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Our work in this project concentrated on fundamental aspects of webdtaong magnetohydrodynamic
turbulence, with applications to space and astrophysical plasmas. Omsstfidieak MHD turbulence were
devoted to analytic modeling of turbulence spectra in a strongly magnetizedspla¥eak magnetohydro-
dynamic turbulence is dominated by weakly interacting Alfven waves praipgga both directions along
the background magnetic field. When oppositely propagating waves collidass each other their am-
plitudes deform slightly, so that it takes many independent collisions to destave significantly. We
discovered that such an ensemble of weakly interacting waves can spously generate low frequency,
nonlinear structures extended along the background magnetic field, wkictall the “condensate.” The
spatial Fourier energy spectrum of magnetic and kinetic fluctuations in Métk turbulence thus contains
a singular part, concentrated al low field-parallel wave numbers.

The condensate qualitatively changes the dynamics of weak MHD turlaulemparticular, it implies an
excess of the magnetic energy over the kinetic energy in the inertial intefrivétHD turbulence. Compari-
son with direct numerical simulations (also conducted by our group) rgeed agreement with the analytic
prediction. In subsequent work the result was extended to the stroriy MitHulence, which is more com-
mon in natural systems. Besides its fundamental importance, our result helpgplain the observations
of the solar wind turbulence, where excess of magnetic energy oveirtaickone and a slightly steeper
magnetic energy spectrum are consistently observed.

Two graduate students worked on the project. They worked on analgtilceion of the kinetic equations
for the energies of Alfven waves in the presence of the condensategranomparison of the analytical
predictions with the numerical data. The results were then applied to the iaralgbservational solar wind
data. This work lead to several publications, and numerous invited patises at conferences:

[1] Y. Wang, S. Boldyrev, & J. C. Perez, “Residual Energy in Maghgdrodynamic Turbulence,” The
Astrophysical Journal Letters, Volume 740, Issue 2, L36 (2011).

[2] S. Boldyrev, J. C. Perez, & V. Zhdankin, “Residual energy in metghydrodynamic turbulence and
in the solar wind,” in a book "Physics of the Heliosphere: a 10-year Rp&ctive”, Jacob Heerikhuisen,
Gang Li, and Gary P. Zank, Eds. (2011).

[3] S. Boldyrev, J. C. Perez, J. E. Borovsky, & J. J. Podestagt8pl Scaling Laws in Magnetohydro-
dynamic Turbulence Simulations and in the Solar Wind,” The Astrophysicahab Letters, Volume 741,
Issue 1, L19 (2011).

[4] S. Boldyrev, J. C. Perez, & Y. Wang, “Residual Energy in Weall &trong MHD Turbulence,” To
appear in ASP Conference Series, 6th International Conferenceimiehcal Modeling of Space Plasma
Flows (2011), Nikolai V. Pogorelov, Ed. (2012).

Another part of the project was devoted to the strong MHD turbulenc01ri we analyzed the new
high-resolution numerical data on strong MHD turbulence, which we oltaimeugh the DOE 2010 IN-



CITE Award. These numerical simulations were conducted at extremelynhigierical resolution (2043
and for very long running time (tens of large-scale dynamical times). Therg the largest available di-
rect numerical simulations of strong MHD turbulence in terms of numericaluisn and size of statistical
ensemble. This study was concentrated on both balanced and imbalagiceeisref MHD turbulence (the
balanced regime is the regime when the energies ofélllimodes propagating in both directions along the
guide magnetic field are the same, the imbalanced regime is when these energigtegent). The goal
was to test the assumptions about MHD turbulence made in currently availabléet) to perform mea-
surements of some subtle properties of MHD turbulence such as the dynanment between magnetic
and velocity fluctuations and the spectra of counter-propagating modesimibalanced case, together with
the more standard measurements of the energy spectrum of MHD turhulBmisevork was done in col-
laboration with research scientist Jean Carlos Perez, and with the kihnafrChicago group (Prof. Fausto
Cattaneo, Dr. Joanne Mason).

Several new results were obtained. First, we confirmed that the Fongegyespectrum of strong MHD
turbulence in the presence of a strong guide field is proportioniat¥&. Second, we discovered that the
scale-dependent alignment between the magnetic and velocity fluctuatisistgpaot only in the inertial
interval, but also throughout the whole dissipation interval, up to the smatlakgssresolved in numerical
simulations. We called this phenomenon “extended scaling law” in MHD turbelehkird, we found that
the spectra of co- and counterpropagating (along the backgroundetiafiald) Alfvén modes have the
same scalings, although they may have different amplitudes, if the turbuteimsbalanced. Together with
the results obtained in smaller numerical simulations, this project lead to spublalations:

[5] J. Mason, J. C. Perez, F. Cattaneo, & S. Boldyrev, “Extendatir®cLaws in Numerical Simulations
of Magnetohydrodynamic Turbulence,” The Astrophysical Jourestdrs, Volume 735, Issue 2, L26 (2011).

[6] J. Mason, J.C. Perez, S. Boldyrev, & F. Cattaneo, “Numerical sitions of strong incompressible
magnetohydrodynamic turbulence,” Physics of Plasmas, Volume 19, R53002).

[7]J. C. Perez, J. Mason, S. Boldyrev, & F. Cattaneo, “On the graygctrum of strong magnetohydro-
dynamic turbulence,” Physical Review X, 2 (2012) 041005.

[8] J. C. Perez, J. Mason, S. Boldyrev, & F. Cattaneo, “Scaling &tms of Small-scale Fluctuations in
Magnetohydrodynamic Turbulence,” Astrophys. J. Letters, 7914pD13.

[9]J. Mason, S. Boldyrev, F. Cattaneo, J.C. Perez, “The statisticpadsive scalar in field-guided mag-
netohydrodynamic turbulence,” Geophysical & Astrophysical Fluid &yits, 108 (2014) 686.

Another project started in 2012 was devoted to analysis of magnetic disaitietirin MHD turbulence
and in the solar wind. Recent measurements of solar wind turbulenceagéploe presence of intermittent,
exponentially distributed angular discontinuities in the magnetic field. Obseanmahtitata also pointed to
the existence of two populations of such discontinuities, characterizedfbyedt typical angular shifts.
The questions we studied were whether the presence of such discondiratibespecially observations of
two populations of the discontinuities, indicated that the solar wind turbulemz# isniversal or whether it
could still be explained in the framework of universal MHD turbulencegelber with the graduate student
we analyzed the data obtained in numerical simulations of MHD turbulencecmnplaced the results with
the solar wind measurements. We demonstrated that the probability denstiptfisraf the discontinuities
measured in the solar wind can be explained by MHD turbulence, if the #trehthe uniform background
field is chosen accordingly. The required strength of the backgrouggetia field turns out to be in good
agreement with the parameters of the solar wind. The results were peesetie annual APS Division of
Plasma Physics meeting and published in Physical Review Letters:

[10] V. Zhdankin, S. Boldyrev, J. Mason & J. C. Perez, “Magneticddigtinuities in Magnetohydrody-
namic Turbulence and in the Solar Wind,” Physical Review Letters, vol, [588e 17, id. 175004 (2012).

This study then developed into a bigger project on the statistical analysig dfighipation structures



formed in magnetohydrodynamic turbulence. These structures havebsewved in numerical simulations
to resemble current sheets, which in many (although not all) instance @ssbciated with the sites where
the topology of magnetic field lines changes abruptly (reconnection sitémseTare the sites where the
magnetic energy dissipates due to ohmic heating. These sites of energatiissgnd fluid heating turn
out to be very intermittent. For example, 40% of the magnetic energy gets deskipaabout 2% of the
volume. In high-energy astrophysical systems, a highly inhomogeneaopgtature profile may result when
strong prompt radiative cooling removes energy from localized dissipsities more rapidly than it can be
redistributed in the medium. Examples of such systems include quasargicacdigks and flows, and hot
X-ray gas in galaxy clusters.

A similar problem of current sheet distribution is known in the solar cor@aaihg, the Parker “nanoflare”
model. A graduate student Vladimir Zhdankin has been working on this préjechas developed a numer-
ical algorithm allowed one to characterize the statistical properties of thesantligsipation structures: the
distribution of their thicknesses, widths, and lengths. It turned out thatdhrénant contribution to the dis-
sipation comes from the current sheets whose thicknesses are welltmsidissipation scale, while widths
and lengths span the inertial interval (see Fig. 1). As the Reynolds nundreases, the thin and extended
current sheets become more numerous and tightly packed, as illustrated {&)Fidhe thickness of the
current sheets decreases, while the length and width continue to spaertid interval. Such dissipation
structures thus have the features of both “nanoflares” (as they babomer and more numerous) and co-
herent structures (as they are still extended over the scales of thelimeetiaal). The results are published
in:

[11] V. Zhdankin, S. Boldyrev, J. Mason, “Distribution of Magnetic Distinuities in the Solar Wind
and in Magnetohydrodynamic Turbulence,” Astrophys. J. Lett., 7602p022.

[12] V. Zhdankin, D. A. Uzdensky, J. C. Perez, S. Boldyrev, “Stat#d Analysis of Current Sheets in
Three-dimensional Magnetohydrodynamic Turbulence,” Astrophy&71 (2013) 124.

[13] V. Zhdankin, S. Boldyrev, J. C. Perez, S. M. Tobias, “Endpggsipation in Magnetohydrodynamic
Turbulence: Coherent Structures or "Nanoflares”? Astrophy&%(2014) 127.

[14] V. Zhdankin, D. A. Uzdensky, S. Boldyrev, “Temporal Intermittgrof Energy Dissipation in Mag-
netohydrodynamic Turbulence,” Phys. Rev. Lett. 114 (2015) 065002

Another part of the project was devoted to the study of plasma turbulérice acales smaller than the
ion gyroscale. At such scales the assumptions of one-fluid MHD breais dnd the nature of turbulence
changes. At sub-proton scales the shear&ifeascade transforms into the cascade of strongly anisotropic
kinetic-Alfvén modes. Kinetic Alfén turbulence attracts considerable interest due to its importance for
solar wind heating, magnetic reconnection in a variety of astrophysid&inegsand laboratory experiments
with strongly magnetized plasmas. Such turbulence has been understondc¢b &esser extent compared to
MHD turbulence. Our consideration was, in part, motivated by recentune@ents of small-scale magnetic
and density fluctuations in the solar wind, which suggest that their Fourérgyg spectrum is close to or
possibly steeper thakr28. The nature of such fluctuations is unclear as they are not describexidiiyng
models of either kinetic-Alfen or electron magnetohydrodynamic turbulence, which predict the scaling
k~7/3. We have started with analyzing the so-called kinetic Alfven turbulenceijtamdle in the turbulent
cascade at sub-proton scales. We have conducted numerical simulsiiognthe newly developed two-fluid
code. Two postdoctoral recearchers are participated in this study:

[15] S. Boldyrev & J. C. Perez, “Spectrum of Kinetic Alfven TurbulefidAstrophys. J. 758 (2012) L44.

[16] S. Boldyrev, K. Horaites, Q. Xia, J. C. Perez, “Toward a TheawrAstrophysical Plasma Turbulence
at Subproton Scales,” Astrophys. J. 777 (2013) 41.

[17] C. H. K. Chen, S. Boldyrev, Q. Xia, J. C. Perez, “Nature of @aton Scale Turbulence in the Solar
wind,” Phys. Re. Lett. 110 (2013) 225002.
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Figure 1. Samples of typical large current sheets in part of the simulatioraido(in red), surrounded by
several smaller structures (mostly in blue). The left panel shows twotatiens of one structure, while the
right panel shows two orientations of another separate structuree Shewples are taken from tRe= 1800
case with a threshold gfy,/ jrms ~ 6.5.
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Figure 2: Contours of current density in an arbitrary plane perpelagitnl the guide field. Contours are
taken atjinr/jrms = 2 (blue) andjinr/ jrms = 3 (red) for increasing Reynolds number (from left to right,
Re= 1000, 3200, and 9000).

[18] C. H. K. Chen, L. Leung, S. Boldyrev, B. A. Maruca, S. D. Balen-scale spectral break of solar
wind turbulence at high and low beta,” Geophysical Research Lettber§2d@14) 8081.

Finally, a part of the roject was devoted to the study of heat conductioreisdtar wind plasma. Re-
cently, various regimes of heat conduction (collisional Sptizéarai| and col invariant solutions for a par-
ticular relation among the magnetic, density, and temperature scaling expof@ntthe scale-invariant
solution to exist, one has to require that the ratio of the electron mean fretoghtihtemperature gradient
scale is constany(= Am¢p/Lt, whereAyp = const). There solutions for the distribution function describe
the heat flux in both Spitzer#tm and collisionless regimes, depending on the valye of

We observe that the solar wind parameters are actually very close to tksnsigdir regime; for the
Helios data at 0.3-1 AU we fingt = const, and the scaling exponents for density, temperature, and heat
flux are close to those dictated by the requirement of scale invariance nthstéiady state solutions of the
self-similar kinetic equation numerically, and show that these solutions clagglgduce the electron strahl
population seen in the solar wind, as well as the transition between the Spémarand collisionless heat
flux regimes aty ~ 0.1, see Fig. (3). The work is currently in progress, although some rdsats been
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Figure 3: 2D histogram aodi/q0 versus heliocentric distandg,tp/Lt, derived from fits to Helios electron
Velocity Distribution Function data, correcting for the Parker spiral angté @assumingr ~ r~2/5. Each
column is normalized by its peak, to bring out the functional dependence Sphizer-Harm prediction is
shown as a line. Results of our simulations are shown as dots. At gbo0it3 there observed the transition
to the free-streaming regime (flattening of the curve).

already published:

[19] K. Horaites, S. Boldyrev, S. I. Krasheninnikov, C. Salem, S. BleBand M. Pulupa, “Self-Similar
Theory of Thermal Conduction and Application to the Solar Wind,” Phys. Rett. 114 (2015) 245003.

Some other papers, with significant input from phenomenological and neahstudies of MHD tur-
bulence, were also supported by the grant. Totally, more that 25 rdfpagmers were supported by this
grant.



