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I.	THE	PLUTO	CODE	



What	is	PLUTO	?	
•  PLUTO1,2	is	a	modular	parallel	code	providing	a	mul9-physics	as	well	as	a	

mul9-algorithm	framework	for	the	solu.on	of	mixed	hyperbolic/
parabolic	conserva.on	laws	in	astrophysics;	

•  Target:	mul.dimensional	compressible		
																		flows	with	high	Mach	numbers:	

–  Compressible	Euler/Navier	Stokes;	
–  Newtonian	(ideal/resis.ve)		
					magnetohydrodynamics	(MHD);	
–  Special	Rela.vis.c	hydro	and	MHD;	
–  Hea.ng/cooling	processes,	
					chemical	network,	…	

•  Freely	distributed	at	h?p://plutocode.ph.unito.it	(v.	4.2)	

 1Mignone et al.  ApJS (2007), 170, 228-242;  2Mignone et al, ApJS (2012), 198, 7  
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The kinked jet of the Crab nebula 1107

Figure 5. Volume rendering of the magnitude of the current density
J = ∇ × B/(4π ) for the A3 jet, at t = 89.48 yr showing the formation
of helical structures in the front-end regions.

the injection nozzle, the jet has reached a quasi-stationary structure
with a number of standing conical shocks. In the front-end region,
the dynamics is characterized by a rapid variability and strong in-
teraction between the jet and the remnant. In these regions and for
large magnetizations, the beam takes the shape of a twisted helical
structure; see Fig. 5 showing a 3D view of the current density for
the A3 jet after ∼89.5 years.

3.2.1 Pinching.

A common feature that can be identified all along the jet is the
presence of pinching regions corresponding to the formation of
magnetized shock waves. These can be distinguished, for instance,
by looking at the horizontally averaged electromagnetic and matter
kinetic energies

Ēem(t, z) =
!

B2 + E2

8π
,χj

"
(17)

Ēkin(t, z) =
#
ργ (γ − 1),χj

$
, (18)

where the weight function χ j selects only material that is mainly
composed by jet particles (see equation 16).

In Fig. 6 we plot Ēem, Ēkin and the maximum Lorentz factor γ max

(taken on xy planes) as functions of z just before the jet has exited the
computational domain or encountered the outer supernova shock.
Average magnetic and kinetic energies exhibit quasi-periodic oscil-
lations along the beam due to jet pinching with the corresponding
formation of internal shocks with large compression factors. These
cycles are more evident in the slowly moving jets that reveal shocks
with larger strengths. Here the frequency of oscillations increases
with σ and magnetic fields tend to dissipate more rapidly.

Figure 6. Average profiles of the electromagnetic (top) and kinetic (mid-
dle) energies normalized to their initial value at z = 0 as functions of the
vertical distance z at different times (reported in the legend) for the six
simulation cases. The bottom panel shows the maximum Lorentz factor. Re-
gions of strong compression are evident by the quasi-periodic oscillations.
The Lorentz factor grows immediately upstream of the shocked flow where
magnetic and kinetic energies are smaller and drops discontinuously in the
post-shock regions.

Indeed, as discussed in Mignone et al. (2010), the presence of a
dominant azimuthal magnetic field component prevents the inner
jet core from interacting with the surrounding, thus substantially
reducing the loss and transfer of momentum. The net effect of this
shielding mechanism is to sustain the kinetic energy at the expenses
of magnetic energy, thus leading to a significant decrease of σ along
the beam. This is best illustrated in Fig. 7, where we show a 2D
colour distribution map of the horizontally averaged σ parameter
normalized to its initial value.

3.2.2 Fragmentation

As the jet advances into the remnant, the propagation is accom-
panied by the formation of highly intermittent unstable struc-
tures during which jet fragmentation is frequently observed. These
events take place on a short time-scale (typically less than a year)
and in correspondence of large kinked deflection where the jet
beam temporarily breaks down forming strong intermediate shock
waves resembling the main termination shock. A typical example is
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Introducing	the	PLUTO	Code	
•  PLUTO	is	wriaen	in	C	(∼80,000	lines)	and	C++	

(12,000	lines);	

•  Support	mul.-dimensional	parallel	(MPI)	
computa.ons	from	single	processor	to	a	large	
number	of	cores	(tested	up	to	262,144);	

•  Tested	on	several	plaforms	(Linux/Mac	OS/SP6/
Blue	Gene	Q,P/Jugene/Fermi/Marconi);	

•  Computa.ons	may	be	performed	on	

•  Sta.c	grid	:	single	fixed	grid;		
•  Adap9ve	grid:	mul.ple	refined,	block-

structured	nested	grids	following	and	
adap.ng	to	the	solu.on	



Available	Physics	Modules	

1S.	Kolb	et	al,A&A,	h?p://www.tat.physik.uni-tuebingen.de/~kolb/pluto_radia9on	

Advec9on	Physics	(Hyperbolic	PDE)	
	
-  Hydrodynamics	(HD)	
-  Magnetohydrodynamics	(MHD)	
-  Rela.vis.c	Hydrodynamics	(RHD)	
-  Rela.vis.c	MHD	(RMHD)	

Dissipa9on	Physics	(Parabolic	PDE)	
	
-  Viscosity	(Navier-Stokes)	
-  Thermal	conduc.on	(hydro	and	MHD)	
-  Magne.c	resis.vity	
-  Radia.on	Hydrodynamics	(FLD1,	2	temp)	

Source	Terms		
	
-  Gravity	/	Body	forces	
-  Hea.ng	/	op.cally	thin	cooling	
-  Chemical	networks	

Thermodynamics		
	
-  Isothermal	
-  Ideal	
-  Non-constant	gamma	
-  Synge	Gas	(rela.vis.c)	

Geometry		
	
-  Cartesian	(1D,	2D,	3D)	
-  Cylindrical	(1D,	2D,	3D)	
-  Spherical	(1D,	2D,	3D)	

Par9cle	Physics		
	
-  Lagrangian	par.cles	(1D,	2D,	3D)	
-  Dust		
-  Cosmic	Rays	à	MHD-PIC	



Available	Algorithms	
•  PLUTO	supports	2nd	order	Finite-Volume	as	well	as	5th	order	finite	

difference	algorithms	in	mul.ple	dimensions.	

Time	Stepping	
	
-  RK2,	RK3		
-  MUSCL-Hancock			
-  Characteris.c	Tracing	

Dimensionally	split	or	
fully	unsplit	methods.	

Interpola9on	
		
-  Piecewise	Linear	
-  Piecewise	Parabolic	
-  WENO	3rd	–	5th	order	

Primi.ve	or	characteris.c		
fields	

Riemann	Solver	
		
-  Two-shock		
-  AUSM	
-  Roe		
-  HLL	/	HLLC	/	HLLD	
-  TVDLF	
-  MUSTA	

Parabolic	Solver	

-  Explicit		
-  Super-Time-Stepping	
-  Runge-Kuaa-Legendre	

∇⋅B		control	
		
-  8-wave		
-  Constrained	Transport	
-  Hyperbolic	Divergence	Cleaning	



PLUTO	&	Magne.c	Monopoles	
•  8	wave:	Cell	centered	approach,	includes	a	source	term	∝	∇·B		

–  Pros:	simple		
–  Cons:	∇·B=0	to	scheme	accuracy,	non	conserva.ve,	error	at	shocks	(Toth,2000)	

•  Constrained	Transport:	staggered	approach,	
						Stoke’s	theorem	used	for	evolu.on	
	

–  Pros:	∇·B=0	to	machine	accuracy,	
						conserva.ve,	consistent	formula.on;	
–  Cons:	staggering	requires	solu.on	of	2D	R.P.,		
						extra	care	for	AMR	grids,	high	order	and		
						addi.onal	physics;	

•  Hyperbolic/Parabolic	Div	Cleaning1	

–  Pros:	simple,	conserva.ve	
–  Cons:	∇·B=0	to	scheme	accuracy,	one	addi.onal	scalar	equa.on	

1Dedner et al., JCP (2002) 



Parallel	Implementa.on	
•  Paralleliza.on	in	PLUTO	is	achieved	by	standard	domain	

decomposi.on;	

•  A	built-in	library	(ArrayLib)	provides	an	abstrac.on	for	distributed	
array	objects	and	simple	interfaces	to	the	underlying	MPI2	
rou.nes;	

•  Supports	cell-centered	and	staggered		
					meshes;	

•  Strong	scaling	tests	up	to	262,144	cores	
					on	both	FERMI	and	the	BG/Q	MIRA	at	
					Argonne	Na.onal	Laboratories	(USA)		

13
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Parallel	I/O	
•  PLUTO	supports	serial	and	fully	parallel	I/O	(MPI2-standard);	
•  Several	file	formats:	

–  Raw	binary	(single	and	double	precision),	[sta.c	grid]	
–  Legacy	VTK	[sta.c	grid]	
–  HDF5		[sta.c	grid,	AMR]	
–  ASCII		[sta.c	grid]	

•  Parallel	I/O	improved	to	support	both	synchronous	and	asynchronous,	
‘split	collec.ve’	calls	(PRACE	whitepaper1):	this	allows	the	transfer	of	
data	out/in	the	user’s	buffer	to	proceed	concurrently	with	computa.on.		

1hap://www.hpc.cineca.it/content/io-op.miza.ons-startegies-pluto-code	

Table 1. Total running time with different resolutions, 512× 1024 × 512 (columns 2-4) and 512 × 4096 × 512 (columns
5-7).

512× 1024× 512 512× 4096× 512

Nprocs Synchronous Asynchronous Gain Synchronous Asynchronous Gain

time [sec] time [sec] [%] time [sec] time [sec] [%]

512 512 475 7.5 - - -

1024 295 277 6 - - -

2048 463 345 25 1368 1273 7

4096 246 193 21.5 863 697 19.2

8192 218 155 29 568 404 29

code is able to decrease the writing time with respect to the previous blocking version. The gain obtained,
starting with 512 MPI tasks, increases with the number of MPI tasks involved up to 20% for 4096 tasks and
30% for 8192 tasks (see Table 1 and plots in Figure 1).

Notice, from the first plot in Figure 1, that at 2048 processors both the times of synchronous and asyn-
chronous runs increase with respect to the times obtained for 1024 MPI tasks. This is due to the configuration
of the JUGENE cluster, because 71 out of the 72 JUGENE racks have a fixed ratio of 1 I/O node per 128
compute nodes (i.e. 4 I/O nodes per midplane and a total of 8 I/O nodes), whereas there is deviant rack
(named R87) which has a much richer ratio: 1 I/O node per 32 compute nodes. Only the two simulations
involved 512 and 1024 MPI processors run on rack R87, by using respectively 8 and 16 I/O nodes. The other
simulations, conversely, run on some of the other 71 ’standard’ racks, thus they used a smaller number of I/O
nodes with respect to the number of cores involved in the computation. The racks used in the simulations are
different, due to the settings of the LoadLeveler classes available on JUGENE.

The same test case has been used to perform weak scaling, in which each MPI task has a fixed grid sizes of
64×128×64. The values in Table 2 show that a linear scaling is achieved, because the gain of the asynchronous
version stays constant while the workload is increased in direct proportion to the number of processors.

Table 2. Weak scaling of binary I/O.

Nprocs Synchronous Asynchronous Gain Total grid size

time [sec] time [sec] [%]

512 514 475 7 512× 1024× 512

2048 1368 1273 7 512× 4096× 512

3.2. Benchmark results for HDF5 I/O

The benchmarking configuration for HDF5 I/O consists of a vertically stratified accretion disk in 3D cylindrical
coordinates (r,φ, z) with a domain extent given by 1 < r < 4, 0 < φ < 2π, −0.4 < z < 0.4, covered with
480 × 1920 × 128 zones. The ideal MHD equations are solved with an adiabatic equation of state using a
third-order Runge-Kutta time stepping with piece-wise parabolic spatial reconstruction and staggered mesh
constrained transport evolution of the magnetic field to ensure the divergence-free condition. User-defined
boundary conditions are adopted in the vertical and radial direction while periodicity is assumed along the
azimuthal direction. Since the numerical scheme requires 10 variables to be solved for and written to disk, each
output file has (approximately) size of 8.8GByte (binary dataset) and 11GByte (HDF5 dataset).

Figure 2 shows the time needed to write a single file versus the number of MPI tasks obtained by averaging
≈ 30 files per simulation (binary files were written by using the blocking version of the code).

Notice that at 2048 processors the time needed to write the binary file increase with respect to the time
obtained for 1024 MPI tasks, due to the configuration of the JUGENE cluster, as explained in the previous
subsection.

The results indicate that HDF5 I/O performs worse than the synchronous binary I/O. This is probably due
to the structure overhead of HDF5 and the additional information provided. The compatibility between the
internal parameters of this format and the configuration of the underlying file system (GPFS) must also be
considered.
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II.	ASTROPHYSICAL	CHALLENGES	



Astrophysical	Plasma	Condi.ons	
•  Astrophysical	Plasmas	are	characterized	by	a	wide	disparity	in	spa.al	and	

temporal	scales:	

•  Flows	are	compressible,	magne.zed,	supersonic,	and	possibly	rela.vis.c;	
•  Several	physical	effects:	advec.on,	dissipa.ve	(non-ideal	effects),	

cooling/radia.on,	gravity,	non-iner.al	effects,	complex	equa.ons	of	
state,	s.ff	reac.on	networks,	rela.vis.c,	etc…		

L	(cm)	 n	(cm-3)	 T	(K)	 v(Km/s)	 B	(G)	

Stellar	interiors	 1010	÷	1012	 1027	 ≥	107	 0	÷	500	 1÷	104	

Stellar	winds	 1013	÷	1015	 10-2	÷	103	 102÷103	 200	÷	4·103	 10-5÷10-3	

Neutron	star	 106	 1042	 106	÷	109	 -	 1012	

Interstellar		Medium	 102÷1022	 10-1	÷	10	 102	 1÷	30	 ≤	10-5	

Intergalac.c	Medium	 ≥	1024	 ≤	10-5	 105	÷	106	 10	÷	103		 ≤	10-8	

Jets	from	YSO	 1016	÷	1018	 103	÷	104	 103	÷	105	 100	÷	500	 10-4÷10-3	

Jets	in	AGN	 1021	÷	1024	 10-5	÷	10-3	 -	 ~ c	 ~10-3	



Astrophysical	Challenges:	Scale	Separa9on	
•  Astrophysical	environments	involve	physical	processes	opera.ng	

at	extremely	different	spa9al	and	temporal	scales,	and	complex	
interac9ons	between	plasmas	and	radia9on.	

•  Current	computa.onal	modeling	is	s.ll	largely	fragmented	under	
the	limited	range	of	applicability	of	different	models.		

•  A	large	gap	stretches	from	theory	to	a	clear	interpreta.on	of	the	
observa.ons	of	high-energy	astrophysical	sources.	



Applica.ons	to	Earth’s	Space	Environment1	

1Lapenta JCP (2012), 231 



III.	ADAPTIVE	MESH	REFINEMENT	



Grid	Adap.ve	Computa.ons	
•  Wide	range	of	spa.al	and	temporal	scales		
				à	Adap9ve	Mesh	Refinement	(AMR)	
	
•  Goal	of	grid	adap.vity:	

tracking	features	much	smaller	than		
overall	scale	of	the	problem	providing		
adequate	higher	spa9al	and	temporal		
resolu9on	where	needed.	

•  Dynamic	grid	vs.	sta.c	grid	approach:	

–  Increased	computa.onal	savings	over	a	sta.c	grid	approach.		
–  Increased	storage	savings	over	a	sta.c	grid	approach.		
–  Complete	control	of	grid	resolu.on,	compared	to	the	fixed	resolu.on	of	a	sta.c	

grid	approach.	



So|ware	for	AMR	Framework	
Available	frameworks	for	AMR:	

•  BoxLib		(LBNL)	
•  Chombo	(LBNL)		
•  AMRClaw	(UW)	
•  SAMRAI	(LLNL)	
•  ParaMesh	(NASA)	
•  GRACE	(Rutgers)	

Paralleliza9on	Strategies:	

•  Individual	grid	distribu.on	
•  Separate	distribu.on	of	each	level	
•  Rigorous	domain	decomposi.on	
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•  PLUTO	takes	advantage	of	the	Chombo	library:	a	distributed	infrastructure	for	
parallel	computa.ons	over	block-structured	adap.vely	refined	grids.		

•  The	choice	of	block-structured	AMR	is	jus.fied	by	the	need	of	exploi.ng	the	
already	implemented	modular	skeleton	introducing	the	minimal	amount	of	
modifica.on	and,	at	the	same	.me,	maximizing	code	re-usability	



																			AMR	Example:	
	
•  Problem:	Blast/Cloud	Interac.on	
•  Grid	Size:	128x128	+		5	Levels	of	refinements	(eq:	

4092x4092)	
•  Scheme:	Dimensionally	unsplit	Piecewise	Parabolic	

Method	(PPM)	
•  Code:	PLUTO	



Block	Structured	AMR	

•  data	blocks	are	created	so																																																																																	
that	the	same	stencil	can	be																																																																												
used	for	all	points	and	no																																																																													
special	treatment	is	required.		

•  High	level	objects	that	encapsulate																																																																		
the	func.onality	for	AMR	and	its																																																																				
paralleliza.on	are	independent	of																																																																				
the	details	of	the	physics	algorithms	and	the	problem	being	solved.		

•  Simplifies	the	process	of	adding/replacing	physics	modules	as	long	as	they	
adhere	to	the	interface	requirements.	



Single	Level	Integra.on	
•  ghost	zones	values	need	
						to	be	filled	before	integra.on;	
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Single	Level	Integra.on	
•  ghost	zones	values	need	
						to	be	filled	before	integra.on;	
•  patches	at	the	same	level	are	
						synchronized;	
•  Physical	boundaries	are	imposed		
						externally;	
	

•  Fine-Coarse	and	Coarse-Fine	
						interface	need	interpola.on	/	averaging	

•  Integra.on	proceeds	as	for	the	single-grid	case:	



AMR	PLUTO	Implementa.on	
•  Time	stepping	based	on	the	Corner	Transport	Upwind	(CTU1)	or	

Method	of	lines	(RK2)	

–  fully	dimensionally	unsplit	inclusion																																																																		
of	hyperbolic	and	parabolic	terms;	

–  CTU:	one	boundary	call	/	step;	

•  PPM,	WENO	and	linear	reconstruc.on;	

•  Diffusion	terms	treated	explicitly	or	via	accelerated		techniques	
(STS,	RKL)		

•  Cell-centered	GLM	formula.on	of	MHD		
					equa.ons	

1Colella JCP (1990); Saltzmann, JCP (1994) 



Parallel	Data	Distribu.on	
•  For	block-structured	AMR,	the	solu.on	at	each	level	is	defined	on	

a	collec.on	of	logically	rectangular	grid	patches	each	containing	a	
large	number	of	points:		

•  This	organiza.on	of	data	into	large	aggregate	grid	patches	also	
provides	a	model	for	paralleliza.on	of	the	AMR	methodology.		

Level 0 

Level 1 

Level 2 



Parallel	Data	Distribu.on	
•  Data	distributed	among	processor:	different	resolu.ons	are	distributed	

indipendently,	separately	load-balanced;	

•  Load-balancing	based	on	the	solu.on	of	the	knapsack	problem:	
–  Given	a	set	of	items,	each	with	a		weight	and	a	value,		
					determine	the	number	of	each	item	to	include		
					in	a	collec9on	so	that	the	total	weight	is	less		
					than	a	given	limit	and	the	total	value	is	as		
					large	as	possible	

					à	the	computa.onal	work	in	the	irregularly		
										sized	grids	of	the	AMR	data	structures	is	equalized		
										among	the	available	processors.	
	
•  Knapsack	algorithm	provides	good	efficiency	if	the	number	of	grids/processors	>	

3	(Crutchfield,	1993).		



Parallel	Performance,	3D	Rayleigh-Taylor	

																																																							Base	grid:	16x32x16	
														2	Levels,	jump	4:4																																																4	Levels,	jump	2:2:2:2	



AMR	PLUTO	Parallel	Performance	
•  3D,	RT:	Efficiency	>	0.8	for	≤	512	CPUs	and	
						drops	to	0.6	(2-lev)	and	0.4	(4-lev)	at		
						1024	CPUs;	

•  Smaller	patches	improve	efficiency:	
					2D,	Rela.vis.c	KH		



Applica.on:	Jets	from	young	stellar	objects	

•  Bibolar	ouflows	from	inner	accre.on	disk	in	star	forma.on	
regions;	

•  Strong	shock	waves	that	heat	and	ionize	the	gas;		
•  electrons	and	ions	recombine	à	emission	line	spectrum	

characteris.c	of	Herbig-Haro	objects;	
•  Forbidden	emission	lines	in	the	op.cal,	IR	emission	
•  Need	to	resolve	different	.me	and	spa.al	scales:																
								Advec.on	scales	~	10	yrs/	~1015	cm						
								Cooling					scales	~		week	/	~1013-1012cm		(!	S.ff	!)	

HH 111 



One-dimensional	calcula.ons	
•  Emission	comes	from	very	localized	regions	behind	the	shock		
•  	Need	for	adap.ve	mesh	refinement	following	the	shock1:	

	StaIc	uniform	grid	(49152	zones),	∼	17	hrs	 	AMR	(1536,	5	levels)	∼	4	min	

1Tesileanu	et	al.,	ApJ	(2012)	746:96	



Problem:		
				Radia.ve	pulsed	jet1	

Base	Grid:		
				128x640	
Levels	of	Refinement:		
					7			
				(eq.	Res	=	16384	x	81920)	
Method:		
					Unsplit	PPM	+	Cooling	
	
Code:		
					PLUTO	+	Chombo	AMR	
	
Descrip@on:		
Jet	perturbed	at	the	inflow		
with	a	velocity	variability		
(T	=	50	yrs).		
	
Parameters:	
			nH	=	500	cm-3,		
			vj	=	200	Km/s	
	

Axisymmetric  
Jet Model	

1Tesileanu	et	al.,	ApJ	(2012)	746:96	



Radia.ve	Shock	Structure	



IV.	PARTICLE	PHYSICS	



Par.cle	Module	in	PLUTO		
•  Sub-grid	models,	micro-scale	physics	and/or	kine9c	effects	can	be	

(par.ally)	restored	by	introducing	par.cles.	

•  PLUTO	offers	type	of	par.cles	may	be	used,	depending	on	the	
applica.on:		

	
ParIcle	type	 Purpose	 System	Scale	

Lagrangian	
(macro-par.cles)	

Model	non-thermal	emission	from	AGN	/	PWN	
environments.	

Largest		

CR	 Model	CR	streaming,	turbulent	field	amplifica.on	
and	par.cle	accelera.on	at	shocks	/	reconnec.on	
layers.	

Medium/Small	

Dust	 Models	of	proto-planetary	disks.		 Large	

Superphotons	 Monte-Carlo	methods	for	radia.on	transport	at	
arbitrary	op.cal	depth.	

[Future]	



Lagrangian	Par.cles	
•  A	Lagrangian	macro-par.cle	(MP)	represents		
					an	ensemble	of	real	par.cles	(e.g.,	electrons)		
					sufficiently	close	in	physical	space	and		
					associated	with	a	sub-grid	physical	modeling.		

•  Each	MP	is	characterized	by	a	distribu.on		
					func.on	N(ε,t)	represen.ng	the	actual		
					par.cle	number	density	as	a	func.on	of	energy	ε.		

•  The	energy	distribu.on	changes	in	.me	according	to	several	
different	physical	processes	(compression/expansion,	
synchrotron	losses	[Kardashev	1962])	

•  LPs	are	transported	at	the	fluid	speed,	dx/dt	=	vg;	

Figure 3. Left : error in the radial position for a single particle in the stationary vortex problem
at di↵erent resolutions. Right : evolution of Lagrangian particles in the KH vortex problem. The
colormap shows the vorticity while particles and their corresponding velocity are over-plotted.

uniformly. Periodic boundary conditions are applied in the x direction, while open boundaries are
set along y direction. Fig. 3 shows the vorticity of the fluid at t = 20 where MPs are represented
as black squares and the marked grey arrows (whose lengths are scaled by magnitude of particles
velocity) point clearly in the direction of flow as expected.

4.3. Adiabatic Expansion in Sedov-Taylor Blast Wave.
A 2D Sedov-Taylor explosion is set on the unit square using 10242 cells and open boundary
conditions. We adopt constant density (⇢ = 1) throughout the domain while the internal energy
is set to ⇢e = 1.5⇥10�5 everywhere except for a small region at the origin where ⇢e = 6.82⇥103.
An ideal EoS with adiabatic index � = 5/3 is used.

We place a total of 1024 MPs uniformly distributed within the domain and assign to each MP
an initial power-law spectrumN(✏) = N

0

✏

�� with � = 3 covering a range of 6 orders of magnitude
in the energy distribution with M = 100 equally-spaced logarithmic energy bins. We solve the
hydrodynamical equations (no magnetic field) and, in order to quantify the e↵ect of adiabatic
e↵ects only, we do not include shock-aceleration when solving Eq. (2) for the evolution of the
distribution function. The solution at t = 0.5 is shown in the left panel of Fig. 4. Note that for a
very strong shock, the post-shock velocity can be approximated as v(r, t) / rv

s

where v

s

/ r

s

/t

and r

s

/ t

2/5 are the shock front velocity and position, respectively. From this argument, we see
that the adiabatic expansion coe�cient in Eq. (2) becomes ↵ / 1/t. Because of this, adiabatic
e↵ects modify all energy bins in the same way and the resulting spectral distribution involves a
parallel shift of the spectrum, N(✏) without a↵ecting the power-law index �. This is shown in
the right panel of Fig. 4 for a single MP. The analytical dependence of the electrons energy ✏

and of the distribution function N(✏) as a function of time (with � = 0, no magnetic fields) is
presented in [12]. These solutions are over-plotted as black dashed lines in middle and bottom
panels of Fig. 4. The red squares that depicts the value of one of the energy bins for the same
particle behind the shock are consistent with the analytical estimates.

4.4. Magnetized Sedov-Taylor Blast Wave.
Next, we consider the e↵ects of synchrotron losses on the evolution of the distribution function
in a magnetized cylindrical blast wave simulation. The domain is initially filled with constant



Lagrangian	Par.cles	
•  In	energy	space,	the	spectra	is	evolved	by	solving,	for	each	par.cle,	

a	Fokker-Planck	equa.on	

	
•  Addi.onal	processes	include	sub-grid		
					model	for	Fermi	I	accelera.on	(DSA)	at		
				shocks:	

•  Emissivity	can	be	computed	from		
						par.cle	distribu.on	as		

Macro-Particles

Spectral Evolution

• Each Macro-Particle is an ensemble of electrons with energies E

min

to E

max

with particle density N(E , t).

• In this energy space, the spectra is evolved by solving for every particle a
Fokker-Planck Equation
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• Semi-Analytical solutions exists when D(E) = A(E) = S(E, t) = 0; T
esc

= 1
• Additionally include sub-grid model for Fermi Ist Order Acceleration at Shocks

N(E , t)+ = �(⇢+/⇢�)N(E , t)�

• Observed Emissivity j⌫ /
R1
0 N(E 0, t)dE 0 is deposited from particle to grid.

Macro-Particles

Spectral Evolution

• Each Macro-Particle is an ensemble of electrons with energies E

min

to E
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with particle density N(E , t).

• In this energy space, the spectra is evolved by solving for every particle a
Fokker-Planck Equation
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• Additionally include sub-grid model for Fermi Ist Order Acceleration at Shocks

N(E , t)+ = �(⇢+/⇢�)N(E , t)�

• Observed Emissivity j⌫ /
R1
0 N(E 0, t)dE 0 is deposited from particle to grid.



Applica.on:	Jet	Propaga.on	and	Emission	



Cosmic	Rays:	the	MHD+PIC	Model	
•  MHD+PIC	hybrid	model:	Cosmic-Rays	(CRs)	par.cles	treated	with	

conven.onal	PIC	technique,	while	the	rest	of	the	thermal	plasma	(ions	
and	electrons)	is	treated	as	MHD	fluid1.	

•  MHD+PIC	properly	describes	the	physics	of	the	composite	system	on	
scales	much	larger	than	the	ion	iner.al	length,	c/ωpi.		

•  Avoid	resolving	microscopic	scales,	allowing	simula.ons	at	much	larger	
and	even	macroscopic	scales	at	modest	computa.onal	cost.	

•  Only	gyra.on	must	be	resolved.	

P		I		C	 M		H		D	

Plasma	skin	depth	 System	scale	Gyroradius	

M		H		D		+		P	I	C	

1Bai	et	al,	ApJ	(2015)	



Hybrid	MHD+PIC	Equa.ons	
•  MHD+PIC	is	a	hybrid	model	using	fluid	(for	the	thermal	plasma	components)	and	

par.cles	(CRs,	modeling	the	non-thermal	component):	

CRs	are	subject	to	the	Lorentz	
force,	and	the	force	density	
they	experience	is:	
	
	
	
The	equa.on	of	mo.on	is	
	
	
	
	

MHD	Fluid	 Par@cles		

2
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Particle interpolation (also referred to as field weighting) is the opposite process of interpolating grid

(fluid) quantities at a given particle position:
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(6)

where the summation now extends to all grid zones. For consistency the same weighting scheme must be
used for particles and field (see Birdsall & Langdon 2004).

2.2. Lagrangian Particles

dx

dt

= v = v

g

(7)

2.3. MHD-PIC

The MHD-PIC approach was recently developed by Bai et al. (2015) to describe the dynamical interac-
tion between a thermal plasma and a non-thermal population of collisionless cosmic rays (CR henceforth).
While the fluid equations are treated using the methods already available for shock capturing MHD, CR
particles are evolved with conventional PIC techniques. This formalism aims at capturing the kinetic
e↵ects of CR particles without the need to resolve the plasma skin depth, as it is typically required by
PIC codes. In the MHD-PIC formalism, instead, only the Larmor (gyration) scale must be adequately
resolved. This extends the range of applicability to much larger spatial (and temporal) scales when
compared to the standard PIC approach, inasmuch the particle gyoradius largely exceed the plasma skin
depth c/!

pe

⇡?.
In the MHD-PIC formalism, the fluid equations are the standard equations of ideal magnetohydrody-

namics, modified to account for the backreaction of the CR onto the fluid:
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The source term in the momentum equation describes the momentum exchange between fluid and particles
and it is straightforward to show that it must be the opposite of the Lorentz force experienced by the
particles:
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CR
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where q

CR

and J

CR

/c = q

CR

v

CR

/c are, respectively, the particle charge and current densities computed on
the grid.

3

The electric field is computed from Ohm’s law,

cE = �v

g

⇥B �R(v
CR

� v

g

)⇥B (10)

where the first term is the standard convective term while the second term describes the relative drift
between CR and fluid and will be referred to as the CR-Hall term. Here R = q

CR

/|q
e

| is the charge density
ratio betwen CR and electrons and the regime in which the described formulation is valid demands R ⌧ 1.
Note that, at scales much larger than the plasma skin depth, both the standard Hall-MHD and electron
pressure terms may be safely neglected. Charge neutrality applies to the composite system (fluid+CR),
so that

q
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= 0 (11)

holds, where q

i

> 0 and q

e

< 0 are the charge density of ions and electrons, respectively.
Grid quantities such as q
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/c and J

CR

/c appearing in Eq. (9) are computed by depositing individual
particle charges and currents defined as
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where (e/mc)
p

is the CR charge to mass ratio, %
CR,p

is the actual mass density contribution of a single
CR, representing an ensembles of real particles. Likewise, we similarly define the charge density q

i

of the
thermal ions as q

i

/c = (e/mc)
g

⇢ where (e/mc)
i

is the fluid charge to mass density. The speed of light c
Cosmic ray particles are governed by the equation of motion
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Eq. (13) where � = 1/
q

1� v
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p

/C2 is the particle Lorentz factor. Since the actual speed of light does

not explicitly appears in the MHD equation, here C is used to specify an artificial value for the speed of
light and, for consistency reasons, it must be greater than any characteristic signal velocity. Eq. (13) is
solved by means of a standard Boris pusher using a position-Verlet algorithm:
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where u = �v is the particle four-velocity, h = (e/mc)
p
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Time step restriction is computed by requiring that no particle travels more than Nmax zones and that

the Larmor scale is resolved with more than 1 cycle:
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Ohm’s	law	includes	CR-induced	Hall-term1:	

1Bai	et	al,	ApJ	(2015)	809:55,	Mignone	et	al.	(2017)	in	prepara.on	

2

• Nearest grid point (NGP):

W

i�1

= 0 ; W

i

= 1 ; W

i+1

= 0 ; (3)

• Cloud in cell (CIC):

W

i�1

= �min(0, �) ; W

i

= 1� |�| ; W

i+1

= max(0, �) ; (4)

• Triangular Shape Cloud (TSC):

W

i�1

=
1

2

✓
1

2
� �

◆
2

; W

i

=
3

4
� �

2 ; W

i+1

=
1

2

✓
1

2
+ �

◆
2

; (5)

Note that W
i�1

+W

i

+W

i+1

= 1 when � 2 [�1/2, 1/2].
Particle interpolation (also referred to as field weighting) is the opposite process of interpolating grid

(fluid) quantities at a given particle position:

q

p

=
X

ijk

W (x
ijk

� x

p

)Q
ijk

(6)

where the summation now extends to all grid zones. For consistency the same weighting scheme must be
used for particles and field (see Birdsall & Langdon 2004).

2.2. Lagrangian Particles
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2.3. MHD-PIC

The MHD-PIC approach was recently developed by Bai et al. (2015) to describe the dynamical interac-
tion between a thermal plasma and a non-thermal population of collisionless cosmic rays (CR henceforth).
While the fluid equations are treated using the methods already available for shock capturing MHD, CR
particles are evolved with conventional PIC techniques. This formalism aims at capturing the kinetic
e↵ects of CR particles without the need to resolve the plasma skin depth, as it is typically required by
PIC codes. In the MHD-PIC formalism, instead, only the Larmor (gyration) scale must be adequately
resolved. This extends the range of applicability to much larger spatial (and temporal) scales when
compared to the standard PIC approach, inasmuch the particle gyoradius largely exceed the plasma skin
depth c/!
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In the MHD-PIC formalism, the fluid equations are the standard equations of ideal magnetohydrody-
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The source term in the momentum equation describes the momentum exchange between fluid and particles
and it is straightforward to show that it must be the opposite of the Lorentz force experienced by the
particles:
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where the first term is the standard convective term while the second term describes the relative drift
between CR and fluid and will be referred to as the CR-Hall term. Here R = q

CR

/|q
e

| is the charge density
ratio betwen CR and electrons and the regime in which the described formulation is valid demands R ⌧ 1.
Note that, at scales much larger than the plasma skin depth, both the standard Hall-MHD and electron
pressure terms may be safely neglected. Charge neutrality applies to the composite system (fluid+CR),
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light and, for consistency reasons, it must be greater than any characteristic signal velocity. Eq. (13) is
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Diffusive	Shock	Accelera.on:		
•  DSA	commonly	invoked	to	explain	produc.on	of	high	energy	cosmic	rays	

(CR)	at	shock	waves.	
	
•  Accelera.on	of	charged		
					par.cles	when	being		
					repeatedly	scaaered	across	
					a	shock	front:	

•  Important	in	many	astrophysical	models	(e.g.	shocks,	solar	flares	and	
SNR).	

•  Scaaering	comes	from	magne.c	field	irregulari.es	(ac.ng	as	magne.c	
mirrors)	/	Alfven	waves.	

•  à	Requires	substan.al	magne.c	field	amplifica.on	
	



CR	Accelera.on	at	Shocks	
•  CR	scaaered	by	local	turbulent	magne.c	field	irregulari.es.	Accelerated	CRs	

dri|	with	respect	to	the	upstream	fluid	and	the	instability	typically	quickly	
enters	its	strongly	nonlinear	stage.		

•  Par.cles	spectrum	broadens	in	.me,	extending	substan.ally	to	the	high	energy	
side.	

	
•  A	high-energy	power-law	tail	builds	up,		
						with	spectral	slope	consistent	with	-3/2.		

•  The	high-energy	tail	extends	to	higher	
						energies	with	.me,	with	a	roughly	
						exponen.al	energy	cutoff.		



THE	END	


