A A areare nownow fixedfixed

�� CygCyg A A isis at at thethe end of end of thethe SedovSedov phasephase;;

•• Original Original clustercluster densitydensity profileprofile isis crucialcrucial;;

•• At At higherhigher redshiftsredshifts, , higherhigher centralcentral densitiesdensities,     ,     

nn00 > 1 / cm> 1 / cm³³, , �� coolingcooling importantimportant

�� LyLy alphaalpha emissionemission and and absorptionabsorption;;

•• �� mixingmixing of of shockedshocked clustercluster gas gas withwith cocooncocoon

�� fingersfingers of of coldcold gas in gas in thethe cocooncocoon nearnear centercenter;;

�� starstar formationformation withwith Jeans Jeans massmass of 1 of 1 MioMio solar solar 

massesmasses �� globularglobular clustersclusters (Krause 2002) ?(Krause 2002) ?



CriticalCritical IssuesIssues

•• MagneticMagnetic fieldsfields havehave to to bebe includedincluded in in beambeam and and 

cocooncocoon �� magnetosonicmagnetosonic Mach Mach numbernumber = 3;= 3;

•• BeamBeam plasmaplasma isis alwaysalways hot hot –– veryvery hot, hot, staysstays hot          hot          

�� TTBeamBeam > > 10101111 K, M = 3 K, M = 3 –– 6 6 fixedfixed, , notnot freefree !!

•• �� BeamBeam//cocooncocoon plasmaplasma isis a a 22--component component plasmaplasma:       :       

�� ionsions areare thermal and thermal and nonnon--relativisticrelativistic

�� electronselectrons relativisticrelativistic and and bumpybumpy (3C 273 (3C 273 knotsknots) !) !

•• �� requiresrequires completelycompletely newnew codecode developmentdevelopment in in 

thethe futurefuture: : relativisticrelativistic 22--component MHD component MHD codescodes !!

•• UnderstandingUnderstanding of of internalinternal knotsknots in in BeamsBeams (M 87,   (M 87,   

3C3C 273, 273, ……)) isis in in thethe far far futurefuture !!


