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Expansion 101

Image from T. W. Baumgarte and S. L. Shapiro, Numerical Relativity: Solving Einstein’s Equation on the Computer

Finding an apparent horizon (AH) 
corresponds to finding the outermost 2D 
trapped surface, where the “expansion”, Θ, 
is zero. This is the surface where the area 
of a spherical flash of light rays emitted 
radially outwards will remain constant.



Example for Schwarzschild
Pick a geometry and a reference surface, get the expansion.

Even though we’re solving for zero Expansion, multiplying by a power of the radius has 
better convergence properties.



In binaries, when merging, a 3rd and 4th 
trapped surface appear suddenly enclosing 
the smaller 2. The outermost one is the 
merged horizon. Hence, we need 3 AH for 
binary simulations.

(see details in 1907.00683)



Good

Not so easy

Images from M. Alcubierre, 
Introduction to 3+1 Numerical RelativityImage from Wikipedia

GRchombo’s AHFinder discretizes the 2D AH surface and uses a quasi-Newton method 
from the PETSc library to find the zero of the expansion for an ansatz of a star-shaped 
horizon, given some initial guess (currently set to spherical).

Numerical Methods for 
Star-shaped AHs



Numerical Methods for 
Star-shaped AHs



AHFinder – How to use?

A



AHFinder Class
How to use?
1) Install PETSc and change Chombo’s Make.defs.local

2) Change your Example

3) Add parameters to ‘params.txt’ file

4) What is the output?

Quick version: consult BinaryBH / KerrBH Examples as a reference



AHFinder – How to use
1) Install PETSc and change Chombo’s Make.defs.local

- To install PESTc, it is preferable to use a cluster module. If building yourself, see below.
- Change Make.defs.local for 2D and PETSc compatibility and recompile Chombo.

...

If building yourself, make sure in 
installation you configure it with:

- HDF5. Use ‘--with-hdf5-dir=’ 
with directory as in your HDF 
FLAGS of Make.defs.local 
(without the ‘include’/’lib’).

- MPI (if your Chombo has MPI). 
Force no MPI with ‘--with-mpi=0’ 
or force MPI compilers with 
‘--with-cc=mpiicc 
--with-cxx=mpiicpc 
--with-fc=mpiifort’



AHFinder – How to use
2) Change your Example - Part I

...
- Main_Example.cpp: Change 

GRAMR to BHAMR (which 
provides AHFinder and 
PunctureTracker)

- Main_Example.cpp: Add an 
AMRInterpolator if you don’t 
have one yet

- Main_Example.cpp: Add an 
AH with a given geometry



AHFinder – How to use
2) Change your Example - Part II

- SimulationParameters.hpp: Add 
an initial guess parameter

- GNUmakefile: Add the BlackHoles, 
AMRInterpolator and 
ApparentHorizonFinder Source 
folders



AHFinder – How to use
2) Change your Example - Part III

- ExampleLevel.hpp: include 
BHAMR and create a ‘m_bh_amr’ 
member

- ExampleLevel.cpp: add ‘solve’ to 
‘specificPostTimeStep’ (you may 
have to add it to the .hpp if you 
don’t have it already)



AHFinder – How to use
2) Change your Example - Part IV - Binaries

- Main_Example.cpp: add as many AHs as you want, including mergers. Only initial 
guesses need to be added (except for mergers, for which it is automatic). 
AHFinder::solve manages solving all the AHs.



AHFinder – How to use
3) Add parameters to ‘params.txt’ file

- params.txt: there are many AH parameters. The commented values are the default 
values. Consult AHFinder.hpp for more information (meaning and default values).

...



AHFinder – How to use
4) What is the output? Part I - Command Line

- Output will be a ‘coords’ file for each AH and for each step, containing to 
coordinates of the AH surface, and a ‘stats’ file for each AH, containing convergence 
information (e.g. area and spin) for all timesteps.



AHFinder – How to use
4) What is the output? Part II - ‘pout’ files

- The spin is calculated in 2 ways: one to calculate the full spin 3-vector and another 
method to gets the spin oriented with ‘z’. The later is more precise, and the former is 
only useful if you need to know the direction of the spin.

- ‘pout’ files: print various 
information when solving 
for the AHs. Control with 
the ‘AH_verbose’ verbosity 
level (ranges between 0-3).



AHFinder – How to use
4) What is the output? Part III - ‘coords’ files

- ‘coords’ files: contain the coordinate system information about the surface of the AH 
(spherical coordinates - theta, phi, r - above).
With the parameters ‘AH_num_write_vars = 2’ and ‘AH_write_vars = chi d1_chi’ the 
example above also outputs the value of ‘chi’ and its derivatives at each point of the 
horizon. These can be diagnostic variables and include 1st or 2nd derivatives.



AHFinder – How to use
4) What is the output? Part III - stats_AH1.dat

- ‘stats’ files: print the area and (dimensionless) spin of each found AH at each timestep 
(printing every ‘AH_print_interval * AH_solve_interval’). Again, ‘dimless spin-z-alt’ is a more 
precise calculation if aligned with ‘z’, and spix-x,y,z gives the 3-vector direction.

- ‘origin’ is the origin of the coordinate system used in the ‘coords’ file (the starting point 
for the solver, which might not coincide with the actual center of the AH). 

- ‘center’ is an approximate geometric center of the surface found (an approximate 
location of the puncture).

- ’file’ is the ‘coords_AH#_file.dat’ file containing the coordinates of this step. This allows 
the user to change parameters that affect AH printing frequency (as ‘AH_level_to_run’, 
‘AH_solve_interval’, etc.) without losing track of ‘coords’ file numbering.

...

...



AHFinder – How to use
4) What is the output? Plot using python or gnuplot

Kerr Area Kerr Spin

The straight line is the expected value. Increasing the number of points in the AH brings 
us closer to it (provided the numerical grid has enough resolution).



AHFinder – How to use
4) What is the output? Plot using python or gnuplot

Kerr Area Kerr SpinPython script example for plotting 
in ‘Postprocessing_tools’ repository.



AHFinder – How to use
4) What is the output? Similarly for BinaryBH case

Kerr Area Kerr Spin

BBH Area BBH Spin

A



AHFinder – How to use
4) What is the output? It doesn’t always go right...

A

BBH Area BBH Spin

The best solution is to change the initial guess for the merger (using ‘AH_merger_pre_factor’), or 
by changing the frequency of solving to make sure AH3 stays stable. When AH3 is stable, it’s 
fine for AH1 and AH2 to stop converging (they should!). If they don’t, one can force them to stop 
by deleting the last entry of their ‘stats’ file and restarting.

In the case below, AH1 converged to the inner merged trapped surface 
(see slide 4), AH2 converged to the merged horizon (that should be AH3) 
and AH3 stopped converging. Other problems can appear as well, so 
pay attention to the merger stage.



AHFinder – How to use
4) What is the output? When it goes right...

A



AHFinder – Extra notes

A



AHFinder – Advanced notes

A
- Finding other surfaces: the AHFinder finds a level surface of a given function and is 

independent of physics. The default function is ‘expansion = 0’, but you can define 
‘AHFunction’ to be a new class following ‘AHFunctionDefault.hpp’. See KerrBH Example 
to see how to use the AHFinder to look for ‘chi’ contours instead of the AH.

- ‘Postprocessing_tools’ repo: contains in ChomboTools an Example of how to run the 
AHFinder on a set of HDF5’s and a python script for plotting the AH and related 
quantities.

- Writing Diagnostics on AH: if you use diagnostics in ‘AH_write_vars’, make sure those 
diagnostics are computed at ‘specificPostTimeStep’. AHFinder has a ‘need_diagnostics’ 
method that determines if any “writing variable” is diagnostic. See KerrBH Example.



AHFinder – Advanced notes

A
- New Geometry (3D or 2D): the AHFinder is compatible with 2D and 3D codes, just write a 

new geometry class following the existing (‘AHSphericalGeometry’ for 3D and 
‘AHStringGeometry’ for 2D) and define ‘AHSurfaceGeometry’ to be your new geometry 
class before including ‘BHAMR.hpp’. For Cartoon methods, some terms in the 
Expansion calculation may have to be adapted for each problem (see 
‘AHFunctions.hpp’).

- Interpolating data: see the ‘InterpolatorTest’ for how to use the existing Interpolating 
classes to interpolate your own 1D, 2D or 3D data.



AHFinder – Examples

A



AHFinder – Examples
Circular and eccentric Binary Black Hole

A

Missing circular - 
to add



AHFinder – Examples

Example of AHFinder working in 2D 
(BlackString 4+1 reduced to a 2+1 
simulation by Cartoon method), with 
non-spherical geometry (String 
Geometry) and being used to find both 
the AH and chi contours (see chi 
contours on the right)

Image credit to Chenxia Gu



AH analysis

A



AH analysis
How does the AH behave in Kerr isotropic initial data?

A
For a BH of mass ‘M’ and dimensionless spin ‘s’ ranging from [-1,1] 
(s=a/M, ‘a’ being the spin of our current KerrBH initial data):



AH analysis
How does the AH behave in puncture gauge?

A

Kerr BH simulations with M=1 and spin from s=0 to s=0.99.
The area and mass:

The mass slightly drifts over time. This is a known issue for when the resolution is not good 
enough OR when the finest level is too close to the AH.
(KerrBH simulation with L=N=128, max_level=6, regrid_threshold=0.0065, regrid_interval=0, CCZ4 formulation)



AH analysis
How does the AH behave in puncture gauge?

A

The spin also suffers from a drift, just like the mass.

The spin:



AH analysis
How does the AH behave in puncture gauge?

A
The AH radius and value of χ on the AH:

Both wobble slightly until some asymptotic value. In the plots above we already see some drift 
at later times, just like for the area/mass/spin. For spin=0, we can see that asymptotic behavior 
settles at χ ~ 0.26 and r ~ M.



AH analysis
How does the AH behave in puncture gauge?

A
Asymptotic values of AH radius and value of χ on the AH vs spin:

The asymptotic values was extracted for each spin and a fit with an appropriate expression 
can be seen in the legend. This is just an estimate, but often a useful one. The blue region 
around the blue line is an estimate of the error from the numerical simulations.


