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Figure 3. (Color online) Various dissipation surrogates evaluated at the maximum of the
turbulent activity in HVM simulations, t = t⇤. Two columns at left (right) refer to the Vlasov
(Boltzmann) run. Panels from (a) to (h) display: Dp, ✏` being ` ' dp, Pi-Dp, P-✓p,

p
Qp, ✏p,

M̄KP,p, and M̄ , respectively.

parameters confirms the presence of a regional correlations (Yang et al. 2018; Matthaeus
et al. 2020): peaks of these quantities perhaps do not occur at the same point (and/or
with a similar widht) but definitively in coincident spatial regions.

Vlasov and Boltzmann runs do not report significant differences when inspecting the
energy-based parameters. The inclusion of proton-proton collisional effects does not affect
the statistical characteristic of turbulence at proton scale. This can be explained since,
at variance with inter-species collisional effects, intra-species collisions do not generate a
resistivity-like term which affects the electric field and hence fluid/integrated quantities.
On the other hand, VDF-based parameters are dissipated by the presence of collisions,
this being a signature of the collisional thermalization. Since these parameters directly
look for the presence of out-of-equilibrium structure in the proton VDF, they are affected
by intra-species collisional effects. The effect of collision is less visible in

p
Qp since

collisions preferentially dissipate fine velocity-space structures (Pezzi et al. 2016), which
are not retained in

p
Qp but rather in ⇠p and in the entropy density-based proxies. The
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Figure 2. Same as figure 1, but for electrons instead of protons.

4.2 Electron dissipation proxies for collisionless reconnection

In analogy with protons, electron dissipation proxies are displayed in
Fig. 2. One exception is that the LET parameter is not computed for
electrons, as discussed in Section 2.1. As expected, De ' Dp due to
quasi-neutrality. Again, we first focus on the collisionless case in the
left column.

The other energy-based parameters, the electron pressure-strain
interaction terms Pi-De and P-✓e, have highly structured patterns
at much smaller scales than their proton counterparts, as expected.
In the current sheet, Pi-De and P-✓e are both confined to the EDR,
with almost no signal in the IDR. Pi-De is positively peaked in

the magnetic island close to the X-point. There are strong bands of
Pi-De near the upstream edges of the EDR, where velocity shear
due to electron meandering orbits is significant. In the island, both
Pi-De and P-✓e have strong variations in the small-scale structures
discussed in the previous subsection. The intense electric fields are
expanding and compressing the electron fluid as seen in P-✓e,
and these fluctuations in the local velocity shear give a non-zero
Pi-De. There is also coherent structure of Pi-De as the electrons
leave the EDR and develop a velocity shear as they move around the
pre-existing magnetic island.

For the VDF-based proxies, all four proxies
p

Qe, ⇠e, M̄KP,e and
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O V E R V I E W  A N D  C O N C L U S I O N S 

( P E Z Z I  E T  A L . ,  M N R A S ,  S U B M I T T E D )

• Several measures have been used to characterize kinetic-scale energy conversion and dissipation in weakly-collisional plasmas 


• We categorize them as “energy-based” and “velocity distribution function (VDF)-based”


• We compare and contrast a number of them in kinetic simulations of magnetic reconnection and decaying plasma turbulence


• We use three different codes that can include collisions


• Particle-in-cell (VPIC) - reconnection, fully-kinetic continuum (Gkeyll) - reconnection, Eulerian Hybrid Vlasov-Maxwell (HVM) - turbulence 


• Results:


• There are similarities, but also differences, between the different measures which can be understood physically


• In simulations of reconnection, there is overall agreement in PIC and continuum, with slight differences due to secondary islands 


• VDF-based measures are similar in reconnection and self-consistent current sheets in turbulence, but energy-based can be different


• All parameters we investigated are non-zero near regions of intense magnetic stress, thus exhibiting a local correlation 


• VDF-based measures are broader than energy-based near current sheets → kinetic effects can be important beyond coherent structures


• Both energy- and VDF-based can be useful, and using multiple measures is likely best to identify key physics



• It is strange to even discuss “dissipation” measures in collisionless plasmas, since the  
connotation of dissipation is irreversibility, which does not occur for collisionless systems


• “Energy conversion” measures is a better term


• Numerous proxies of energy conversion and  
dissipation have been developed; we group them  
into two categories - “energy-based” and  
“velocity distribution function (VDF)-based”


• “Energy-based” - terms in evolution equations for bulk 
flow energy      , thermal energy      , and EM energy 


• Work done on/by electric field D (Zenitani et al., PRL, 2011)


• Local Energy Transfer rate (LET) ε  
(Sorriso-Valvo et al., Solar Phys., 2018)


• Pressure-strain interaction Pi-D and P-θ (Yang et al., PoP, 2017)
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• “VDF-based” - from distribution function fα


• Pressure agyrotropy Q (Scudder and  
Daughton, JGR, 2008; Aunai et al.,  
PoP, 2013; Swisdak, GRL, 2016)


• Quadratic non-Maxwellianity ξ  
(Greco et al., PRE, 2012)


• gα = “Maxwellianized” distribution based on fα


• Entropy-based non-Maxwellianity M  
(Kaufmann and Paterson, JGR, 2009;  
Liang et al., JPP, 2020)


• We did not compare with the field-particle  
correlation (Klein and Howes, ApJL, 2016);  
should be done for future work
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• Energy-based measures for protons (left) and electrons (right)


• Dp ~ De is positive in electron diffusion region (EDR), small in IDR; can 
have either sign in exhaust presumably due to time-domain 
structures (electron holes, etc.)


• LET εp is non-zero in EDR and near neutral line in exhaust; not 
calculated for electrons); meaning of this parameter in a non-
turbulent system is not terribly clear


• Pi-Dp is positive in EDR and IDR due to meandering orbits and 
velocity shear, Pi-De only important in EDR; both can have either sign 
in the exhaust with spatial scale dependent on mass


• P-θp is mostly negative in EDR due to expansion of flux tubes 
entering EDR and mostly positive in exhaust due to compression by 
the island; P-θe is weaker in EDR, highly oscillatory in exhaust 


• All energy-based measures considered here do have structure in the 
EDR, Dp ~ De and Pi-De are strongest in EDR, all can be non-zero in the 
exhaust, some oscillate strongly, not much structure near separatrix

Dissipation measures in weakly-collisional plasmas 7

Figure 1. (Color online) Comparison of various dissipation proxies for protons, from the ���� simulations with ⌫ = 0 (left column), ⌫ = 0.25 (center)
and ⌫ = 1.25 (right). The proxies are computed at t = 22 for the collisionless run and t = 26 for the weakly-collisional runs. From top to bottom: the
Zenitani parameter Dp ; the LET parameter ✏p,` with ` ' dp ; the pressure-strain interaction Pi-Dp ; the pressure dilatation P-✓p ; the agyrotropy

p
Qp ; the

non-Maxwellian indicators ⇠p ; M̄KP,p ; and M̄p . Solid lines indicate separatrices.
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Figure 2. Same as figure 1, but for electrons instead of protons.

4.2 Electron dissipation proxies for collisionless reconnection

In analogy with protons, electron dissipation proxies are displayed in
Fig. 2. One exception is that the LET parameter is not computed for
electrons, as discussed in Section 2.1. As expected, De ' Dp due to
quasi-neutrality. Again, we first focus on the collisionless case in the
left column.

The other energy-based parameters, the electron pressure-strain
interaction terms Pi-De and P-✓e, have highly structured patterns
at much smaller scales than their proton counterparts, as expected.
In the current sheet, Pi-De and P-✓e are both confined to the EDR,
with almost no signal in the IDR. Pi-De is positively peaked in

the magnetic island close to the X-point. There are strong bands of
Pi-De near the upstream edges of the EDR, where velocity shear
due to electron meandering orbits is significant. In the island, both
Pi-De and P-✓e have strong variations in the small-scale structures
discussed in the previous subsection. The intense electric fields are
expanding and compressing the electron fluid as seen in P-✓e,
and these fluctuations in the local velocity shear give a non-zero
Pi-De. There is also coherent structure of Pi-De as the electrons
leave the EDR and develop a velocity shear as they move around the
pre-existing magnetic island.

For the VDF-based proxies, all four proxies
p

Qe, ⇠e, M̄KP,e and
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quasi-neutrality. Again, we first focus on the collisionless case in the
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Pi-De near the upstream edges of the EDR, where velocity shear
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Pi-De and P-✓e have strong variations in the small-scale structures
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• VDF-based measures for protons (left) and electrons (right)


• Pressure agyrotropy Q non-zero for protons in both  
EDR and IDR; non-zero for electrons only in EDR


• Non-Maxwellianities ξ and Μ for both protons  
and electrons are non-zero both in EDR and IDR


• Physical explanation is that electrons in IDR get  
trapped and become Egedal distributions, which are 
gyrotropic (Q=0) but non-Maxwellian (ξ and Μ  0)


• Entropy-based non-Maxwellianity more localized than 
quadratic non-Maxwellianity; bigger departure from 
Maxwellianity needed for entropy-based to be appreciable 


• All VDF-based measures we investigate identify EDR, and all  
but Qe identify IDR, all are non-zero in exhausts; all electron 
measures are strong near separatrices unlike energy-based

≠
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4.2 Electron dissipation proxies for collisionless reconnection

In analogy with protons, electron dissipation proxies are displayed in
Fig. 2. One exception is that the LET parameter is not computed for
electrons, as discussed in Section 2.1. As expected, De ' Dp due to
quasi-neutrality. Again, we first focus on the collisionless case in the
left column.

The other energy-based parameters, the electron pressure-strain
interaction terms Pi-De and P-✓e, have highly structured patterns
at much smaller scales than their proton counterparts, as expected.
In the current sheet, Pi-De and P-✓e are both confined to the EDR,
with almost no signal in the IDR. Pi-De is positively peaked in

the magnetic island close to the X-point. There are strong bands of
Pi-De near the upstream edges of the EDR, where velocity shear
due to electron meandering orbits is significant. In the island, both
Pi-De and P-✓e have strong variations in the small-scale structures
discussed in the previous subsection. The intense electric fields are
expanding and compressing the electron fluid as seen in P-✓e,
and these fluctuations in the local velocity shear give a non-zero
Pi-De. There is also coherent structure of Pi-De as the electrons
leave the EDR and develop a velocity shear as they move around the
pre-existing magnetic island.

For the VDF-based proxies, all four proxies
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• Energy- and VDF-based measures for protons for 
increasing collisionality left to right


• All measures find the diffusion regions, but 
collisions weaken the dissipation measures, 
including small-scale structure in the exhausts


• This is the case even though the reconnection is 
still “Hall-like” (as opposed to Sweet-Parker)


• Interestingly, none of the measures gets stronger; 
energy conversion is higher in the collisionless 
case

Dissipation measures in weakly-collisional plasmas 7

Figure 1. (Color online) Comparison of various dissipation proxies for protons, from the ���� simulations with ⌫ = 0 (left column), ⌫ = 0.25 (center)
and ⌫ = 1.25 (right). The proxies are computed at t = 22 for the collisionless run and t = 26 for the weakly-collisional runs. From top to bottom: the
Zenitani parameter Dp ; the LET parameter ✏p,` with ` ' dp ; the pressure-strain interaction Pi-Dp ; the pressure dilatation P-✓p ; the agyrotropy

p
Qp ; the

non-Maxwellian indicators ⇠p ; M̄KP,p ; and M̄p . Solid lines indicate separatrices.
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• Energy- and VDF-based 
measures for protons (left) 
and electrons (right) in Gkeyll 
simulations


• Unsurprisingly, most of the 
results are qualitatively 
consistent with the VPIC 
simulations


• An additional secondary 
island arises in the full 
Vlasov simulations, which 
leads to some differences

10 O. Pezzi et al.

Figure 3. Same dissipation proxies as plotted in Figure 1, but for the protons
in the Gkeyll reconnection simulation.

arise in these diagnostics due to the secondary island in the Gkeyll
simulation. Indeed, this structure generates intense deviations from
the thermal equilibrium due to the mixing and rapid rotation of pro-
tons trying to align with the local magnetic field. Inside the proton
scale island, we observe strong deformation of the proton VDF which
manifests as an intense agyrotropy

p
Qp and non-Maxwellianity ⇠p ,

M̄KP,p and M̄p .
Turning to electron dissipation proxies, the Gkeyll simulation

results display a good agreement with the ���� data. In fact, the
overall structure in energy-based diagnostics such as De and Pi-De

and distribution function-based diagnostics such as
p

Qe and ⇠e,
agrees better for electrons than for protons. For example, De and
Pi-De are positive in the electron di�usion region, and we observe
enhancement of all the distribution function-based diagnostics near
the separatrices. This better agreement can be linked to the secondary
island not having as dramatic an impact on the electron dynamics in
the magnetic island.

The comparison of this wide array of diagnostics from these two
di�erent codes in di�erent regimes, from collisionless ���� to weakly
collisional Gkeyll to collisional ����, reveals the diversity of infor-
mation content each diagnostic contains. In many cases, we observe
little qualitative di�erence between the energy-based diagnostics
from di�erent simulations while VDF-based diagnostics are more
sensitive both qualitatively and quantitatively to the strength of col-
lisions and subtle di�erences in the underlying kinetic evolution of
the reconnection process, such as the secondary island which forms
in the Gkeyll simulation.

Figure 4. Same dissipation proxies as plotted in Figure 2, but for the electrons
in the Gkeyll reconnection simulation.

5 NUMERICAL RESULTS: DISSIPATION MEASURES IN
TURBULENT PLASMAS

We here describe the structure of dissipation proxies in plasma turbu-
lence at kinetic scales. Since the HVM code using the hybrid model
neglects electrons, we only treat proton parameters. In these simu-
lations, energy injected at large scale generates a cascade towards
smaller scales. The time corresponding to the most intense turbulent
activity is t = t⇤ = 30, in which a turbulent state characterized by an
intermittent pattern of current sheets which delimit magnetic islands
and vortices (Servidio et al. 2015; Wan et al. 2015) is reached. We
show simulation results at t = t⇤ in Fig. 5, with the output of the
collisionless (left) and collisional (right) simulation. Panels from (a)
to (h) display Dp , ✏p,` with ` ' dp , Pi-Dp , P-✓p ,

p
Qp , ✏p , M̄KP,p,

and M̄p , respectively.
We begin by analyzing the energy-based parameters. Dp , LET
✏p,` , and the Pi-Dp term are all peaked close to the most intense
current sheets. This confirms that current sheets are the sites with
the most intense local energy conversion and dissipation. Dp has a
preferred sign, being positive in most of the regions of highest energy
conversion. This implies there is a net conversion of energy from the
electromagnetic fields to the protons. Similarly, the predominantly
negative LET supports the standard picture of a direct global energy
cascade towards small scales. The regions of larger energy transfer
are generally located near the current sheets, and some complexity
in the fine local details of the transfer can be observed. A detailed
analysis of each term of the right hand side of Eq. (13) reveals that
the total energy (kinetic plus magnetic) available to be transported by
the longitudinal component �up,` is the main contributor to the LET
parameter in this HVM simulation. In this case, it is also confirmed
(not shown) that the global (Yaglom-Hall) law shows a linear scaling
in the interval roughly corresponding to the MHD-turbulence range
(2dp . ` . 10dp), as also recently reported in a similar simu-
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• Energy- and VDF-based measures for protons for collisionless 
(left) and collisional (right) HVM turbulence simulations 


• Energy-based measures D, ε, and Pi-D  
tend to be strongest near current sheets


• D is net positive, so electric energy is being converted  
to plasma energy, ε is net negative which is consistent 
with a cascade to smaller scales as expected


• P-θ strongest in current sheets but also strong in magnetic 
islands, where compression and expansion occurs


• All four VDF-based are strongest near current sheets, but 
Q and ξ can be bigger than M within magnetic islands


• Effect of collisions


• Energy-based measures — weak because only  
proton-proton collisions are included in simulation


• VDF-based measures — are effected by collisions; 
qualitatively similar to the reconnection simulations
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Figure 3. (Color online) Various dissipation surrogates evaluated at the maximum of the
turbulent activity in HVM simulations, t = t⇤. Two columns at left (right) refer to the Vlasov
(Boltzmann) run. Panels from (a) to (h) display: Dp, ✏` being ` ' dp, Pi-Dp, P-✓p,

p
Qp, ✏p,

M̄KP,p, and M̄ , respectively.

parameters confirms the presence of a regional correlations (Yang et al. 2018; Matthaeus
et al. 2020): peaks of these quantities perhaps do not occur at the same point (and/or
with a similar widht) but definitively in coincident spatial regions.

Vlasov and Boltzmann runs do not report significant differences when inspecting the
energy-based parameters. The inclusion of proton-proton collisional effects does not affect
the statistical characteristic of turbulence at proton scale. This can be explained since,
at variance with inter-species collisional effects, intra-species collisions do not generate a
resistivity-like term which affects the electric field and hence fluid/integrated quantities.
On the other hand, VDF-based parameters are dissipated by the presence of collisions,
this being a signature of the collisional thermalization. Since these parameters directly
look for the presence of out-of-equilibrium structure in the proton VDF, they are affected
by intra-species collisional effects. The effect of collision is less visible in

p
Qp since

collisions preferentially dissipate fine velocity-space structures (Pezzi et al. 2016), which
are not retained in

p
Qp but rather in ⇠p and in the entropy density-based proxies. The

V L A S O V- H Y B R I D  H V M  
T U R B U L E N C E  S I M U L AT I O N S



• Reconnection (collisionless VPIC), cuts in the normal direction  
through the X-line — protons (top row) and electrons (second row),  
energy-based (left), VDF-based (right)


• Turbulence (collisionless HVM) — same plots for protons through a typical 
current sheet; energy- (bottom left), VDF-based (bottom right)


• Measures all at elevated levels at and near current sheet —  
they are not coincident, but are spatially correleated


• Reasonable agreement for many quantities between cuts from reconnection 
and turbulence simulations, especially in the VDF-based measures


• There are quantitative and even qualitative differences — D dominates the 
reconnection simulation, but P-θ is biggest for current sheet in turbulence; 
LET is oscillatory for reconnection and negative for turbulence


• Measures in turbulence are expected to be functions of time,  
while should be relatively steady in steady-state reconnection


• May be useful for satellite observations of reconnection and/or turbulence
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Figure 8. (Color online) Same as figure 6, but for the HVM collisionless
turbulence simulation. The cut is taken at x = 68.7 dp .

7 DISCUSSION AND CONCLUSIONS

As a result of the weak collisionality of many space and astrophys-
ical plasmas, several physical processes can locally contribute to
the dissipation of energy and the heating of the plasma. During
magnetic reconnection, magnetic energy is e�ciently converted to
directed plasma flows, thermal energy, and energetic particles (Burch
et al. 2016; Torbert et al. 2018). During turbulence in a magnetized
plasma, the cascade provides the global amount of energy needed
for fluctuations to be dissipated at small scales (Marino et al. 2008).
However, which dissipative mechanism or mechanisms are domi-
nant and under which conditions is still not su�ciently understood
(Vaivads et al. 2016). Therefore, a multiplicity of dissipation surro-
gates have been adopted in the literature to identify potential sites
of dissipation. Owing to the strongly nonlinear dynamics and the
importance of physics at kinetic scales in such systems, numerical
simulations of the Vlasov-Maxwell system (or, including collisions,
the Boltzmann-Maxwell system) are the decisive tool to address
the long-standing issue of plasma heating and energy dissipation in
magnetized plasmas, e.g. Parashar et al. (2009). For example, the
“turbulence dissipation challenge” (Parashar et al. 2015) motivated
numerical work to compare di�erent algorithms on the solution of
similar problems to assess the nature of the dissipation in magnetized
turbulence (e.g. Pezzi et al. (2017); Perrone et al. (2018); González
et al. (2019)).

In the same spirit, we have conducted a survey of a number of dis-
sipation surrogates with three di�erent kinetic plasma codes — the
fully-kinetic particle-in-cell ����, the fully-kinetic Eulerian Vlasov-
Maxwell Gkeyll, and the Eulerian Hybrid Vlasov-Maxwell codes
— to perform numerical simulations of two important physical phe-
nomena in plasma physics. The first class investigates reconnection in
an isolated current sheet, and the second concerns plasma turbulence
at kinetic scales. We have calculated and compared eight distinct
dissipation proxies, delineated in Section 2. For the sake of clarity,

we have categorized them in terms of (i) energy-based parameters,
whose definition describes energy transfer and conversion; and (ii)
VDF-based parameters, that are directly related to kinetic signatures
in the particle VDF. Energy-based parameters considered here are the
power density by electromagnetic fields on charged particles (Zeni-
tani et al. 2011), the pressure-strain interaction (Yang et al. 2017a),
and a local proxy of the turbulent energy transfer (Sorriso-Valvo et al.
2018a). The VDF-based parameters are the local pressure agyrotropy
(Swisdak 2016) and three measures describing how di�erent a local
distribution function is from being Maxwellian (Greco et al. 2012;
Kaufmann & Paterson 2009; Liang et al. 2019).

Our findings are that each of the studied measures is non-zero
in key settings in reconnection and turbulence, including the recon-
nection di�usion region and magnetic islands, and the intermittent
magnetic shear regions bordering magnetic eddies in a turbulent sys-
tem. The region that each proxy is strongest highlights a potentially
di�erent aspect of the physics taking place, as is described in detail
in Sections 4 and 5. It is intended that the discussion therein will
contribute to the assessment of dissipation and energy conversion in
satellite and plasma laboratory experiment measurements. We here
remark on the importance of the VDF-based diagnostics, which re-
veal further details about the underlying dynamics of the plasma
compared to the energy-based diagnostics. Indeed, the energy-based
diagnostics give similar results for similar simulations in the mag-
netic reconnection setup (i.e. ���� and Gkeyll runs), as we expect
since these simulations which show little di�erence in many of the
measures of the plasma response to magnetic reconnection. However,
the additional level of detail provided by VDF-based diagnostics al-
lows us to more carefully ascertain the kinetic response of the plasma
from small di�erences which arise naturally between two di�erent
simulation codes, and the added robustness of these diagnostics is
likely to be especially useful when analyzing more general simu-
lations and observations of real plasma systems such as the solar
wind. In contrast, the energy-based diagnostics are directly related to
the turbulence cascade process that connects the energy containing
scales to the kinetic range of scales where the velocity space structure
becomes increasingly important. Therefore both type of diagnostics
are helpful to form a complete picture of the dynamics leading to
dissipation.

The spatial locations where each proxy has a local maximum can
be di�erent between the di�erent proxies. For example, in the mag-
netic reconnection simulations, the Zenitani measure is peaked at
the X-point while the pressure-strain interaction terms are peaked
inside the magnetic islands. This confirms a suggestion that both
energy-based and VDF-based parameters display a regional correla-
tion: structures identified by these parameters often occur in similar
regions, although not necessarily exhibiting a point-to-point corre-
lation. This underscores a key conclusion of this work: that no one
single measure is universally the best measure for dissipation. Rather,
employing a number of proxies is likely best for assessing the dissi-
pation and energy conversion in a plasma system.

We also consider the role of collisions by including their dynamical
e�ect ab-initio in the numerical simulations for both reconnection
and turbulence. When including only weak intra-species (proton-
proton) collisions in the turbulence simulations, the VDF-based prox-
ies decreased while the energy-based proxies were largely unchanged.
This is expected since such collisions drive particle VDFs towards
Maxwellian distributions, but they do not produce a net energy
transfer between di�erent species although they indirectly mod-
ify the energy equations by isotropizing the pressure tensor (Del
Sarto et al. 2016). On the other hand, both energy- and VDF-based
proxies are influenced by inter- and intra-species (electron-proton)
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Figure 6. (Color online) One-dimensional cuts vertically through the x-line showing the various dissipation surrogates in the reconnecting current sheet for the
���� collisionless reconnection simulation. The top row refer to proton proxies, displaying energy-based parameters (left, with ✏p, l scaled by a factor of 10 to
make it more visible) and VDF-based parameters (right). In the right panel, the Zenitani measure Dp is showed as a reference. The bottom row is analogous for
the electron proxies.

Figure 7. (Color online) Same as figure 6, but at x � x0 = 5dp .
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Figure 8. (Color online) Same as figure 6, but for the HVM collisionless
turbulence simulation. The cut is taken at x = 68.7 dp .

7 DISCUSSION AND CONCLUSIONS

As a result of the weak collisionality of many space and astrophys-
ical plasmas, several physical processes can locally contribute to
the dissipation of energy and the heating of the plasma. During
magnetic reconnection, magnetic energy is e�ciently converted to
directed plasma flows, thermal energy, and energetic particles (Burch
et al. 2016; Torbert et al. 2018). During turbulence in a magnetized
plasma, the cascade provides the global amount of energy needed
for fluctuations to be dissipated at small scales (Marino et al. 2008).
However, which dissipative mechanism or mechanisms are domi-
nant and under which conditions is still not su�ciently understood
(Vaivads et al. 2016). Therefore, a multiplicity of dissipation surro-
gates have been adopted in the literature to identify potential sites
of dissipation. Owing to the strongly nonlinear dynamics and the
importance of physics at kinetic scales in such systems, numerical
simulations of the Vlasov-Maxwell system (or, including collisions,
the Boltzmann-Maxwell system) are the decisive tool to address
the long-standing issue of plasma heating and energy dissipation in
magnetized plasmas, e.g. Parashar et al. (2009). For example, the
“turbulence dissipation challenge” (Parashar et al. 2015) motivated
numerical work to compare di�erent algorithms on the solution of
similar problems to assess the nature of the dissipation in magnetized
turbulence (e.g. Pezzi et al. (2017); Perrone et al. (2018); González
et al. (2019)).

In the same spirit, we have conducted a survey of a number of dis-
sipation surrogates with three di�erent kinetic plasma codes — the
fully-kinetic particle-in-cell ����, the fully-kinetic Eulerian Vlasov-
Maxwell Gkeyll, and the Eulerian Hybrid Vlasov-Maxwell codes
— to perform numerical simulations of two important physical phe-
nomena in plasma physics. The first class investigates reconnection in
an isolated current sheet, and the second concerns plasma turbulence
at kinetic scales. We have calculated and compared eight distinct
dissipation proxies, delineated in Section 2. For the sake of clarity,

we have categorized them in terms of (i) energy-based parameters,
whose definition describes energy transfer and conversion; and (ii)
VDF-based parameters, that are directly related to kinetic signatures
in the particle VDF. Energy-based parameters considered here are the
power density by electromagnetic fields on charged particles (Zeni-
tani et al. 2011), the pressure-strain interaction (Yang et al. 2017a),
and a local proxy of the turbulent energy transfer (Sorriso-Valvo et al.
2018a). The VDF-based parameters are the local pressure agyrotropy
(Swisdak 2016) and three measures describing how di�erent a local
distribution function is from being Maxwellian (Greco et al. 2012;
Kaufmann & Paterson 2009; Liang et al. 2019).

Our findings are that each of the studied measures is non-zero
in key settings in reconnection and turbulence, including the recon-
nection di�usion region and magnetic islands, and the intermittent
magnetic shear regions bordering magnetic eddies in a turbulent sys-
tem. The region that each proxy is strongest highlights a potentially
di�erent aspect of the physics taking place, as is described in detail
in Sections 4 and 5. It is intended that the discussion therein will
contribute to the assessment of dissipation and energy conversion in
satellite and plasma laboratory experiment measurements. We here
remark on the importance of the VDF-based diagnostics, which re-
veal further details about the underlying dynamics of the plasma
compared to the energy-based diagnostics. Indeed, the energy-based
diagnostics give similar results for similar simulations in the mag-
netic reconnection setup (i.e. ���� and Gkeyll runs), as we expect
since these simulations which show little di�erence in many of the
measures of the plasma response to magnetic reconnection. However,
the additional level of detail provided by VDF-based diagnostics al-
lows us to more carefully ascertain the kinetic response of the plasma
from small di�erences which arise naturally between two di�erent
simulation codes, and the added robustness of these diagnostics is
likely to be especially useful when analyzing more general simu-
lations and observations of real plasma systems such as the solar
wind. In contrast, the energy-based diagnostics are directly related to
the turbulence cascade process that connects the energy containing
scales to the kinetic range of scales where the velocity space structure
becomes increasingly important. Therefore both type of diagnostics
are helpful to form a complete picture of the dynamics leading to
dissipation.

The spatial locations where each proxy has a local maximum can
be di�erent between the di�erent proxies. For example, in the mag-
netic reconnection simulations, the Zenitani measure is peaked at
the X-point while the pressure-strain interaction terms are peaked
inside the magnetic islands. This confirms a suggestion that both
energy-based and VDF-based parameters display a regional correla-
tion: structures identified by these parameters often occur in similar
regions, although not necessarily exhibiting a point-to-point corre-
lation. This underscores a key conclusion of this work: that no one
single measure is universally the best measure for dissipation. Rather,
employing a number of proxies is likely best for assessing the dissi-
pation and energy conversion in a plasma system.

We also consider the role of collisions by including their dynamical
e�ect ab-initio in the numerical simulations for both reconnection
and turbulence. When including only weak intra-species (proton-
proton) collisions in the turbulence simulations, the VDF-based prox-
ies decreased while the energy-based proxies were largely unchanged.
This is expected since such collisions drive particle VDFs towards
Maxwellian distributions, but they do not produce a net energy
transfer between di�erent species although they indirectly mod-
ify the energy equations by isotropizing the pressure tensor (Del
Sarto et al. 2016). On the other hand, both energy- and VDF-based
proxies are influenced by inter- and intra-species (electron-proton)
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P R O F I L E S  O F  “ D I S S I PAT I O N ”  M E A S U R E S



O V E R V I E W  A N D  C O N C L U S I O N S 

( P E Z Z I  E T  A L . ,  M N R A S ,  S U B M I T T E D )

• Several measures have been used to characterize kinetic-scale energy conversion and dissipation in weakly-collisional plasmas 


• We categorize them as “energy-based” and “velocity distribution function (VDF)-based”


• We compare and contrast a number of them in kinetic simulations of magnetic reconnection and decaying plasma turbulence


• We use three different codes that can include collisions


• Particle-in-cell (VPIC) - reconnection, fully-kinetic continuum (Gkeyll) - reconnection, Eulerian Hybrid Vlasov-Maxwell (HVM) - turbulence 


• Results:


• There are similarities, but also differences, between the different measures which can be understood physically


• In simulations of reconnection, there is overall agreement in PIC and continuum, with slight differences due to secondary islands 


• VDF-based measures are similar in reconnection and self-consistent current sheets in turbulence, but energy-based can be different


• All parameters we investigated are non-zero near regions of intense magnetic stress, thus exhibiting a local correlation 


• VDF-based measures are broader than energy-based near current sheets → kinetic effects can be important beyond coherent structures


• Both energy- and VDF-based can be useful, and using multiple measures is likely best to identify key physics


