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Time evolution of convective mixing and nuclear burning processes in He-shell flash AGB 
stars. Green regions indicate convectively unstable zones. CS is the He-shell flash 
convection zone. During and at the end of dredge-up, H-mixing (purple) into the C-rich 
intershell material can lead to formation of the n-source 13C for the s-process (pink shaded 
region). H-entrainment into the CS leads to a H-ingestion flash convection zone (HIF-CZ), 
shown schematically in orange for the second He-flash. Adapted from Fig 3 in Herwig 2005. 

Falk Herwig pointed out to me that 3-D simulations were needed to 
understand the H-ingestion flash in metal-poor AGB stars. 



Time evolution of the radial location of the He-shell flash convection zone based on the 1-D stellar evolution model of 
Herwig.  Time is set to 0 at the peak of the He-burning luminosity.  Dots represent individual time steps.  Lagrangian 
lines at different mass fractions are shown.  The convection zone grows both in radius and in mass fraction over the 2-
year interval shown.  Our simulation is performed at about time 0.2 yr on this slide. 

In the short time of 
our simulation, the 
convection zone 
does not expand by 
much, so we 
neglect this 
expansion. 



We chose not to begin our simulation right at the time of H-ingestion in the 1-D run, but 
instead at about the middle of this diagram’s time interval, when the energy release near 
the middle of the convection zone shows that some very small ingestion must be 
happening in the 1-D run.  We want to get the ingestion process “right” in 3-D, but cannot 
afford to integrate in 3-D for the long time interval the 1-D simulation indicates is needed. 

Consequently, we accelerate the time evolution of the H-ingestion without, we think, 
falsifying its basic dynamics by increasing the He-shell flash luminosity by a factor of 22.5. 

We begin from a 1-D 
stellar evolution calcu-
lation for a 2 solar 
mass AGB star with  
Z = 10-5.  The low 
entropy barrier causes 
H to be ingested, 
producing a new 
convection zone 
above the new H-
burning shell.  This 
does not happen in 3D 

Here is the Kippenhahn diagram for the 1-D MESA simulation. 
We have zoomed into the short time interval before the 1-D code 

ingests H into the He-shell-flash convection zone. 



We chose not to begin our simulation right at the time of H-ingestion in the 1-D run, but 
instead at about the middle of this diagram’s time interval, when the energy release near 
the middle of the convection zone shows that some very small ingestion must be 
happening in the 1-D run.  We want to get the ingestion process “right” in 3-D, but cannot 
afford to integrate in 3-D for the long time interval the 1-D simulation indicates is needed. 

Consequently, we accelerate the time evolution of the H-ingestion without, we think, 
falsifying its basic dynamics by increasing the He-shell flash luminosity by a factor of 22.5. 

Here is ingested H mass fraction diagram for the 1-D MESA simulation. 
We have zoomed into the short time interval before the 1-D code 

ingests H into the He-shell-flash convection zone. 

We begin from a 1-D 
stellar evolution calcu-
lation for a 2 solar 
mass AGB star with  
Z = 10-5.  The low 
entropy barrier causes 
H to be ingested, 
producing a new 
convection zone 
above the new H-
burning shell.  This 
does not happen in 3D 



We chose not to begin our simulation right at the time of H-ingestion in the 1-D run, but 
instead at about the middle of this diagram’s time interval, when the energy release near 
the middle of the convection zone shows that some very small ingestion must be 
happening in the 1-D run.  We want to get the ingestion process “right” in 3-D, but cannot 
afford to integrate in 3-D for the long time interval the 1-D simulation indicates is needed. 

Consequently, we accelerate the time evolution of the H-ingestion without, we think, 
falsifying its basic dynamics by increasing the He-shell flash luminosity by a factor of 22.5. 

Here is the Mach number for the 1-D MESA simulation. 
We have zoomed into the short time interval before the 1-D code 

ingests H into the He-shell-flash convection zone. 

We begin from a 1-D 
stellar evolution calcu-
lation for a 2 solar 
mass AGB star with  
Z = 10-5.  The low 
entropy barrier causes 
H to be ingested, 
producing a new 
convection zone 
above the new H-
burning shell.  This 
does not happen in 3D 



Simulation of the Low-Z AGB Star at 15363 grid resolution. 

These are the pressure and density values in 6 different “bucket” directions at dump 900 as 
a function of radial grid cell number.  These 6 plots are essentially on top of each other.  The 
transition from the convection zone gas to the H-rich gas above is evident in the density 
plot, and the upper, essentially isothermal region above that is also easily made out. 

The transition from convection 
zone gas to H-rich gas above 
occurs at 29 Mm, seen as the 
46-grid-cell decline in the 
density between 600 and 700. 



Nearly linear trend 
of entrainment rate with 

luminosity suggests that we 
can speed up the long approach 

to rapid, combustion-feedback-driven  
H-ingestion by artificially increasing the 

luminosity of the He-burning shell. 



Nearly cubic trend 
of entrainment rate with 

velocity suggests that when we 
increase the luminosity by a factor of 

22.5, the velocities will go up by only a factor  
of 2.82, which is rather modest.  Mach numbers 

will remain in the same general regime, well below 1.0 

MA07 had only a small sector 
of the star in their grid 
and got a smaller  
velocity 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 1298 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 900 as a function of radius (Mm).  Not 
much has changed in these radial profiles since dump 200, except right up close to the 
artificial spherical reflecting boundary at the top, which has not affected the dynamics. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 2036.8 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 1412 as a function of radius (Mm).  
Not much has changed in the global radial profiles since dump 200 below 20 Mm, but the 
Mach numbers, which reflect tsunami-like wave activity, are very different above 20 Mm. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 2078.6 min. 
Here we see the onset of the GOSH. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 1441 as a function of radius (Mm).  
Not much has changed in the global radial profiles since dump 200 below 17 Mm, but the 
Mach numbers, which reflect tsunami-like wave activity, are very different above 17 Mm. 

Because we 
increased 
the lumin-
osity by 22.5 
times, 2079 
minutes 
scales to 
32.5 days 
for the star.  
The one-
month 
approach 
to this 
violent H-
ingestion 
event 
would be 
very 
expensive 
to compute 
directly. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 2426.3 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 1682 as a function of radius (Mm).  
Now an H-enriched shell has formed above 23 Mm, with H concentrations between 10-4 
and 10-3 by volume, and the violent motions above that radius have died down. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 2668.6 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 1872 as a function of radius (Mm).  
Now the H-enriched shell that formed above 23 Mm, with H concentrations between 10-4 
and 10-3 by volume, has been itself entrained, and very violent motions have resulted. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 2688.8 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 1900 as a function of radius (Mm).  
Now the H-enriched shell that formed above 23 Mm, with H concentrations between 10-4 
and 10-3 by volume, has been itself entrained, and extremely violent motions have resulted. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 2695.8 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 1911 as a function of radius (Mm).  
Now the H-enriched shell that formed above 23 Mm, with H concentrations between 10-4 
and 10-3 by volume, has been itself entrained, and extremely violent motions have resulted. 

Because we 
increased 
the lumin-
osity by 22.5 
times, 2700 
minutes 
scales to 
42.2 days 
for the star.  
In the future 
we will simu-
late the 
long 
approach 
to the H-
ingestion 
outburst 
using a  
1D-3D 
technique. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 2700.7 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 1938 as a function of radius (Mm).  
Now the violent motions driven by H-burning have penetrated thoroughly into the region 
above the convective boundary, and the temperature there is beginning to rise.  The H-
concentration is 10-4 as deep down as 17 Mm. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 2701.2 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 1942 as a function of radius (Mm).  
Now the violent motions driven by H-burning have penetrated thoroughly into the region 
above the convective boundary, and the temperature there is beginning to rise.  The H-
concentration is 10-4 as deep down as 17 Mm. 



Simulation of the Low-Z AGB Star at 15363 grid resolution @ 288.5 min. 

These are the globally averaged radial distributions of Eulerian sound speed and Mach 
number, as well as maximum Mach number, at dump 200 as a function of radius (Mm).  At 
this relatively early time in the simulation, the initial readjustments of the initial state have 
had time to give way to a statistically nearly steady continued evolution. 

Times:  288.5, 1298, 1556.4,  
1983.4,   2036.8,  2078.6,   
2426.3,  2668.6,  2680.9,  
2688.8,  2695.8,  2700.7,  
2701.2 



Here we see the central  
1% of the simulation domain,                                     convection cells as large 
as about a fifth of the entire convection zone are seen by this time. 

PPM simulation  
of Low-Z AGB  

star helium  
shell flash  

convection  
on a 15363  

grid; 
dump 

900. 

Note the trains of small vortices containing 
entrained, stable gas being drawn down into 

the convection zone. 

Slice of 3-D 
Domain 

t = 1298 min.  

|∇×u| 



Here we see the upper                                                   boundary of the 
convection zone above the helium burning shell, looking from the center of 
the star outward.  The blue descending plumes trace out the convection cells 

Note the trains of small vortices containing 
entrained, stable gas being drawn down into 

the convection zone. 

Half of 3-D 
Domain 

t = 1298 min.  

FVH+He 
PPM simulation  

of Low-Z AGB  
star helium  

shell flash  
convection  
on a 15363  

grid; 
dump 

900. 

Locations 
where 
ingested 
H burns 
are seen 
in the  
purple & 
red flames 
denoting the 
energy from 
H burining. 



Here we see the upper boundary of the convection zone  
above the helium burning shell, looking from the center of the star outward.  
The blue descending plumes trace out the convection cells 

PPM simulation  
of AGB star  

helium shell  
flash  

convection  
on a 15363  

grid. 

Note the trains of small vortices containing 
entrained, buoyant gas being drawn down into 

the convection zone. 

Top Half of  
3-D Domain 

t = 1298 min.  

FVH+He 



Zoomed in views of vorticity magni-tude (1st) and log of the 
fractional volume of H-rich fluid (2nd) in a thin slice through the 

center of a 2 solar mass star model.  We see resolved, breaking 
Kelvin-Helmholtz waves where the flow separates from the top of 

the convection zone (“top” is up and to the left in this view) 
because it meets oppos-itely directed flow in an adjacent large 

convection cell.  The level of detail is greater in the mixing fraction 
of entrained gas in the 2nd image, because we have exploited 

PPB’s 10 moments in each cell of this 15363 grid to display this 
variable at twice the grid resolution.  The 2 Mm initial thickness of 
the transition layer from convection zone gas to more buoyant, H-

rich gas above the convection zone is 46 grid cell widths.  The 
smallest vortices are about 5 cells across.  Clearly, our PPMstar 
code in this simulation (see [1]) is resolving features smaller than 

the transition layer, which is likely to be one reason that we 
observe the entrainment rate to converge with mesh refinement. 



46 grid cells across 
the transition from 

convection zone to 
upper H-rich gas. 

5 cells is width of top 
of convection zone. 



46 grid cells across 
the transition from 

convection zone to 
upper H-rich gas. 

5 cells is width of top 
of convection zone. 

Here the sub-grid-cell 
resolution of the PPB 

treatment of the 
ingested H-rich gas is 

evident in the detail 
that is captured. 

This is not your 
“textbook” Kelvin-

Helmholtz instability.  
Clearly, the flow is 

nearly radial in places. 



The	Code	must	Scale	and	it	must	be	Fast:	
1.   For	this	case,	need	to	cover	2	months	for	the	star:	

a.  We	speed	things	up	by	increasing	the	luminosity.	
b.  Entrainment	and	velocity**3	scale	with	luminosity.	
c.  Even	reducing	;me	by	factor	22.5,	is	s;ll	2	days.	
d.  Turn-over	;me	is	32	Mm/40	km/sec	=	800	sec	=	14	min.	
e.  Need	9	million	;me	steps	for	the	2-day	integra;on.	

2.   This	is	no	problem	if	the	code	can	scale,	and	if	it	is	fast.	
a.  4	threads	per	MPI	process,	upda;ng	32**3	cells.	
b.  Pack	8	to	a	node	to	account	for	4	separate	memories.	
c.  216	MPI	processes	per	“team”,	with	512	teams.	
d.  13,952	nodes.	
e.  26	;me	steps	per	second,	con;nuously	for	4	days.	
f.  Data	dump	of	46	GB	every	3	minutes.	

3.  1D-3D. 
a.  Compute for a few hours, or until statistically steady. 
b.  Determine coefficients of an appropriate 1-D model 
c.  Go forward a few months in 1D, and reassess. 







Fitting a model of exponential convergence or power law non-convergence to results. 

Well, this is the 
convergence study for a 
very similar, yet different, 
case.  With 15363 grid cells, 
we are essentially there. 



This computation would be easy on the Swiss Cray’s interconnect. 

We can simulate the interior of a star on roughly 
half the Blue Waters machine, doing 9 million time 
steps in about 4 days running at about 0.4 Pflop/s 

We have a 
modest 
grant on a 
world-
class 
computing 
system.  
When we 
run, we 
use half 
the 
machine, 
but we 
don’t run 
so much 
that 
anyone 
would feel 
squeezed 
out by us. 



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Aug.,	2015,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	887	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
Burning	of	ingested	
hydrogen	is	
highly	
localized.	
	
t	=	1298	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
Burning	of	ingested	
hydrogen	is	
highly	
localized.	
	
t	=	1442.5	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	1777	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2087.3	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2231.5	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2452	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2618.1	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2699.3	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2702.6	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
Burning	of	ingested	
hydrogen	is	
highly	
localized.	
	
t	=	2702.8	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
The	very	strong	
energy	release	at	
the	boUom-right	
produces	a	violent	
updraV	there,	
which	sets	off	a	
Global	Oscilla;on	
of	Shell	Hydrogen	
inges;on	(GOSH),	
unmistakable	in	the	
next	few	images.	
	
t	=	2703.0	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
The	regions	of	
most	powerful	
energy	release	are	
moving	outward	as	
a	wave	from	the	
earlier	site	at		the	
boUom	right.	
	
t	=	2703.1	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
As	the	front	where	
hydrogen	burns	
most	rapidly	
advances,	it	drives	
ahead	of	it	a	ring	of	
violent	hydrogen	
inges;on,	visible	
here	in	cross	
sec;on.		The	aver-	
aged	entrainment	
rate	has	jumped	up	
from	its	early	level	
by	about	2	orders	
of	magnitude.	
	
t	=	2703.3	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
The	burning	front	
has	now	reached	
the	an;pode,	
where	violent,	
localized	energy	
release	drives	the	
oscilla;on	back	
to	its	original	site.	
	
t	=	2703.5	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
The	GOSH	is	indeed	
global.		This	flow	
has	a	1-D	average,	
but	it	is	by	no	
means	a	1-D	
phenomenon.	
Blue	Waters	makes	
it	possible	to	see	
the	GOSH	in	its	full	
3-D	complexity.	
	
t	=	2703.7	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
Once	the	GOSH	
quiets	down,	aVer	
about	a	day	in	the	
life	of	this	star,	we		
can	be	well	
jus;fied	in	carrying	
our	descrip;on	of		
the	star	forward	
with	a	1-D	stellar	
evolu;on	code,	
suitably	modified.	
	
t	=	2703.9	min/	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2704.0	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2704.2	min.	



2	Msun	,	Z	=	10-5	
AGB	star		
H-inges8on	
simula8on	on	Blue	
Waters	machine	in	
Jan.,	2014,	on	a	
grid	of	15363	cells.	
	
We	see	a	
hemisphere	and	
make	only	mixtures	
of	entrained	
hydrogen-rich	gas	
with	gas	of	the	
helium	shell	flash	
convec8on	zone	
visible.		The	energy	
release	rate	from	
burning	ingested	H	
is	shown	in	very	
dark	blue,	yellow,	
and	white.	
	
t	=	2704.4	min.	



The	Global	Oscilla;on	of	Shell	H-inges;on	(GOSH):	
1.  First	produces	a	rela;vely	stably	stra;fied	layer	at	the	top	

of	the	convec;on	zone.	
2.  Higher	entropy	of	ingested	H-rich	gas	shuts	off	inges;on,	

but	only	temporarily.	
3.  H	s;ll	burns	less	violently	at	boUom	of	this	upper	layer.	
4.  Con;nues	to	s;mulate	global	oscillatory	burning	behavior.	
AVer	helium	burning	for	a	few	more	hours	adds	enough	
entropy	to	the	convec;on	zone	to	match	that	of	the	H-
enriched	layer:	
1.  H-enriched	gas	is	pulled	down	in	large	globs.	
2.  Subsequent	violent	burning	drives	second	GOSH.	
3.  This	erup;on	far	more	violent	than	the	last.	
4.  Does	not	seUle	down	with	a	new,	H-burning	convec;on	

zone,	because	is	not	1-D.		H-burning	is	local,	and	drives	
unstable	behavior.		To	follow	this	correctly,	we	need	to	
move	our	outer	boundary	much	further	outward	with	AMR	



Applica;ons:	
1.  i-process	site.		Do	we	need	to	pull	the	products	of	burning	

ingested	H	all	the	way	down	to	the	helium-burning	region?	
Could	have	quite	a	different	scenario	than	Herwig’s	2011	
analysis	in	1D	with	its	split	convec;on	zone	suggests	for	
Sakurai’s	object.	

2.  Effects	on	chemical	evolu;on	of	galaxies	through	nucleo-
synthesis	post-processing	in	new	way	from	3-D	simula;on	
data	for	early-genera;on	AGB	stars.	

3.  Massive	stars.	
a)  H-inges;on	events	and	i-process	nucleosynthesis.	
b)  Mergers	of	overlying	nuclear	burning	shells.	

4.  Novae.	
5.  Falk	keeps	coming	up	with	more	and	more	situa;ons	in	

which	we	can	perform	3-D	simula;ons	to	aUempt	to	
resolve	problems	or	doubts	about	1-D	models.	

6.  These	drive	a	never-ending	series	of	code	enhancements.	



Scaling	this	applica>on	on	Blue	Waters:	
1.  We	have	only	64	grid	cells	being	update	by	32	threads	on	32	

CPU	cores	of	each	node.	
2.  Restartable	context	per	node	is	40	MB.		(out	of	64	GB!!)	
3.  26	;me	steps	per	second,	con;nuously,	without	a	pause.	
4.  64	nodes	is	a	“team”	upda;ng	a	region	of	the	domain.	
5.  Each	team	has	a	dedicated	I/O	and	global	reduc;on	process.	
6.  This	impresses	on	the	machine	a	hierarchical	structure.	
7.  All	I/O	is	completely	asynchronous	and	causes	no	delay.	
8.  All	global	reduc;ons	to	find	;me	step	values	are	one	round	

out-of-date,	so	there	is	no	delay.	
9.  All	messages	are	sent	while	other	parts	of	the	grid	bricks	are	

updated,	so	no	delay.	
10. The	nodes	are	simply	worked	to	death,	but	no	complaints.	
11. When	this	code	runs	on	Blue	Waters,	it	consumes	14	MwaU	

This	is	as	much	as	LinPack!	
12. But	only	0.42	Pflop/s	sustained,	averaged	over	whole	

applica;on.	



The positions of the oxygen and carbon burning shells and the convection zones above them (regions of constant entropy) in a 1-D simulation of a 25 
solar mass star shortly before silicon core burning. A 3-level AMR grid might use its fine grid level (red shaded radii) inside a radius of 10 Mm, its 
medium level (blue) to capture the convection zone above the carbon burning shell out to 30 Mm, with the fine level capturing stable gas entrainment 
near 26 Mm, and its coarse level to resolve the context from 30 Mm on out to 50 Mm.  (MESA simulation provided by Falk Herwig and Christian Ritter.) 



Example:		Merger	of	O-	&	C-burning	shells:	
1.  Must	handle	very	different	spa;al	and	temporal	scales.	
2.  AMR.	

a)  Fine	grid for O-burning shell and convection zone.	
b)  Fine	grid	must	con;nue	through	base	of	C-burning	shell.	
c)  Medium	grid	in	C-burning	convec;on	zone	&	bit	above.	
d)  Coarse	grid	to	allow	expansion	into	outer	part	of	star.	

3.   3-level	grid	with	roughly	21200,	91900,	886900	Mm3	on	the	
fine,	medium,	and	coarse	grids.	

4.  For	a	future	machine:	
a)  83	regions	of	163	bricks	each,	each	brick	963	fine	cells.	
b)  Over	45,000	fine	grid	bricks,	assigned	2	or	4	to	a	node.	
c)  2,097,152	bricks	in	all,	plus	1,024	execu;ve	MPI	ranks.	

5.  For a machine today: 
a)  83	regions	of	83	bricks	each,	each	brick	1923	fine	cells.	
b)  Over	5,600	fine	grid	bricks,	assigned	2	to	a	node.	
c)  262,144	bricks	in	all,	plus	1,024	execu;ve	MPI	ranks.	



Example:		Merger	of	O-	&	C-burning	shells:	
1.  Must	do	at	least	twice	as	many	;me	steps	on	the	fine	grid	

as	we	did	for	the	H-inges;on	simula;on	shown	earlier.	
2.  Update	4 × 963	cells	per	;me	step	rather	than	643	cells.	

a)  9.7	×	more		work/node/∆t		on	about	same	#	of	nodes.	
b)  Fine	grid	must	con;nue	through	base	of	C-burning	shell.	
c)  Medium	grid	in	C-burning	convec;on	zone	&	bit	above.	
d)  Coarse	grid	to	allow	expansion	into	outer	part	of	star.	

3.  3-level	grid	with	roughly	21200,	91900,	886900	Mm3	on	the	
fine,	medium,	&	coarse	grids.		>	60%	of	work	is	on	fine	grid.	

4.  For	a	future	machine:	
a)  83	regions	of	163	bricks	each,	each	brick	963	fine	cells.	
b)  Over	45,000	fine	grid	bricks,	assigned	2	or	4	to	a	node.	
c)  2,097,152	bricks	in	all,	plus	1,024	execu;ve	MPI	ranks.	

5.  For a machine today (still need that 9.7× speed-up): 
a)  83	regions	of	83	bricks	each,	each	brick	1923	fine	cells.	
b)  Over	5,600	fine	grid	bricks,	assigned	2	to	a	node.	
c)  262,144	bricks	in	all,	plus	1,024	execu;ve	MPI	ranks.	



Example:		Merger	of	O-	&	C-burning	shells:	
1.   We	need	a	factor	of	10	in	performance	over	Blue	Waters.	
2.  We	have	the	following	factors	of:	

a)  2 ×  Remove base state and go to 32-bit precision.	
b)  3.5	×  Go from Interlagos AMD to Haswell Intel CPU	
c)  2	×   Go from CPU to Xeon Phi, K80 or other GPU.	
d)  1.7	×   Generate extra ILP by unrolling entire code.	

3.  If	we	stay	on	Blue	Waters,	without	upgrade,	then	only	(a)	
and	(d)	are	available.	

4.   We	cannot	just	wait	for	machine	to	get	faster	by	itself.	
a)  We	must	revise	the	code	substan;ally	to	make	it	equally	

accurate	with	32-bit	precision	–	a	student	this	summer.	
b)  We	must	restructure	the	computa;onal	sec;on	

extensively	to	enable	use	of	GPUs	–	essen;ally	done.	
c)  Unrolling	the	en>re	computa>onally	intensive	sec>on	

is	a	major	code	transforma>on.	
It	can	be	automated,	but	it	is	not	automa;c	yet.	
Pei-Hung	Lin,	at	LLNL,	says	he	will	do	it.			2×2×1.7 = 6.8	



This is a slice through a grid of 
only 15363 cells that was 
decomposed into 110,592 bricks 
of 323 cells each and run on 
13,952 nodes of Blue Waters. 
26 ∆t/sec @ 0.42 Pflop/s. 
Data dump of 3072 files / 3 min. 
This is 47 GB every 3 minutes 
continuously for 4 days. 
Restart data = 40 MB/node. 
 
Speed comes from: 
14000 nodes 
30 Gflop/s (64-bit) / node 

We need a factor of 9.7 in performance to run the O- and C-burning shell merger 
problem at roughly the same cost in computing time. 
(64-bit ---> 32-bit)     +    ( AMD Interlagos  --->  Intel Haswell )    =     factor  7.0 
Get the rest from increasing ILP by automating massive outer loop unrolling. 



Let’s	start	small	and	work	outward.		This	is	a	grid	cell.	

(Let’s	see	how	our	code	gets	its	speed.)	



We	will	subdivide	it	evenly	into	a	grid	briqueUe.	

We	force	a	minimal	degree	of	uniformity	at	the	
microscale	to	accommodate	needs	of	SIMD	engine.	



The	highlighted	“grid	plane”	will	consist	of	either:	
4	quadwords	(Cell,	Power7,	Opteron,	Nehalem),	
2	octowords		(Intel	Sandy	Bridge),		or	
1	hexadecaword		(Intel	MIC,	Nvidia	Fermi).	

Process	2	grid	planes	at	once	for	32-wide	SIMD	of	Nvidia	Kepler.	



Brique]es	&	Pipelining-for-reuse	

Woodward, P. R., J. Jayaraj, P.-H. Lin, P.-C. Yew, M. Knox, J. Greensky, A. Nowatzki, and K. Stoffels, “Boosting 
the performance of computational fluid dynamics codes for interactive super-computing,” Proc. Intntl. Conf. on 
Comput. Sci., ICCS 2010, Amsterdam, Netherlands, May, 2010 



The	computa;on	proceeds	along	a	sequence	of	briqueUes	at	same	grid	level.	

In	the	on-chip	cache	
workspace,	we	have	
many	short	segments	
of	grid	planes,	each	
holding	one	variable	
and	none		>		5	planes.	

These	briqueUes	are	in	
transit	between	main	
memory	and	the	cache.	

Whatever_5	
Whatever_4	
Whatever_3	
Whatever_2	
Whatever_1	



Overcoming	main	memory	bandwidth	
limita>on	

•  We	need	about	220	temporary	arrays	per	thread	
to	update	the	problem	state		

•  Through	our	op;miza;ons,	we	reduced	the	
workspace	containing	all	the	220	temporaries	to	
just	45.09	KB	per	thread	(this	is	now	29	KB).	

•  Text	segment	for	computa;on	region	is	91	KB.	
•  On-chip	data	fits	onto	chip,		CPU	or	GPU.	
•  34	flops	per	off-chip	word	read	or	wri]en.	
•  Not	memory	bandwidth	limited	on	any	device.	



Performance	gains	

Speed-up	from	

brique]es	 pipelining-for-reuse	&	
memory	reduc>on	

both	

Nehalem	 					2x	 3.33x	 6.69x	

Sandy	Bridge	 3.78x	 1.66x	 6.28x	

Nehalem									:		Xeon	5570					;	Intel	9			Fortran	Compiler;	16	OpenMP	threads	running	on	two	sockets	
							Dual-socket,	4-core	@	2.93GHz,	SSE-4.2	(128-bit)	

Sandy	Bridge	:	Xeon	ES-2670;	Intel	13	Fortran	Compiler;	32	OpenMP	threads	running	on	two	sockets	
						Dual-socket,	8-core	@	2.6GHz,			AVX	(256-bit)	

Expect	 performance	 to	 double	 by	 number	 of	 cores	 and	 double	 by	 increased	 vector	 widths	 (for	 vectorized	
sec]ons),	and	decrease	by	11	%	for	clock-frequency	of	Nehalem	is	higher	(3.54x	in	total) 

Workspace	/	
thread	(KB)	

flop/cell	

Fortran-W	 Pipelined	 %	redundancy	

RK-adv	 16.59	 379.89	 162.92	 133.16	

PPM-adv	 19.2	 454.61	 273.31	 			66.34	

tp3	 208.28	 5195.77	 3218.67	 				61.43	

Performance gains for PPM-adv 

Redundancy in computation eliminated 



Produc;on	line	analogy	of	pipelined	processing	of	briqueUes	in	mPPM:	
•  New	briqueUe	record	fed	in	at	right	from	off-chip	memory.	
•  Unpack	record	to	produce	16-word	or	32-word	aligned	vectors	of	physical	state	variables.	
•  At	sta;on	1,	do	work	that	requires	only	these	new	vectors.	
•  At	sta;on	2,	do	work	requiring	only	products	of	sta;on	1	for	this	and	previous	chimes.	
•  At	sta;on	3,	do	work	requiring	only	products	of	sta;on	1	for	this	and	2	previous	chimes,	

as	well	as	products	of	sta;on	2	for	this	and	1	previous	chime.	
•  At	sta;on	4,	do	work	requiring	only	.	.	.	.	And	produce	fully	updated	physical	state	vectors.	
•  Work	at	each	sta;on	is	independent,	if	insert	1-chime	delays	between	sta;ons.	
•  Performance	is	254	Gflop/s	on	Trinity	node	–	11%	of	the	peak	performance.	



Produc;on	line	analogy	of	pipelined	processing	of	briqueUes	in	mPPM:	
•  Fetch	rho_2,	p_2,	fv_2,	ux_2,	uy_2,	uz_2	at	sta;on	#1.	

–  Generate	ceul_2,	spdpls_2,	spdmns_2,	rhoair_2,	e_2,	etc.	
•  Fetch	fvx_1,	fvy_1,	fvz_1,	fvxx_1,	fvxy_1,	fvxz_1,	fvyy_1,	fvyz_1,	fvzz_1	at	sta;on	#2.	

–  Generate	interpola;on	parabola	in	cells	of	_1	for	all	variables.	
–  First	find	leV-	and	right-states	at	leV-interfaces	of	cells	of	_1	--->	uxavl_1,	pavl_1		(get	only	1	plane	at	first)	

•  Solve	Riemann	problems	to	obtain	fluxes	at	right-hand	interfaces	of	cells	of	_0	at	sta;on	#3	
–  At	right-interfaces	of	cells	_0,	do	Lagrangian	update	of	advected	chunk	to	get	flux.	

•  Apply	fluxes	with	conserva;on	laws	to	get	new	fluid	states	in	cells	of	_0	at	sta;on	#4.	
•  Fully	updated	briqueUe	record	produced	on	chime	#6,	when	pipe	is	fully	primed.	



•  Have	transformed	mul;fluid	PPM	module	for	GPUs.	
•  Pei-Hung	Lin	developed	a	code	translator	taking	this	Fortran	to	CUDA,	with	above	results.	



•  Have	transformed	mul;fluid	PPM	module	for	GPUs.	
•  Pei-Hung	Lin	developed	a	code	translator	taking	this	Fortran	to	CUDA,	with	above	results.	
•  The	4	episodes	of	computa;on	are	the	4	off-chip	data	accesses	and	the	work	done	in	them.	
•  Making	each	episode	into	a	full-fledged	“kernel”	results	in	an	increase	in	the	off-chip	

memory	bandwidth	requirement	by	roughly	an	order	of	magnitude.	
•  Just	as	with	the	smaller	subrou;nes	in	the	mPPM	module,	structure	as	separate	kernels	is	

inefficient.		Working	from	an	on-chip	cache	gives	the	best	performance	on	all	devices.	



•  This	is	the	PPM	advec;on	algorithm	for	a	single	variable	–	81	flops/cell,		40	flops/word.	
•  Unrolled	0,	1,	2,	3,	or	5	;mes	from	code	to	process	32-word	pair	of	grid	planes	at	a	;me.	
•  mm_prefetch		does	not	help	much.	
•  Compiler	must	not	be	genera;ng	“streaming	stores.”	
•  Hope	we	can	fix	these	things,	but	might	have	to	convert	to	C	and	call	intrinsic	func;ons.	
•  Delivered	performance	is:			244	Gflop/s			=			10.4%	of	peak.	
•  Poten;al	is:			392	Gflop/s			=			16.6%	of	peak.	
•  This	poten;al	is	what	we	realized	on	Sandy	Bridge.		We	want	the	lost	%	of	peak	back!	



•  This	is	the	PPM	advec;on	algorithm	for	a	single	variable	–	81	flops/cell,		40	flops/word.	
•  Unrolled	0,	1,	2,	3,	or	5	;mes	from	code	to	process	32-word	pair	of	grid	planes	at	a	;me.	
•  mm_prefetch		does	not	help	much.	
•  Compiler	must	not	be	genera;ng	“streaming	stores.”	
•  Hope	we	can	fix	these	things,	but	might	have	to	convert	to	C	and	call	intrinsic	func;ons.	
•  Delivered	performance	is:			221	Gflop/s			=			9.4%	of	peak.	
•  Poten;al	is:			431	Gflop/s			=			18.3%	of	peak.	
•  This	poten;al	is	what	we	realized	on	Sandy	Bridge.		We	want	the	lost	%	of	peak	back!	

There is basically little 
advantage to be had on 
Sandy Bridge CPUs from 
reading and writing nothing 
at all.  But more ILP helps. 

On Nvidia GPUs, there 
is a factor of 2 to be 
gained by generating 
enough independent 
instructions to keep the 
arithmetic going. 



Conclusion	from	the	ILP	tests:	
1.  Despite	producing	thousands	of	aligned,	32-long	vector	

opera;ons,	clearly	this	is	not	enough	for	the	latest	hardware.	
2.   For	GPUs	and	for	CPUs,	it	is	worth	unrolling	once.	

a)  This	is	easy	to	do,	through	a	mechanical	transforma8on.	
b)  No	compiler	will	ever	do	this	for	you.	
c)  Pei-Hung	Lin	will	write	a	pre-compiler	to	do	this.	
d)  I	have	wriUen	a	pre-pre-compiler	to	lessen	his	task.	
e)  Final	output	code	will	be	either	Fortran	or	CUDA.	

3.  This	approach	of	a	custom	code	transla;on	tool	is	being	
taken	by	many	teams	in	Europe	as	well	as	in	the	US.	

4.  I	will	be	comparing	notes	this	summer	with	some	of	these	
efforts	to	see	what	techniques	can	be	borrowed	or	loaned.	
a)  Common	goal	of	easy	ini;al	code	expression.	
b)  Common	goal	of	near	op;mal	performance	on	all	targets.	
c)  Eventually,	these	code	transforma;ons	will	end	up	in	

languages	and	compilers,	but	could	take	20	years	(CAF).	
d)  Best,	it	seems,	to	keep	it	as	simple	as	possible.	



Here	is	roughly	60%	of	the	code	in	the	ILP	test,	to	illustrate	the	
technique	of	algorithm	unrolling.		6	grid	planes	of	uy	values	are	
input,	and	2	grid	planes	of	parabola	are	output.	



Here	is	the	
construc>on	of	
differences	of	uy	
across	cells,	based	
either	on	the	
assump>on	that	uy	is	
smooth	or	that	it	is	
not.		Note	that	I	cannot	
construct	s_	un>l	I	
have	duysppmzr_1.	
This	forces	a	
serializa>on	of	these	2	
instruc>ons.		Similar	
comments	apply	to	the	
thngys.		If	I	also	build	
duymnotzr_2,	this	
problem	disappears.	



Challenges	to	Scalability	for	AMR:	
1.   AMR	reduces	grid	size,	so	there	is	a	lot	less	parallelism.	
2.  Coarser	grids	sit	idle	while	finer	ones	are	updated,	so	there	

is	even	less	parallelism.	
3.  Can	solve	these	2	problems	with	a	bigger	scien>fic	problem	

a.  Make	problem	big	enough	to	fill	machine	anyway.	
b.  But	then	have	some	frac;on	of	;ny	cells.	
c.  Tiny	cells	have	;ny	;me	steps.	
d.  Damn.		Fill	machine,	but	runs	forever.	

4.  Can	solve	this	new	problem	with	a	faster	machine.	
a.  This	is	great	unless	the	machine	is	also	bigger.	
b.  The	machine	might	also	be	too	expensive,	and	they	

won’t	let	you	on	it.	
5.  Can	solve	this	problems	with	a	faster	code.	

a.  This	is	great	unless	the	code	outruns	the	interconnect.	
b.  Obviously,	one	needs	faster	interconnects.	
c.  You	could	also	pass	less	info	and	compute	more.	

6.   My	solu>on:		All	of	the	above.	



Some	Ideas	for	a	Faster	AMR	Code:	
1.  Limit	yourself	to	just	3	grid	levels.	

a.  This	is	a	factor	of	256	in	required	computa;onal	effort,	
and	if	that	saving	is	not	enough,	you	probably	should	
think	again.	

b.  This	statement	is	obviously	problem	dependent,	
but	if	you	have	tenure,	you	can	pick	your	problem.	

2.   Make	all	your	subdomains	the	same	size.	
1.  Your	friends	may	laugh	at	you,	but	this	could	really	save	

you	a	lot	of	work.	
2.  Your	easiest	subdomain	will	cost	256	;mes	less.	

1)  This	is	no	problem,	just	give	it	256	;mes	fewer	
threads.		AVer	all,	the	hardware	is	forcing	you	to	run	
more	than	this	number	of	threads	on	each	node.	

3.  All	your	domain	faces,	edges,	and	corners	will	line	up.	
1)  This	is	an	incredible	simplifica;on,	exploit	it.	

3.   Slice	the	domain	in	2,	and	update	the	subdomains	on	the	
slicing	surface	twice	per	update	round.		This	is	really	helpful.	



y 
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Here we 
show a grid 
brick of only 
323 cells, 
with its 
interior 
briquettes of 
43 cells 
indicated. 
The MPI 
ghost cell 
messages 
that are 
received 
before the 
pop. III 
update with 

pop. I bricks in the z < 0 
domain are shown shaded 

yellow (faces), red (edges), and 
blue (corners).  The highest z briqu- 

ettes in these messages are not correct, 
and therefore the highest z plane of briquettes 

in this brick will not be updated correctly. 
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