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Difficulties in solving GRMHD Difficulties in solving GRMHD 
equations equations numericallynumerically
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Context: model strong, rapidly-changing gravitational-field Context: model strong, rapidly-changing gravitational-field 
astrophysical phenomena (e.g., short GRBs, BBHs in disks)astrophysical phenomena (e.g., short GRBs, BBHs in disks)

● Difficulty #1:Difficulty #1:
● Disparate length/time scalesDisparate length/time scales

– BH horizon scales/NS radiiBH horizon scales/NS radii
● must resolve strong-field regionmust resolve strong-field region

– Gravitational wavezoneGravitational wavezone
● GW lengthscale ~ 10^3 dx_{strong}GW lengthscale ~ 10^3 dx_{strong}

● Solutions: Solutions: 
● Use non-uniform numerical grids E.g., AMRUse non-uniform numerical grids E.g., AMR
● Develop codes for massively parallel HPC simulationsDevelop codes for massively parallel HPC simulations
● Sometimes wait months for results! (Moore's Law helps...)Sometimes wait months for results! (Moore's Law helps...)

Difficulties in solving GRMHD Difficulties in solving GRMHD 
equations equations numericallynumerically
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– Gravitational wavezoneGravitational wavezone
● GW lengthscale ~ 10^3 dx_{strong}GW lengthscale ~ 10^3 dx_{strong}

● Solutions: Solutions: 
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Context: model strong, rapidly-changing gravitational-field astrophysical Context: model strong, rapidly-changing gravitational-field astrophysical 
phenomena (e.g., short GRBs, BBHs in disks)phenomena (e.g., short GRBs, BBHs in disks)

● Difficulty #2:Difficulty #2:
● div B = 0 constraint: Take div of induction equation → if div B=0 div B = 0 constraint: Take div of induction equation → if div B=0 

initially, stays zero... to truncation error.initially, stays zero... to truncation error.
● Truncation errors may follow random or directed walk, growing over Truncation errors may follow random or directed walk, growing over 

time → monopole problem gets worse and worse!time → monopole problem gets worse and worse!
● Popular solutions:Popular solutions:

● Special finite differencing performed on induction equation (“flux-CT” Special finite differencing performed on induction equation (“flux-CT” 
or “flux-CD” scheme)or “flux-CD” scheme)
– → → Div B remains at initial value to roundoff error for all timeDiv B remains at initial value to roundoff error for all time

● Hyperbolic divergence cleaning  (adds add'l MHD modes that sweep Hyperbolic divergence cleaning  (adds add'l MHD modes that sweep 
away and damp B-field divergence)away and damp B-field divergence)

Difficulties in solving GRMHD Difficulties in solving GRMHD 
equations equations numericallynumerically
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Context: model strong, rapidly-changing gravitational-field astrophysical Context: model strong, rapidly-changing gravitational-field astrophysical 
phenomena (e.g., short GRBs, BBHs in disks)phenomena (e.g., short GRBs, BBHs in disks)

● Difficulty #3:Difficulty #3:
● Div B = 0 constraint + AMR. Div B = 0 constraint + AMR. 

– AMR requires quantities to be interpolated at grid boundaries.AMR requires quantities to be interpolated at grid boundaries.
– Interpolation errors on B-fields→ monopoles.Interpolation errors on B-fields→ monopoles.
– How to interpolate B-fields at AMR boundaries?How to interpolate B-fields at AMR boundaries?

● Solutions:Solutions:
● Hyperbolic divergence cleaning (adds add'l MHD modes that sweep Hyperbolic divergence cleaning (adds add'l MHD modes that sweep 

away and damp B-field divergence)away and damp B-field divergence)
● Special interpolation operators (E.g., scheme of Balsara)Special interpolation operators (E.g., scheme of Balsara)
● Evolve vector potential Evolve vector potential A A instead, any interpolation scheme works!instead, any interpolation scheme works!

Difficulties in solving GRMHD Difficulties in solving GRMHD 
equations equations numericallynumerically
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Context: model strong, rapidly-changing gravitational-field astrophysical Context: model strong, rapidly-changing gravitational-field astrophysical 
phenomena (e.g., short GRBs, BBHs in disks)phenomena (e.g., short GRBs, BBHs in disks)

● Difficulty #4:Difficulty #4:
● Strong hydrodynamic & MHD shocksStrong hydrodynamic & MHD shocks

● Solution: High-resolution shock-capturing schemeSolution: High-resolution shock-capturing scheme
● Requires that GRMHD equations be written in conservative form (Lec1!)Requires that GRMHD equations be written in conservative form (Lec1!)

● Algorithmic Ingredients:Algorithmic Ingredients:
● Reconstruction scheme: interpolates MHD quantities to cell interfaces Reconstruction scheme: interpolates MHD quantities to cell interfaces 

(between gridpoints), minimizing Gibbs oscillations (between gridpoints), minimizing Gibbs oscillations 
● Riemann Solver: Approximately solves the Rankine-Hugenoit conditions at Riemann Solver: Approximately solves the Rankine-Hugenoit conditions at 

shock interfacesshock interfaces
● Conservative-to-Primitive solver: converts set of conserved evolved Conservative-to-Primitive solver: converts set of conserved evolved 

variables into “primitive” variables (e.g., density, velocity, pressure)variables into “primitive” variables (e.g., density, velocity, pressure)
– Nonlinear relation between Conservative & Primitive variables Nonlinear relation between Conservative & Primitive variables 

● → → Need fast, robust root finder! (E.g., multi-D Newton-Raphson)Need fast, robust root finder! (E.g., multi-D Newton-Raphson)

Difficulties in solving GRMHD Difficulties in solving GRMHD 
equations equations numericallynumerically
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Context: model strong, rapidly-changing gravitational-field astrophysical phenomena (e.g., Context: model strong, rapidly-changing gravitational-field astrophysical phenomena (e.g., 
short GRBs, BBHs in disks)short GRBs, BBHs in disks)

● Difficulty #5:Difficulty #5:
● MHD flows into black holesMHD flows into black holes

● Solutions: Solutions: 
– Excise GRMHD data deep inside black holeExcise GRMHD data deep inside black hole

● Problem: Can be fickle! Problem: Can be fickle! 
– Control theory problemControl theory problem
– Gauge characteristic modes can be superluminal, so if B significantly contributes to Gauge characteristic modes can be superluminal, so if B significantly contributes to 

Tmunu and is sharp, can get code crashes!Tmunu and is sharp, can get code crashes!
– Can result in nasty B-field build-up that percolates to the horizon edge, and then Can result in nasty B-field build-up that percolates to the horizon edge, and then 

outside → code crash!outside → code crash!
– Check conservative variables Check conservative variables prior prior to converting to primitive variables, move to to converting to primitive variables, move to 

physically valid range.physically valid range.
● Appears to be quite robust and hands-free, so long as fluid densities do not blow up Appears to be quite robust and hands-free, so long as fluid densities do not blow up 

inside the horizon. (Easy fix via density ceiling.)inside the horizon. (Easy fix via density ceiling.)

Difficulties in solving GRMHD Difficulties in solving GRMHD 
equations equations numericallynumerically
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Context: model strong, rapidly-changing gravitational-field astrophysical phenomena (e.g., Context: model strong, rapidly-changing gravitational-field astrophysical phenomena (e.g., 
short GRBs, BBHs in disks)short GRBs, BBHs in disks)

● Difficulty #6:Difficulty #6:
● Regions where B-field dominates dynamics: P_B / P_gas >> 1Regions where B-field dominates dynamics: P_B / P_gas >> 1

– Truncation errors from evolving B can be larger than magnitude of P, rho!Truncation errors from evolving B can be larger than magnitude of P, rho!
– Usually a problem in very low-density regionsUsually a problem in very low-density regions

● Solutions: Solutions: 
– Density floor: sets an effective ceiling on P_B / P_gasDensity floor: sets an effective ceiling on P_B / P_gas
– Fix P_B/P_gas to some large but trustworthy value in low-density regionsFix P_B/P_gas to some large but trustworthy value in low-density regions

Difficulties in solving GRMHD Difficulties in solving GRMHD 
equations equations numericallynumerically
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Open Source Numerical Relativity:Open Source Numerical Relativity:
Einstein Toolkit Rules!Einstein Toolkit Rules!

● Einstein Toolkit:Einstein Toolkit:
●   Collection of open-source codes for NR, includes many of these:Collection of open-source codes for NR, includes many of these:

● KrancKranc
● Mathematica-based code generation softwareMathematica-based code generation software

– Handles complex tensor expressions, e.g., BSSN(OK)Handles complex tensor expressions, e.g., BSSN(OK)
– Generates Einstein Toolkit-ready modulesGenerates Einstein Toolkit-ready modules

● Cactus/Carpet/LlamaCactus/Carpet/Llama
● Grid codes with excellent scalabilityGrid codes with excellent scalability

● GRHydroGRHydro
● GRMHD HRSC code, many features, evolves B-field+div cleaningGRMHD HRSC code, many features, evolves B-field+div cleaning

● IllinoisGRMHDIllinoisGRMHD
● Based on/identical results to decade-old GRMHD code of Illinois groupBased on/identical results to decade-old GRMHD code of Illinois group
● Designed for AMR grids & robustness (e.g., flows into BHs, no excision)Designed for AMR grids & robustness (e.g., flows into BHs, no excision)

– Vector potential formulation of GRMHDVector potential formulation of GRMHD
– Code on which it is based has generated >20 publicationsCode on which it is based has generated >20 publications

Llama gridLlama grid
Pollney, Reisswig, Schnetter, Dorband, 

Diener: PRD 83 044045 (2011)

http://einsteintoolkit.orghttp://einsteintoolkit.org

http://kranccode.orghttp://kranccode.org

http://[cactus,carpet,llama]code.orghttp://[cactus,carpet,llama]code.org

http://einsteintoolkit.orghttp://einsteintoolkit.org

http://tinyurl.com/ilgrmhdhttp://tinyurl.com/ilgrmhd
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– Handles complex tensor expressions, e.g., BSSN(OK)Handles complex tensor expressions, e.g., BSSN(OK)
– Generates Einstein Toolkit-ready modulesGenerates Einstein Toolkit-ready modules

● Cactus/Carpet/LlamaCactus/Carpet/Llama
● Grid codes with excellent scalabilityGrid codes with excellent scalability

● GRHydroGRHydro
● GRMHD HRSC code, many features, evolves B-field+div cleaningGRMHD HRSC code, many features, evolves B-field+div cleaning

● IllinoisGRMHDIllinoisGRMHD
● Based on/identical results to decade-old GRMHD code of Illinois groupBased on/identical results to decade-old GRMHD code of Illinois group
● Designed for AMR grids & robustness (e.g., flows into BHs, no excision)Designed for AMR grids & robustness (e.g., flows into BHs, no excision)

– Vector potential formulation of GRMHDVector potential formulation of GRMHD
– Code on which it is based has generated >20 publicationsCode on which it is based has generated >20 publications
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Adv LIGO/VIRGO ca. 2016-2017: Adv LIGO/VIRGO ca. 2016-2017: 
Very poor GW source localizationVery poor GW source localization



14

Adv LIGO/VIRGO ca. 2016-2017: Adv LIGO/VIRGO ca. 2016-2017: 
Very poor GW source localizationVery poor GW source localization

““Only” need an EM counterpart to Only” need an EM counterpart to 
pinpoint GW source!pinpoint GW source!
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““Only” need an EM counterpart to Only” need an EM counterpart to 
pinpoint GW source!pinpoint GW source!
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Adv LIGO/VIRGO ca. 2016-2017: Adv LIGO/VIRGO ca. 2016-2017: 
Very poor GW source localizationVery poor GW source localization

““Only” need an EM counterpart to Only” need an EM counterpart to 
pinpoint GW source!pinpoint GW source!

● What sort of counterpart to look for?What sort of counterpart to look for?
● What insights might counterpart yield?What insights might counterpart yield?

Need dyn spacetime GRMHD models!Need dyn spacetime GRMHD models!

**
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The Need for GRMHD ModelingThe Need for GRMHD Modeling
● GRMHD phenomena in dynamical spacetimesGRMHD phenomena in dynamical spacetimes

● Yield detectable EM signaturesYield detectable EM signatures
– Important for GW source localizationImportant for GW source localization
– May lead to directed GW searchesMay lead to directed GW searches
– Even Even withoutwithout coincident GWs coincident GWs

● May yield insights into violent BH accretion phenomena, matter May yield insights into violent BH accretion phenomena, matter 
at extreme densitiesat extreme densities
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● GRMHD phenomena in dynamical spacetimesGRMHD phenomena in dynamical spacetimes
● Yield detectable EM signaturesYield detectable EM signatures

– Important for GW source localizationImportant for GW source localization
– May lead to directed GW searchesMay lead to directed GW searches
– Even Even withoutwithout coincident GWs coincident GWs

● May yield insights into violent BH accretion phenomena, matter May yield insights into violent BH accretion phenomena, matter 
at extreme densitiesat extreme densities

The Need for GRMHD ModelingThe Need for GRMHD Modeling

● Problems:Problems:
● What to look for?What to look for?
● How to gain insights from EM observations?How to gain insights from EM observations?

● Strategy:Strategy:
● Model GRMHD phenomena in dyn spacetimesModel GRMHD phenomena in dyn spacetimes

– IllinoisGRMHD does this!IllinoisGRMHD does this!
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IllinoisGRMHD:IllinoisGRMHD:
A User-Friendly GRMHD Code A User-Friendly GRMHD Code 

for Dynamical Spacetimesfor Dynamical Spacetimes
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IllinoisGRMHD:IllinoisGRMHD:
A User-Friendly GRMHD Code A User-Friendly GRMHD Code 

for Dynamical Spacetimesfor Dynamical Spacetimes

Original GRMHD code Original GRMHD code 
of Illinois NR group of Illinois NR group 

● Highly robustHighly robust
● Poorly documentedPoorly documented
● Takes ~3 yrs to masterTakes ~3 yrs to master
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IllinoisGRMHD:IllinoisGRMHD:
A User-Friendly GRMHD Code A User-Friendly GRMHD Code 

for Dynamical Spacetimesfor Dynamical Spacetimes

Original GRMHD code Original GRMHD code 
of Illinois NR group of Illinois NR group 

● Highly robustHighly robust
● Poorly documentedPoorly documented
● Takes ~3 yrs to masterTakes ~3 yrs to master

IllinoisGRMHDIllinoisGRMHD

● Same robustnessSame robustness
● Well documentedWell documented
● Easy masteryEasy mastery
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IllinoisGRMHD: The Need for ChangeIllinoisGRMHD: The Need for Change
● Old GRMHD code of Illinois groupOld GRMHD code of Illinois group

– The Good:The Good:
● Highly robust and battle-tested for many systems of high Highly robust and battle-tested for many systems of high 

astrophysical interest – compact objects & binariesastrophysical interest – compact objects & binaries
● Very well-maintained from original release, with test suitesVery well-maintained from original release, with test suites
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IllinoisGRMHD: The Need for ChangeIllinoisGRMHD: The Need for Change
● Old GRMHD code of Illinois groupOld GRMHD code of Illinois group

– The Good:The Good:
● Highly robust and battle-tested for many systems of high Highly robust and battle-tested for many systems of high 

astrophysical interest – compact objects & binariesastrophysical interest – compact objects & binaries
● Very well-maintained from original release, with test suitesVery well-maintained from original release, with test suites

– The BadThe Bad
● ““Results first”: Little focus on coding standards or designResults first”: Little focus on coding standards or design
● Only compatible with ancient version of Carpet (ca. 2010)Only compatible with ancient version of Carpet (ca. 2010)
● Poorly commented/documentedPoorly commented/documented
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IllinoisGRMHD: The Need for ChangeIllinoisGRMHD: The Need for Change
● Old GRMHD code of Illinois groupOld GRMHD code of Illinois group

– The Good:The Good:
● Highly robust and battle-tested for many systems of high astrophysical Highly robust and battle-tested for many systems of high astrophysical 

interest – compact objects & binariesinterest – compact objects & binaries
● Very well-maintained from original release, with test suitesVery well-maintained from original release, with test suites

– The BadThe Bad
● ““Results first” mantra: Little focus on coding standards or designResults first” mantra: Little focus on coding standards or design
● Only compatible with ancient version of Carpet (ca. 2010)Only compatible with ancient version of Carpet (ca. 2010)
● Poorly commented/documentedPoorly commented/documented

– The UglyThe Ugly
● Variety of coding styles, in FORTRAN90 (drivers) and C++ (low-level  Variety of coding styles, in FORTRAN90 (drivers) and C++ (low-level  

OpenMP'ed routines)OpenMP'ed routines)
● ~90% of original features unused & unmaintained~90% of original features unused & unmaintained

– ~70k lines: ~70k lines: 
● Mostly dead codeMostly dead code, full of if() statements, full of if() statements
● Extremely difficult to navigate, even for expertsExtremely difficult to navigate, even for experts
● Function duplication throughout – not extensibleFunction duplication throughout – not extensible
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IllinoisGRMHD: The Need for ChangeIllinoisGRMHD: The Need for Change
● Old GRMHD code of Illinois groupOld GRMHD code of Illinois group
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IllinoisGRMHD: IllinoisGRMHD: 
A Lean and Mean, User-Friendly MachineA Lean and Mean, User-Friendly Machine

● Complete overhaulComplete overhaul of Illinois' original GRMHD code of Illinois' original GRMHD code
– Goals:Goals:
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IllinoisGRMHD: IllinoisGRMHD: 
A Lean and Mean, User-Friendly MachineA Lean and Mean, User-Friendly Machine

● Complete overhaulComplete overhaul of Illinois' original GRMHD code of Illinois' original GRMHD code
– Goals:Goals:

● Fast, scalable, extensibleFast, scalable, extensible
– Consistent coding schemeConsistent coding scheme
– Duplicated functionality replaced w/library of common functionsDuplicated functionality replaced w/library of common functions
– LatestLatest Carpet AMR infrastructure Carpet AMR infrastructure
– >~ 2x faster than old code, though >~ 2x faster than old code, though user-friendlinessuser-friendliness is central focus is central focus
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IllinoisGRMHD: IllinoisGRMHD: 
A Lean and Mean, User-Friendly MachineA Lean and Mean, User-Friendly Machine

● Complete overhaulComplete overhaul of Illinois' original GRMHD code of Illinois' original GRMHD code
– Goals:Goals:

● Fast, scalable, extensibleFast, scalable, extensible
– Consistent coding schemeConsistent coding scheme
– Duplicated functionality replaced w/library of common functionsDuplicated functionality replaced w/library of common functions
– LatestLatest Carpet AMR infrastructure Carpet AMR infrastructure
– >~ 2x faster than old code, though >~ 2x faster than old code, though user-friendlinessuser-friendliness is central focus is central focus

● Easy adoption for beginners, Easy adoption for beginners, less hair-pulling for maintainersless hair-pulling for maintainers
– Well documented/commentedWell documented/commented
– Written in pure C++ (technically C99, with some C++ file I/O for Written in pure C++ (technically C99, with some C++ file I/O for 

debugging), full OpenMP supportdebugging), full OpenMP support
– Dead code & dead code paths removedDead code & dead code paths removed
– Went from Went from 70,000 lines of code70,000 lines of code to  to 2,9002,900
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IllinoisGRMHD: IllinoisGRMHD: 
A Lean and Mean, User-Friendly MachineA Lean and Mean, User-Friendly Machine

● Complete overhaulComplete overhaul of Illinois' original GRMHD code of Illinois' original GRMHD code
– Goals:Goals:

● Fast, scalable, extensibleFast, scalable, extensible
– Consistent coding schemeConsistent coding scheme
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● Easy adoption for beginners, Easy adoption for beginners, less hair-pulling for maintainersless hair-pulling for maintainers
– Well documented/commentedWell documented/commented
– Written in pure C++ (technically C99, with some C++ file I/O for debugging), Written in pure C++ (technically C99, with some C++ file I/O for debugging), 

full OpenMP supportfull OpenMP support
– Dead code & dead code paths removedDead code & dead code paths removed
– Went from 70,000 lines of code to 2,900Went from 70,000 lines of code to 2,900

● Ready for scienceReady for science
– Contains only most robust features, used in all recent pubs (magnetized Contains only most robust features, used in all recent pubs (magnetized 

BHBH+disk, magnetized BHNS, WDNS, etc.)BHBH+disk, magnetized BHNS, WDNS, etc.)
– Open-source, working to make it a part of Einstein ToolkitOpen-source, working to make it a part of Einstein Toolkit
– Agrees with old GRMHD code of Illinois group to roundoff errorAgrees with old GRMHD code of Illinois group to roundoff error
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IllinoisGRMHD: IllinoisGRMHD: 
A Lean and Mean, User-Friendly MachineA Lean and Mean, User-Friendly Machine

● Complete overhaulComplete overhaul of Illinois' original GRMHD code of Illinois' original GRMHD code
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● Ready for scienceReady for science
– Contains only most robust features, used in all recent pubs (magnetized Contains only most robust features, used in all recent pubs (magnetized 
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IllinoisGRMHD: IllinoisGRMHD: 
Future PlansFuture Plans

● Immediate: Incorporation into the next ET ReleaseImmediate: Incorporation into the next ET Release
● All items on IllinoisGRMHD's TODO list (courtesy R. Haas) preventing All items on IllinoisGRMHD's TODO list (courtesy R. Haas) preventing 

inclusion into ET have been addressedinclusion into ET have been addressed
● Good to go. Please take a look!Good to go. Please take a look!

● Upcoming year: Upcoming year: 
● SymBase support, arbitrary EOS supportSymBase support, arbitrary EOS support
● Make IllinoisGRMHD, other GRMHD codes Make IllinoisGRMHD, other GRMHD codes even more robusteven more robust

– WhiskyMHD dyn spacetime GRMHD (B. Giacomazzo)WhiskyMHD dyn spacetime GRMHD (B. Giacomazzo)
– HARM3D fixed spacetime GRMHD (J. McKinney)HARM3D fixed spacetime GRMHD (J. McKinney)
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Gauge invariant!Gauge invariant!
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Must be careful!Must be careful!
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EM Gauge Comparison:EM Gauge Comparison:
Magnetic Energy DensityMagnetic Energy Density

Lorenz EM gaugeLorenz EM gauge Constant Phi EM gaugeConstant Phi EM gauge
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