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The Pencil Code, a modular MPI code for partial
differential equations and particles: multipurpose and
multiuser-maintained
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24 years of Pencil Code

High-level functionality

An idea about the range of available modules can be obtained by inspecting the examples under
pencil-code/samples/. Those are low resolution versions related to applications published in
the literature. Some of the run directories of actual production runs are published through
Zenodo. Below a list of method papers that describe the various applications and tests:

Coagulation and condensation in turbulence (Johansen et al., 2008; Li et al., 2017),
Radiative transfer (Barekat & Brandenburg, 2014; A. Brandenburg & Das, 2020; Heine-
mann et al., 2006),

Chiral magnetic effect in relativistic plasmas (Schober et al., 2018),

Primordial gravitational waves (Roper Pol et al., 2020),

Modeling homochirality at the origin of life (Axel Brandenburg, 2019; A. Brandenburg
& Multamaki, 2004),

Modeling of patterned photochemical systems (Emond et al., 2012),

Gaseous combustion and detonation (Babkovskaia et al., 2011; Kriiger et al., 2017,
Zhang et al., 2020),

Burning particles, resolved or unresolved (Qian et al., 2020),

Flows around immersed solid objects (Aarnes et al., 2019, 2020; N. E. L. Haugen &
Kragset, 2010),

Test-field method for turbulent MHD transport (A. Brandenburg et al., 2010; Rheinhardt
& Brandenburg, 2010; Warnecke et al., 2018),

Mean-field MHD (Jabbari et al., 2013; Kemel et al., 2013),

Spherical shell dynamos and convection (P. J. Kapyla et al., 2020; Mitra et al., 2009),
Boris correction for coronal physics (Chatterjee, 2020),

Thermal instability and mixing (C.-C. Yang & Krumholz, 2012),

Implicit solver for temperature (Gastine & Dintrans, 2008),

Dust-gas dynamics with mutual drag interaction (C.-C. Yang & Johansen, 2016; Youdin
& Johansen, 2007),

Boundary conditions for the solar atmosphere and HDF5 format (Philippe-A. Bourdin,
2020).
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Flows around immersed solid objects (N. E. L. Haugen & Kragset, 2010),

Particle clustering in supersonic and subsonic turbulence (Karchniwy et al., 2019; Matts-
son et al., 2019),

Cloud microphysics (Li et al., 2017),

Planet and planetesimal formation (Johansen et al., 2007; Lyra et al., 2009; Oishi et
al., 2007),

Global simulations of debris disks (Lyra & Kuchner, 2013),

Stratified shearing box simulations, also with dust (Oishi & Mac Low, 2011; Schreiber
& Kilahr, 2018; C.-C. Yang et al., 2018),

Supernova-driven turbulence (Gent et al., 2013),

Solar dynamo and sunspots (A. Brandenburg, 2005; Heinemann et al., 2007),

Solar corona above active regions (Bingert & Peter, 2011; P.-A. Bourdin et al., 2013;
Chatterjee et al., 2016),

Fully convective star in a box (Dobler et al., 2006),

Dynamo wave in spherical shell convection (P. J. Kapyla et al., 2012; Warnecke et al.,
2014),

Convection with Kramers opacity law (P. J. Kapyla et al., 2020; Petri J. Kapyla et al.,
2017; P. J. Kapyla, 2019),

MHD turbulence and cascades (N. E. Haugen et al., 2004),

Turbulent diffusivity quenching with test fields (A. Brandenburg et al., 2008; Karak et
al., 2014).
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and E\(k)
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Correspondence with (magnetohydrodynamic) turbulence
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* Relation between spectra:
Sp(h) =~ k*Sp(h) ~ k~2Sp(T).




GW spectra from turbulent magnetic fields
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* Magnetic energy decays
* GW energy does not!



GW energy depends quadratically on energy input & scale
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107°F ¢ - Acoustic turbulence most efficient (g~30)

1010 _ Helical MHD turbulence even less efficient
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* Large-scale fields 2 more GW energy

* Generation at electroweak era: need strong fields
* Generation during inflation & reheating



Inaccuracy of “usual” 3" order Runge-Kutta

hi )
( ;j) =gq;, where q;,=g¢q; 1+ fiw; w;=o;w;_1+6Q;_1, (approach I)
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Alternative: exact solution for constant source between time steps

y ) General solution: (h,g) at t =0
Consider: _
h—|—k h — S h = +Acoskt+ Bsinkt+ k™29 A = h—k28
g = —Aksinkt+ Bk coskt, B = kg
Solve as 2 first-order eqs hot) = +(h—k 2S)coskdt + k'gsinkdt + k28
. g(6t) = —(h—k2S)ksinkdt + k™' gk cos két,
h = g
>, 2 kh — k=18 B cos kot  sin kot kh— k=18
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Dependence of accuracy on time step: only 15t order
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Allowing linear variations between time steps

Taylor expand:

h = +4Acoskt+ Bsinkt+ /<:_2(So _+S'()(5t)
g = —Aksinkt+ Bkcoskt+ k™25,

Additional update to make it 2" order:
:
(h) _ 98 ([1 — (sin kdt)/két]) =
— ... Em— £
F F o emdiian k2 \ (1 —coskdt)/dt =
e
a
©
- Error decreases quadratically with m%
decreasing time step dt h
5
—> At no additional cost =

Modified update involving dS

(

kh — k=1(So +65)
g—k=255/6t

> new

cos kot sin kot
—sin kdét cos kot

)(

kh—k—1S >
—2 S
g —k 55/(” current

10°*

1

1078

(6B)rms/ B
~6t2

rms

Run B4
= Run B7 B
Run B10 .-

lllllIlI 1 | S |

|

1 lllllll

o
-

d t/d tCourant

1.0



Additional features for driven turbulence

* Bump for acoustic turbulence
o Is actually real
o First seen in sound-shell model
e Sharp cutoff to the right
o controlled by initial peak
o Subsequent build-up of
turbulence has no effect
anymore

Low reheating
- temperature:
107®+ 100 MeV - 10 nHz
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Acoustic peak

Gravitational waves from first order
cosmological phase transitions in the
Sound Shell Model

Mark Hindmarsh®! and Mulham Hijazi®
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Shallow relic gravitational wave
spectrum with acoustic peak

Ramkishor Sharma,*" Jani Dahl,” Axel Brandenburg® "
and Mark Hindmarsh*/
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VA= fiso/ XN/2, Vi = Hs07)-

nky < v, <vy (regimel),

nky < vy <vy, (regime II),

* Regime II: is more resistive = unrealistic, but large GW energies

Larger efficiency from magnetogenesis (chiral
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* Regime |: -2 realistic, but small scales & less GW energy



Inflationary magnetogenesis

* Early Universe Turbulence
o Source of gravitational waves Lattice simulations of axion-U(1)

o Information from young universe '"ﬂat'orf: gravitational waves,
magnetic fields, and black holes

* Magnetogenesis

Ramkishor Sharma,” Axel Brandenburg,’

O Inﬂat|on/reheat|ng Kandaswamy Subramanian,”¢ and Alexander Vikman®
o No particles yet, no conductivity o "
: : : ¢+ 21y —V2p+a*— == _E-B
o Coupling with electromagn field dp — f a? ’
2F Fr N
'f He ' _ AY = AL — 2N V(Y - A)—7(’B+VoxE) 0,
o Breaking of conformal invariance |
o Quantum fluct = field stretched Contributions to stress:
o (kz ff) o T;; = —B;Bj — E;E; + a*0;¢0;¢ + ...

- . (_1” - b -
hj—ﬁx"‘ (kz_?) h—f—/x — T+/X



Inflationary growth: electric, magnetic, and GW grow

Ey(k), Eg(k), and Egy(k)

Inflationary growth & magnetic decay
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Lorentz force drives smaller scales: surprisingly weak

10~°

10-—10

1071}

10—20

10—25

10—30 o

1.0 10.0
a(n)

1 10 100

Ey(k), Ex(k), and Egy(k)

107*E

1078

1078

10710F

10—12

10—[4
10—16

100




Circular polarization in chiral inflationary magnetogenesis
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No small scales in GW field
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Sp(h)

Sp(h)

Temporal spectra and real space GW field
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Conclusions

* Pencil Code: accurate, otherwise no approx.
o Spectral correspondence with turbulent spectra

e Additional features

o Sharp cutoff when turbulence not sustained

o Acoustic peak, but weaker than originally thought
o Acoustic turbulence most efficient GW generator
o Small scales suppressed in GW field

* To clarify origin of PTA signal
o Turbulence?
o Magnetic fields?
o Etc.
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