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ABSTRACT

Exploring the power spectrum of fluctuations and velociitiethe intracluster medium (ICM) can help us to probe the dgsigs of
galaxy clusters. Using high-resolution 3D plasma simatatj we study the statistics of the velocity field and itswatie relation with
the ICM thermodynamic perturbations. The normalizatiothef ICM spectrum (related to density, entropy, or pressucdifations)
is linearly tied to the level of large-scale motions, whicftite both gravity and sound waves due to stratification.|&er3D Mach
numberM ~ 0.25, gravity waves mainly driventropyperturbations, traced by preferentially tangential tlehoe. ForM > 0.5,
sound waves start to significantly contribute, passingehdihg role to compressiy@essurefluctuations, associated with isotropic
(or slightly radial) turbulence. Density and temperaturetilations are then characterized by the dominant proéessaric (low
M), adiabatic (highM), or isothermal (strong conduction). Most clusters residthe intermediate regime, showing a mixture of
gravity and sound waves, hence drifting towards isotropioaities. Remarkably, regardless of the regime, the na€af density
perturbations is comparable to the 1D Mach numbii, ~ §p/p. This linear relation allows to easily convert between gasioms
and ICM perturbationsdp/p < 1), which can be exploited by the availallhandrg XMM data and by the forthcomingstro-

H mission. At intermediate and small scales (10-100 kpc),ttinbulent velocities develop a tight Kolmogorov cascadéhe T
thermodynamic perturbations (which can be in general desttiby log-normal distributions) act afective tracers of the velocity
field, broadly consistent with the Kolmogorov-Obukhov-im advection theory. The cluster radial gradients andpressive
features induce a flattening in the cascade of the pertormtirhermal conduction on the other hand acts to damp thadigdynamic
fluctuations, washing out the filamentary structures anepstieing the spectrum, while leaving unaltered the velamscade. The
ratio of the velocity and density spectrum thus inverts themrend shown by the non{tlisive models, widening up te5. This new
key diagnostic can robustly probe the presence of condtyctivthe ICM. We produce X-ray images of the velocity fielthosving
how future missions (e.@\stro-H, Athend can detect velocity dispersions of a few 100 krh(@ > 0.1 in massive clusters), allowing
to calibrate the linear relation and to constrain relatiegyrbations down to just a few per cent.
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1. Introduction 1979; Marsch & Tu 1990). In a similar way, the wealth of in-

formation contained in the power spectrum extracted froen th

The power spectrum of perturbations and velocity in a givey hiasma filling galaxy clusters can help us to signifigaati-
fluid has historically represented one of the crucial toolsnt- | o our knowledge of the ICM astrophysics.

derstand and constrain the dominant astrophysical presebs :

the cosmology field, the temperature fluctuations in the e@sm [N the context of galaxy clusters, Gaspari & Churazov (2013;
microwave background have allowed to put precise constraifereafter GC13) have shown for the first time that the power
on the geometry and Composition of the universe (eg thro ectrum of the ICM de_nSIty f|u_Ctl_JatI0nS I|near|y rises with
the acoustic spectral peaks; Planck Collaborationlét al3p0 the level of turbulent motions. Busive processes, as thermal
Closer to our case, the observed electron density pertarisat conduction, instead fight to damp the cascade of perturttio
in the interstellar plasma (ISM) have revealed a highlywlebt Many questions still remain to be tackled. In this work, we
more than 10 decadés (Armstrong étfal. 1981, 1995 and refdfatified intracluster medium, such as the power specttben,
ences therein). The observed power spectrum of the solar wifal-space and projected maps, and in particular its inéime
density, also consistent with the famo/3 slope, has further lation with the thermodynamic perturbations. The ICM power
proven that turbulent processes are a key component sha@iRgctrum can be viewed in various forms (e.g. Schuecker et al
the dynamics of astrophysical plasmas (g.g. Woo & Armstror@04; Churazov et él. 2012), through the lenses of gas tisci
(gu/cs), density 6p/p), entropy §K/K), or pressuredqP/P) fluc-

* E-mail: mgaspari@mpa-garching.mpg.de tuations, thus fiering multiple joint constraints. Each physical
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process leaves marked imprints behind. The normalizafitireo [1999; |Dolag et al. | 2005; _Kim & Ryu| 2005; Nagai et al.
perturbation spectrum is tied to the combined action of iyavi2007; | Lau et al.| 2009| Vazza et al. 2009; Valdarnini_2011;
and sound waves excited by large-scale (100s kpc) turbelenBorgani & Kravtsovi 2011} Miniatl 2014; Schmidt et al. 2014;
At intermediate scales, the thermodynamic perturbatichas Shi & Komatsu | 2014).  Similarly, diusion processes as
‘tracers’ of the eddy inertial cascade (in line with the slasad- conduction have been mainly investigated via theoretital-s
vection theory by Obukhov 1949 and Corfisin 11951), whilengsi ies {Chandran & Cowley 1998; Narayan & Medvedev 2001,
diffusivity conspire to decouple the tight relation. Fastengas |Zakamska & Narayan 2003; Ruszkowski & Oh 2010, 2011,
tions alter the thermodynamic mode (from isobaric to adiaha Moigt & Fabian|2004] Roediger etlal. 2013; Smith et'al. 2013;
changing the interplay betweenfdirent fluctuations. ZuHone et al. 2013). Observations have instead hard time-in r
The linear relation between the density variance and thelving and constraining such processes through localifesit
turbulent Mach numbeM has been also observed in simulagranting in the last decade only a few estimates (Ettori &i&iab
tions of supersonic isothermal turbulence in homogenends #000; |Markevitch & Vikhlinin [2007; | Forman etall 2007;
periodic boxes (e.d. Padoan etial. 1997; Konstandinlet 42 2GEckert et al. 2014, in prep.). However, we are now able to
and references therein), in connection with ISM studieswHoretrieve the statistics of densfpressure fluctuations in the ICM
ever, this relation purely arises from the high compression (Schuecker et al. 2004; Churazov et al. 2012; Sanders & Fabia
parted by supersonic turbulence, creating shocks and peaks 12012), allowing to probe the gas physics without the need to
(e.g..Kim & Ryul2005). In the subsonic regime, the compres®solve local structures.
ibility drastically diminishes, and density perturbatioiade as In IChurazov et al.| (2012), we outlined as possibfiects
M? (Kowal et al! 2007). In the case of stratified galaxy clustersontributing to the density fluctuations: turbulence (e t
our novel linear relation is instead tied to the radial geat of Bernoulli termec M2 or via sound waves), entropy variations
entropy and pressure[(85), already developing in the sibsoftiue to mergers or turbulence), perturbations of the gutigital
regime, i.e. the realistic state of ICM turbulend¢ ¢ 0.2-0.7; potential, metallicity variations, and AGN bubbles. UsiBD
e.g/Norman & Bryan 1999; Lau etlal. 2009; Vazza et al. 2009high-resolution plasma simulations, we focus in this wankloe
The velocity statistics of the fliilse medium is notoriously role of turbulence and thermalffiisivity, and the driven ther-
difficult to assess through observations. On the contrary, X-raypdynamic perturbations, including entropy and pressariay
surface brightness images can robustly constrain the IOM d&ons. Controlled experiments allow us to discriminateekact
sity. Being able to convert between the spectra (or even jgsmtribution of each included physics. In a companion paper
the normalization) of perturbations and velocities, is avge (Zhuravleva et al. 2014, hereafter Z14), we analyze theitjens
ful tool, which can be exploited by theoretical studies agd kperturbations in cosmological AMR simulations, focusimgioe
the large amount of availablgéhandraand XXM data. For in- role of gravity waves. At the price of lower resolution, we ar
stance, the quick estimate of the ICM turbulent velocities dhus able to include the turbulence driving led by mergessig
lows to study the level of hydrostatic equilibrium in the hatio This work is structured as follows. 11182, we review the main
(e.g..\Vikhlinin et al. 2006), the transport and dilution oétals physical and numerical ingredients of the simulated models
(e.g/Rebusco et al. 2005), the deposition of energy impdnye §3, we present the power spectrum of velocities and density
the active galactic nucleus (AGN) outflows (e.g. Churazadlet fluctuations, focusing on their tight connection and keyfess
2004;| Gaspari et al. 2011b, 2012b), the evolution of filamer(normalization, cascade, damping). [0 84, we analyze the re
and bubbles (e.6. Scannapieco & Briiggen 2008), or the reacspace properties of the velocity and perturbation fieldyshg
eration of cosmic rays (e.g. Brunetti & Lazatian 2007). Oa thwhat X-ray observations are able to detect. [Ih §5, we thriyugh
other hand, being able to quickly assess the conductive sfat discuss the physical interpretation of the power spectasihe
the plasma allows to constrain the survival of the golirm gas, interplay ofg-waves ando-waves, along with the development
which is crucial for star formation (e.g._McDonald & Veiliku of the spectral cascade of all thermodynamic perturbations
2009) and black hole accretion (elg. Gaspari et al. [2013), rejation to the advection theory of tracers. [ 86, we suniwear
study the quenching of cooling flows (elg. Kim & Fabbianthe results and remark how the ICM power spectrum can be ex-
2003) and the evolution of cosmic structures (e.g. Doladl et ploited by future observations and theoretical studiegqrtbe
2004). the physics of the diuse medium with high precision.
We could soon take advantage of the inverse process,
albeit more expensive.  The upcomimgystro-H mission
(Takahashi et al._2010) and the futuAghena (Nandra et al.
2013) will provide unprecedented detections of the tunbite- The implemented physics and numerics are described in @epth
locity dispersion in the ICM (via line broadening), as wedl aGaspari & Churazov (2013; section 2), to which the reades-is r
bulk motions (via line shift; e.g. Inogamov & Sunyaev 2003Ferred for the complete details. Here we summarize the éasen
Zhuravleva et al. 2012; Nagai et al. 2013; Tamura et al. 201fatures.
down to Mach numbers 0.1 for massive clusters (se€l§4). Re- The initial conditions for the hot gas are modeled follow-
liable constraints on the gas motions allow to accuratdlpiciie  ing the latesiXMM observed temperature and density radial pro-
the above relation, and to assess the level of density fltichsa files of Coma clusterd—model with core radius, = 272 kpc
if the imaging is poor. For instance, apparently ‘relaxegs-s and index 0.75). Given the high ICM temperatuffe,~ 8.5
tems may host 10 per cent density fluctuations, which makeV, and low electron number density, ~ 4 x 1073, Coma
significantly alter the formation or regeneration of cootein serves as excellent laboratory to study tffeets of conduction
clusters, as well as biasing the estimate of radial profilasame and turbulence, without being strongly influenced by radiat
a few interesting applications. The same spectral anatgsibe cooling or AGN feedback. The hot gas is initialized in hydro-
extended to the gaseous halos of massive galaxies and groupsatic equilibrium, providing a gravitational potentigdopri-
The physics of the intracluster medium is a strongly dete for a massive cluster in teCDM universe with virial mass
bated topic. Turbulence has been mainly studied by meansMyf;, ~ 10*°M, (rsoo ~ 1.4 Mpc, covered by the width of the 3D
cosmological and isolated simulations (€.9. Norman & Brydwx).

2. Physics and numerics
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The conservative hydrodynamics equations are integratek also Narayan & Medvedev 2001). However, line wandering
with the Eulerian code FLASH4 (Fryxell etial. 2000), using and magnetic mirrors, together with plasma microinstaéd
third order scheme (piecewise parabolic method) in the éranwell below can strongly suppress the transport of heat down to
work of the unsplit flux formulation. The ICM plasma has adif ~ 103 (Rechester & Rosenbluth 1978; Chandran & Colvley
abatic indexy = 5/3 and mean atomic weight ~ 0.62. We [1998;|Komarov et al. 2014). The survival of cold fronts, bub-
chose the numerically expensive uniform grid (31 hstead of bles, and cold gas[(81), together with our GC13 spectrayaisal
adaptive cells, in order to remove any substantial, speriits point towards strongly suppressed values, 1073.
fusivity due to the refinemefaterefinement. The resolution is  We integrate both the electron and ion temperature equa-
Ax= 2.6 kpc, roughly on the scale of the (unmagnetized) plasmian, since equilibration times can become considerabéehnt
mean free path, mimicking slightly suppressed Spitzerogsc plasma . = 50 Myr). The heat exchange ratexiqTe — T;) /tei,

ity. Boundary zones have Dirichlet condition, fixed by thej&  using Spitzer equilibration timg; o« T/%/ne (cf. GC13). The
scale radial profile; inflow is prohibited. In addition to mpdy- 2T modeling allows to prevent the formation of spurious pert

namics, we add as source terms the turbulence driving, #ierbations due to the unphysical instantaneous transfer of hea
conduction, and electron-ion equilibration.

Injection of subsonic, solenoidal turbulence is modeletth wi
a spectral forcing scheme that generates a statisticatiost 3. The ICM power spectrum: velocity and 6p/p

ary velocity field (GC13, sec. 2.2), based on an Ornstei

Uhlenbeck random process. The amplitudes of the drivedacé&e now describe the results of the simulated models, fogusin

eration are evolved in Fourier space and then directly cvede on t_he spegtral and reaI'SpaC(.e properties of the turbu&intl-
in relation with the statistics of gas density perturbasio

to physical space. Since observations (Schuecker et ali; 2d§/’ L . .

Churazov et al.| 2008! de Plaa et al. 2012; Sanders & Fabf4h”" (_Sas density is indeed the primary astrophyswal observ-

SO0 St s 15 Pyl ol el et om e oy e o
azza et al. )9, .._Gaspari et al. 2012b; Schmidt et al, : ' ;

2014;/ Shi 8:; Kogg)atsu 201L4)fskr110W r;that tr}e ICM turbulent enet?())rgneg't?]ee?]t :ggﬁg\%gg)r}g?/ﬁ)gt(rfgrlﬁgg S]re?rrr?sg%ear(:]?é rr::gge

gies are~ 3 - percent of the thermal energy, we test sub:/' ="~ © X ;

sonic Mach numbers in the rangé = o-,/cs ~ 0.25— 0.75, isobaric, isothermal, or adiabatic). UnfortunatédyandP are

whereo, is the 30 velocity dispersion (average sound spe€ flicult X-ray observables to constrain. Nevertheless, afthou

of Coma iscs ~ 1500 km s). The source of turbulence canihe underlying cause fiiers, the spectrum of the leading ‘tracer’

; ; ; ; tied to velocities in a very similar manner, granting alfai
be various, including cosmological floymsergers, galaxy mo- IS ¢ ; ; '
tions, and feedback processes. The former usually donsinafg"versalM —op/p relation (ﬂﬂ 2). . .
affecting large volumes beyond the core (€.g._Shi & Komatsu We first retrieve the characteristic amplitude of total eén

. D 7 . ;
2014: Z14), and being related to a solenoidal flow (e.g. Minid'°'Mmalized tocs ~ 1500 km s™. It is convenient to use the
2014). We thus stir the gas on large scales, with typicattiga characteristic amplitude, instead of the power spectR{k) or

peakL ~ 600 kpc (in a few runs 300 kpc), letting turbulence energy spectruri(k), since its units are the same of the variable

to naturally cascade. The turbulence timescale as a funofio I '@l space. The amplitude spectrum is defined as
physical scalé is the eddy turnover timgy, ~ (LY3/0,,) 123,
using the Kolmogorov scaling, « 113, Since turbulence is AK) = VP(K) 4rk® = VEK K )
kept subsonic, dissipational heating is subdomirtg@fear ~

M~2tyr (e.9.[Ruszkowski & Gh 2011), on timescales of ordavherek = /kZ + k2 +kZ = It (kpc™!). No major bulk mo-

of the eddy turnover time. We recall that turbulence acts @gn, is present in our box (average velocity0); the velocity
an dfective difusivity on entropy with coiicientDuiw ~ 0| dispersion is strictly associated with the turbulenceidgy The
(e.g_Dennis & Chandran 2005). relative perturbations instead require to be divided byuger-
Thg cor}ducnon of thermal energy, due to the plasmg el%;'mg background radial profile, e.g. for densiy/p = p/pp — 1
trons, is driven by a fludFcons = —f ks VTe, with conductiv- (GC13, sec. 2.7). Except for mild deviation§ (§5.1.3), tine t
ity ks ~ 5x 107 T2? ergs'K-Lcm? (Spitzer 1962). The bulence field can be considered isotropic as a first ordeoappr
related difusivity and timescale i©cong = fks/1.5neks and jmation, allowing to use the conversiom, ~ v/ V3. All the
teond = 1?/Dcong, respectively. The conductive flux saturates gsower spectra are computed with the ‘Mexican Hat filtering
Fsat c NeTo'?, whenever the temperature scale height is smali@révalo et al[ 2012) instead of performing Fourier tramsfe
than the electron mean free path. We use an advanced impliGC13, appx. A for a comparison), which can lead to spurious
solver which allows for long, Gyr integration times. MHD sim features due to the box non-periodicity.
ulfatiokr)ls (e.ql Rtl)Jslzkows_ki & Oh 2|030) shOW_th?t lt(;1€ _OrL]JtcomF In Figure1, we show the retrieved characteristic amplitnfde
of subsonic turbulence is a tangled magnetic field with sma . i (A2 A2 . A2
kpc coherence length (see also constraints in Kimlet al. 199 G (plue, notice t_haA” - A”X_ A AL, superpose_d t_o the
On scales larger than the coherence length, the averageesup@mplitude of density perturbations (red), after reachtagstical
sion due to anisotropic conduction and magnetic microbiita Steady stateX 2twm). From the top left panel, the models have
ties can be parametrized with the so-calfethctor, commonly increasing turbulence: weak( ~ 0.25), mild (M ~ 0.5), and
f ~103-10"1 (GC13, sec. 2.1.1). Using théective isotropic Strong M ~ 0.75). The ratio of turbulent to thermal energy is
conductivity has the advantage of modeling any level of sepp 3-5, 14 and 31 percenE{, ~ 0.56 M?Eyn), respectively. The
sion afecting the bulk of the ICM. MHD runs only provide thelast model (bottom right panel) tests weak turbulence wétt h
geometric suppression above the plasma mean freelpatha  the reference injection scale 800 kpc). The global behavior of

chaotic atmosphere typicallfy ~ 1/3 (Ruszkowski & Oh 2010; the spectra related to density, velocities, and their r@ig.[2)
is fairly self-similar, over diferent Mach numbers and injection

1 Volume-weighted or mass-weighted 3D Mach number is very-sinscales. We covered in GC13 the details ofdhgp spectrum, we
lar, within < 3 per cent accuracy. focus here on the turbulent velocity and their relationship
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Fig. 1. Characteristic amplitude @p/p (red) andv/cs (blue), A(k) = +/P(K) 47k3, after reaching statistical steady stat@ () with the same
level of continuous stirring. From top left: models with we@ ~ 0.25), mild (M ~ 0.5), and strongl ~ 0.75) turbulence; the last model
(bottom right) has half the reference injection scale600/2 kpc), usingM ~ 0.25. From dark to bright line color, the level of conduction
increases by a factor of 10 = 0 (hydro) 1073, 1072, 101, 1. The evolution is overall self-similar, varying the sigém of turbulence or the
injection scale. Density perturbations are #lieetive tracer of the velocity field, especially on large ssalvith normalizatio,,;, ~ 1.3 A, (at

L ~ 600 kpc). On smaller scaledp/p displays a cascade shallower than the Kolmogorov slopevielli by velocities. Remarkably, conduction
strongly damps density perturbations, but leaves unaltifre velocity cascade, thus inverting thgk) /A, (k) ratio (Fig.[2).

The normalization of the velocity spectrum sets the level oélation, but smoothly shifting towards the adiabatic motte
perturbations, tied to tha(k) peak. In Figur€R2, we better illus- sectiorl b, we thoroughly discuss all the thermodynamiaipert
trate theA,(k)/A,(K) ratios. The hydrd = 0 runs (top) show a bations (Figl BER) and the underlying physical interpiietat
converging maximum valud, /A, ~ 2.3 (using the 1D velocity It is important to note that, for applications in other stud-
A, /A, = 1.3), implying that stronger turbulence linearly indes, proper attention should be paid to the conversion tpado
duces larger density fluctuations. This is a key result thaiva given the initial quantity or observable. Shifting from tégec-
to quickly estimate ICM perturbations via the leading tuemi tral to physical integrat@dquantities, the velocifgensity ratio
motions, and vice versa. For loMl, gravity waves mainly pro- remains the same. However, if we relate the real-space Mach
duce entropy perturbations éi€/K « v;p (see B5.111). For slow number (i.e. the total variance) to the spectral peak, asih3;
motions, the isobaric mode is respected, hengex y dp/p, as the conversion to use M ~ 4 A(K),max (@ssumingL ~ 600
also simulated. FoM 2 0.5 (see B5.1]2), compressive soung . . 5
waves start to significantly contribute: entropy pertuidoz re- ' he total variance can be computed integrafily 4zk*dk over the

; ; ; ‘o ; hole range of scales. The total variance (asNhealue) is here typi-
main constant, whiléP/P increases, sustaining the same IlneééYa”y ~ 1.7 times higher than tha(k) peak.

page 4 ofIb



Gaspari et al.: The ICM power spectrum — gas perturbati@retvelocities while decouple via conduction

the density acts astective ‘tracer’ of the velocity field, develop-
ing a similar inertial cascade. This is also true for the legén-
tropy/pressure perturbations. The phenomenon can be explained
via the classic theory of advection of passive tracers ibutient

- ?\ - media,A(k), « A(k), (Obukholl 1949; Corrsin 1951; seE §5.2).
- . On the other hand, we observe that, in the hydro runs, the rati
steadily declines a3, reaching about unity near the dissipa-
tion scale. The decrease is associated with a shalloweadasc
L f=10" J of perturbations, due to the initial radial gradients, coesgive
features, and dlierences in the dlusivity of the ‘tracer’ (§5.211).

In Figure3 (top), we show a test witkx2ower resolution (i.e. R
higher dfective viscosity). Aside the good large-scale conver-
gence, the run clarifies that the denditycer is susceptible to
diffusivity in a slightly diferent way compared with) hence we
expect departures from the classic tracers theory. Notg® a
> how the cascade of density perturbations is not a perfecepow
law, but tends to exponentially decline, even in the hydro ru

Using half the reference injection scale, tli¢ peak is
analogous to the that of the reference run (conserWhg~
B . 0.25), while the density perturbations slightly decrease By,
= E i.e. the previous cascade truncatetd &. Stirring smaller scales
reduces the influence of gravity waves, since the zone where t
turbulence frequencyq L~/3) is shorter than the buoyancy fre-
L f=0.1 J quency shrinks (Fid.]7). By varying the injection scale betw
L | L’ =L =600kpc,l” =L/2, andL’ = L/3 we find that correct-
ing the ratio by a factor (L’/L)Y® restores the normalization
to a universal value (Fidl 2, top). Also, the developmentef t
shorter cascade is hindered by the progressive proximitiyao
dissipation scale.

A key result is the substantial decoupling of velocities and
density perturbations, as we increase the level of conalucti
(dark to bright line color:f = 0,103, 102, 1071, 1; Fig.[1-

i ] ). In other words, the quick transfer of heat damps density
fluctuations (the forming overdensities quickly re-expdoé to
u . the temperature increase), while it leaves unaltered tt®i{u
- . lent velocity cascade, or momentum transfer. The rigingh,
ratio (Fig.[2, top to bottom) is a crucial result that prodde
1000 100 10 new constraint on the conductive state of the ICM, in additio
scale [kpc] to the slope of the spectrum. It also breaks any minor degen-
eracy that strong conductior ¢ 0.1) may induce in the spec-
F.ig. 2. Ratio_ of the power spectrum related to total velocity and- delh’um’ due to the g|0ba| dampmg of power (S||ght|y f|attenihg
sity pertur.batllons,.for all the cpmputed models. Each pgrmlps thg cascade). The upcoministro-H mission will provide impor-
models with identical conductivity, but fiérentM (same colors as in (54t constraints on the ICM turbulent velocities; combiméth
Fig.[). A, for L/2 runs is rescaled by a factol'2 to emphasize slope high-quality determinations of density perturbations @iaan-

similarities. In the hydro runs, the ratio is very tight, degsing from .
~ 2.5 to roughly unity, near the dissipation scale. An incdirgsatio drg/XMM (andAtheng, our knowledge of the ICM physics could

instead marks the presence of significant conduction. Ldwandtl Significantly improve, exploiting thé, /A, diagnostic.
numbers P, o« M/f) lead to wider scatter, with ratios up t65. The The velocity cascade follows the Kolmogorov indéxK) «
A,/A, ratio is a new key diagnostics able to unveil the presencetf s k-3 or E(K) o« k=>3) in all runs, except with weak turbulence,
stantial conductivity in the ICM. where it becomes slightly steeper, though with increasett sc
ter. Considering the substantial stratification, it is rekable
that classic Kolmogorov theory consistently applies to ws<l
o ter atmosphere (see also Vazza etal. 2011; Valdarnini/ 2011)
kpc). Furthermore, turbulence can not create relativeidensrhe density spectrum instead displays a steep decay towards
perturbations with amplitude higher than roughly the 1D Magqp o k=112 as the turbulent Prandtl numbey = teong/tur, < 100
number (Bb). If significantly violated, this would indicateat (see GC1B). Such a steepening inducAg/A, to become grad-
the perturbation or velocity field has been contaminatechiey tuaIIy shallowd, inverting the trend forf > 102 (Fig.[2, third

unfiltered background profile or laminar flows (which are jgart ; ; : ;
ularly complex?n unrelgxed systems). Similarl(y strorigdmp(?- panel). This can be explained in terms of the advection thefr

geneities must be properly removed: the linear relatiofiepp 3
to relatively small perturbationgp/p < 1, notto features as cold note P; can be also seen as a turbulent Peclet number, if turbulence i
fronts or buoygn_t bu_bbles. ) ] interpreted as an advection — rather thaffudion — process.

Below the injection scaled\, and A, continue to be tightly 4 |n general, significant diusivity (especially numerical) acting on
related in the non-diusive models (Fid.]2). The ratio is indepenbothp andv tends to align the two spectra, even on small scales, a com-
dent of M, as indicated by the tight scatter. It is remarkable thaton feature we found in cosmological simulations (Z14 arg[8).
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For the weak turbulence run with= 1, P, ~ 1 atL = 600 kpc. We
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T T T servations can detect through the spectral line broadeariag

Mach — 0.5 ] the projected images. As reference, we consider the models
= - L w e ] with M ~ 0.5 (Eym/Emn ~ 0.14, a common cluster regime;
e e e.g/Schuecker et lal. 2004; Lau ef'al. 2009; GC13 — sec. 4.3).

g2 () In Figure[4, we compare the mid-plane cross-sections of
e s dp/p (left) and magnitude of total velocity (middle). The key re-

] sult is the progressive smoothing of density fluctuatiomnsimg
the level of conduction, while the turbulent velocity fielhmains
unaltered (top to bottom panel:= 0, 103, 1072, 1071). In the
hydro run, the perturbation field shows a complex morphology
of filamentary structures, produced by the turbulent vé&jdiid
and later deformed by Kelvin-Helmholtz and Rayleigh-Taylo
instabilities. The rolls and filaments are almost washedimut

010

characteristic amplitude of v and 6

AK) :

001k i the presence of strong conductioh £ 0.1), transforming the

I P L] perturbations from isobaric to isothermdl(§5]1.1). Ondtieer
1000 100 10 hand, strong conductivity can not completely wipe out fluc-
scale [kpc] tuations (bottom maps). While entropy fluctuations de@eas

compressive pressure perturbations still maintain theedawel
T A T (Fig.[@, bottom). In other words, strong conduction can also
| Mach ~05 ] promote minor fluctuations, due to the fast transfer of hadt a
- B (jj;) ] change of compressibility in the medium.
A (53) 1 All the velocity maps (middle) are remarkably similar, both
A2 (2) statistically and locally, with minute fferences only iff > 0.1.
e ] As density fluctuations, the turbulent velocities do notvglany
] major diference within or outside the cluster core, signaling a
significant level of homogeneity. To be more quantitative, w
extracted the spectra only from the cluster centet (rsoo/4),
where stratification is less prominent. As shown in Eig. 3{bo
tom), both th&p/p and velocity spectra are similar to those com-
puted in the full box. At the largest scala/p experiences a mi-

nor decline £10%), in part because the entrgpsessure profile

characteristic amplitude of v and 6

AK) :

0.01kF . is shallower in the core, in part due to the limited statsstie-
b Lo e L lated to the smallest modes. Concerning isotropy, thespeate

1000 100 10 maps also do not highlight major deviations. However, trans
scale [kpc] forming the velocity field in spherical coordinates, we iete

mild anisotropies (Fid._10). AM < 0.5, the large-scale veloc-
Fig. 3. Top: Characteristic amplitude ofcs andép/p, for the hydro ities become slightly more tangential, due to the strong#u-
model withM ~ 0.5, doubling the numerical viscosity, i.e. using 2 ence of stratification [85.1.3). Instead, stronger tunhbcee(and
lower resolution (similar to the Spitzer value; dashedd)n&pectra are conduction) increases the relevance of sound waves, iregtor
convergent, except at small scales where the increasedrivairdiffu-  jsotropy.
sivity damps both anddp/p at ~2 times the original dissipation scale. Fig.[d points out that the phases of the perturbation field are

The density cascade iffected in a slightly dferent way by the larger C : -
diffusivity; some deviations from the classic advection thedryacers hot coincident with that of the velocity field, although stgly

are thus expected[(§5.2.1). Bottom: Spectrum of the abowdehex- correlated in amplitude. Pearson Gagent indicates a negligi-
tracted in the full box (solid) and in the center (dashedsoo/4), where Ple anticorrelation betweeip/p and total velocity R < -0.2),
stratification is less prominent. Turbulence and densityupeations 1N all models. In other words, the density filaments are not
are overall homogeneous, despite the cluster stratifitétio Fig[2).  strictly tied to a local high velocity. This is expected srihe
cause of fluctuations is the turbulence driving, widgp plays
the role of the tracer in a continuously chaotic environment

: . We analyzed the volumetric PDF of the logarithmic den-
tracers (B512), where theftlisivity of the scalar has ndfecton ity flyctuations, In(1+ p/p). The thermodynamic fluctua-

the velocity cascade. The scatterRQfA, rises with decreasing tions can be in general described by a log-normal distribu-
Prandtl number, i.e. with stronger conduction and weak®@Utu i (see example in Fidl] 5), with small corrections due to
lence @ e« M/f). Conductivity withf > 0.1 can globally stifle pigh-order moments (skewness and kurtosis), thus strength
the regeneration of perturbations by a factor of 2-4. EHigo2-C jng the role of the power spectrum. The log-normal distribu-
firms that any substantial conductivity in the ICM will cléar (ion and weak non-Gaussian contributions are consistetfit wi
emerge in théh, /A, diagnostic, showing values up 465 and 3 ¢|assic turbulence studies testing solenoidal stirrirbeiain

for weak and strong turbulence, respectively, even at s@le o _gtratified and controlled boxes (Federrath 5t al. 2010 a
100s kpc. references therein), together with ICM studies (Kawahaedl e
2007;| Zhuravleva et al. 2013). Significant deviations start
arise with highly compressive turbulence, mainfjeating the
wings (e.g. Kowal et al. 2007). We defer the study of higheord
Before delving into the theoretical interpretationl(86)siworth moments to future work.

to understand the real-space properties related to turbelend What can be inferred from X-ray observations? Besides
perturbations of density (or the ‘tracer’), and what X-ray o X-ray imaging (see surface brightness maps in GC13, fig. 4,

4. Real-space properties and X-ray constraints

page 6 ofIb



Gaspari et al.: The ICM power spectrum — gas perturbati@retvelocities while decouple via conduction
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Fig. 4. Left: Mid-plane cross-sections @p/p (per cent) for the models witM ~ 0.5. From top to bottom: increasing conduction with
f = 0 (hydro) 1073, 1072, 107! (the latter very similar to thé = 1 run). Middle: Same cross-sections but for the module @fl telocity (km
s™1). The hydro runs show sharp filamentary density structuredyzed by the turbulent velocity field and later deformedieyvin-Helmholtz
and Rayleigh-Taylor instabilities. Strong conduction ganinstead these perturbations, while leaving unalteredkilimogorov cascade of
turbulent eddies. Theanddp/p fields have correlated amplitude, buffdrent phases (the density field is the tracer). Right: Oleskersiative line

broadening (per cent) due to turbulent motions along/thris view,AE/Ey = \/Eo-m,ew/c, whereo;p e is the projected X-ray emission-weighted
velocity dispersion. The forthcomingstro-Htelescope will be able to detect projected turbulent véileeabove- 200 km s?, i.e. AE/Ey > 0.1
per cent (FWHM= 1.66AE), using the Fe XXV line.
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Fig. 6. X-ray emission-weighted velocity (knT¥ along they-axis,

: . — : . _for the hydro model witivl ~ 0.5 (cf. first row in Fig[4; the conductive
Fig. 5. Volumetric PDF of the logarithmic density fluctuatlons,mOdeIS display similar maps). The projected velocity higts only

In(1+6p/p), for the run withM ~ 0.5 andf = 0.1 (black). The thermo- . ; ! L ;
- : : - .« the large-scale motions, which dominate the kinetic enemgytent in
dynamic fluctuations can be in general described by a logiabdis our (and cosmological) runs, due to the injection at 100 kpc.

tribution (red line), with small corrections due to highder moments
(skewness and kurtosis).

rying most of the specific kinetic energy/2 ~ A2,,,0, which
or [Churazov et all_2012), X-ray energy spectra can provideuld be absentin atmospheres stirred only at small scales.
crucial constraints on turbulence, in particular consitgthe relative strength of the line broadening and shift thusieaim-
forthcomingAstro-H mission (e.g. Inogamov & Sunyagy 2003portant informations about the nature of the driven turboés a
Zhuravleva et al. 2012; Tamura ef al. 2014). We have two irgolid proxy corroborated by its insensitivity to conduatio
portant tools to exploit, one is the broadening of the spétitre, In passing, we note that X-ray observations are not the sin-
and the other is the line shift. In Figl 4 (right), we show tliee o gle channel to probe ICM fluctuations. We propose to use the
served line broadening due to turbulent motions along/thgis thermal Sunyaev-Zel'dovich (SZjtect to independently extract
view. The Doppler broadening relative to the line rest enétg pressure fluctuations. Current X-ray maps still havkx higher

is definel asAE/E,y = \/éng,eW/C_ The observed 1D veloc- Spatial resolut_ion. However, futgre observations (eAd.MA,

ity dispersion is computed aSlZDeW = E[”fo] — EZ[v1p], where CCA'I_', SKA will z_ill_ow to constrain the _IC_:M power spectrum
E[X] is the X-ray emission-weighted average along line of sigttven in the submillimet¢radio band, avoiding the use of expen-
using as emissivitpen A(T) with X-ray thresholdl, > 0.3 keV ~ SIVe X-ray spectroscopy.

(Gaspari et al. 2011a). The related full width of the line alf h

maximum is FWHM= 2VIn2AE =~ 1.66AE. The projected ] ) ) ] )

maps appear somewhafiérent from the cross-sections, but th®- Discussion and physical interpretation

statistics, as the velocity dispersion, is the same aftprajec-
tion. Astro-Hwill be able to resolve-4 eV (andAthenahalf this
value); using the bright Fe XXV line atBkeV, the lower detec-

tion limit becomesAE/Ey ~ 0.06 per cent (the dark regions intieS (entro ; :

. . py, pressure, density). It shall be kept in mirat the
the right-hand panels of Figl 4). The maps show that, asgum ; . : . e
good statisticsAstro-H could detect turbulence in most of thepéason why we perform 3D simulations is the impossibility to

analytically solve a chaotic, nonlinear system. The follayar-
cluster, whereripew = 200 km st or 1D Mach numbeg 0.13 . . H : . .
' el | A guments arise from first order perturbations or dimensitiread-
the non-black regions), covering our entire simulatedjesfsee : ; :
(Naaai oral 2013%0rsy)nthetic m%ps usi ro-Hrespo(Egé(). Fo lies, and shall be regarded as simple estimates. The siondat

XXV is an excellent line since the associated thermal bmad(%enerally confirm the ansatz presented below, albeit with re
ing is juste = (koT/56M,)°S ~ 120 km s%, thereby the turbu- ant diferences which are critically discussed. We focus first on

) . . . - = the normalization of the spectrb+ L; §5.1), and then we ana-
lent dispersion typically dominates the contribution te tbtal i ' L :
broadening of this line. lyze the spectral cascade<{ L; §5.2), along with the alterations

While the projected velocity dispersion p ew highlights the imparted by conduction from the ideal evolution.
small-scale motions via the line broadening, the projeetéd
ray emission-weighted — velocity field probes the largdescab.1. Spectra normalization
motions via the line shift (e.g. Zhuravleva etlal. 2012). ikt o o )
that the driven velocity field still has average 3D laminatioo  The normalization of the spectra is likely related to thetiee

~ 0. Figurd® shows the large eddies of size several 100 kpc, dgiportance of gravity waves and sound waves. Linearizieg th
perturbed hydrodynamic equations, it is possible to desdtie

5 The V2 term comes from the definition of the Gaussian distribytiofpropagation of a general wave in a spherical and gravitaliyn
o exp[-x?/20?], and not from isotropy arguments. stratified atmosphere in terms of the following dispersiela-r

We discuss in this section the physical interpretation efl@M
power spectrum, in particular concerning the tight relatie-
tween the velocity and the other primary thermodynamic gjuan
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Gaspari et al.: The ICM power spectrum — gas perturbati@retvelocities while decouple via conduction

tion (see Balbus & Soker 1990 for the WKBJ analysis):
0 —W? K+ W, 2K =0, (2)

|
o T T T T T T T L
—

Lol

wherek? = k? + k% (k, andk, are the radial and azimuthal )
components of the wavenumber vectarrespectively),cs =
(ykoT/ump)¥? is the adiabatic sound speed, angy is the
Brunt-Vaiséla (buoyancy) frequency defined as

dinK |2
o= |2 505 ©

whereg is the gravitational acceleration. Hg. 2 includes the
action of two key waves. The middle term is associated with
pressure waves, or simply sound wavesyaves), while the last
term represents gravity waveg\aves) driven by the restoring
buoyant force. In the next sections, we show that small pertu
bations driven by the two waves are tied to the Mach number,
~ 6v/Cs. For bothg- and p-waves this holds within order unity L L ‘ L
(as in the simulated nonlinear regime), but the leadingupleat- 10 100

tions and dynamical modesft#r: g-waves mainly drive entropy r, 1 [kpc]

perturbations {K/K), increase the gas vorticity, and induce a

tangential bias in the turbulent velocity fielg-waves are in- Fig. 7. Typical frequency of the turbulent motions including theca
stead associated with compressive pressure fluctuat@i®), cade (for the simulated sampd = 0.25 — 0.75), compared with

a preferentially irrotational field, and isotropic turboée (or the Brunt-Vaiséla buoyancy frequency (black). The minimiumbu-
with slightly radial bias). lence frequency is at the injection scale, typicdlly~ 600 kpc. For

In Figure[T, we show the frequency of the simulated turbg—turb < wey (Froude< 1), g-waves tend to be the process driving

[Myr-t]
10-2

10-3

w:= frequency

——— wuu(l) (M=0.75)
o) (M=0.25, L/2)

10—

—— wg(r)

lent motions,t-% . compared with the Brunt-Vaisala frequenc entropy) fluctuations, Whl|e. in thg opposite regime sourayes drive
(black; Eq.[l%t)mirﬁ the fEII radial range (at variance WitthC1 tronger pressure perturbations, in both caseé,

where we focused on the properties of the central region). At

large scales, the two frequencies tend to be roughly compara

ble (Froude number 1), hence botly-waves ando-waves can wherewgy is writterffi as a function of both the scale height
be excited. This is a typical condition for most clusterscsi of entropy, Hx = dr/dInK, and pressureHp = dr/dInP.
large-scale profiles (entropy, pressure) are fairly setitar, and Physically, g-waves occur because an entropy element is dis-
turbulence follows our simulated subsonic range. Let usdins placed from its equilibrium positiorr, thus inducing an op-
alyze the two limiting regimes, in order to understand bidtt¢h  posite force acting to restore the blob back to where theatadi
processes. entropy is the same (clusters are convectively st&lke,> 0).
The small displacementis thus linkedsig/K =~ (dIn K/dr)o 6r,
i.e.or ~ (6K/K) Hk,. The specific potential energy of the har-
monic oscillator isE, = w3, (6r)?/2. Substituting fowgy and
The stratification of the ICM atmosphere allows to excitevifya dr, we can write

waves (cfl_Lufkin et al. 1995; Ruszkowski & ©Oh 2010, 2011). In

5.1.1. Low frequencies (low M): g-waves

the low frequency regime, the dispersion relation in[Eq.r2loa E. ~ i Hk, (ﬁ)z (6)
written as P 2y2 Hp,| \ K/ ~

2
W2 ~ wév % (4) Using E, as estimate for the average specific kinetic energy

(v25/2 ~ Ep), finally yields
which tells us forw > wgy gravity waves are evanescent, since

k. must be imaginary. Therefore, wherever< wgy g-waves _ 1 [Hk [6K SK
are excited. For a cluster atmosphetgy declines at large Mip ~ — H °| —|=0(1) '? . (7
and waves are trapped within the radius such that wgy Y Po

(Balbus & Soker 1990), ak ~ k,. More important, buoyant
oscillations damp the radial component of turbulence, @ity . : . -
a tangential bias in the gas velocity field (Froudd). In the ipherei thelréatllo of the ?caIeHhe|ghts IS CODS’ltHk;/IHPtIh_—
limiting case, the chaotic motions should collapse in atirau /(y —1) = L5. In generalH /|Hp| = |apl/ak = . (V‘.” in
shells (e.d. Ruszkowski & Gh 2010). The profile of the vekocilr5°°).’ whereap anday are the slopes of the logarithmic radial
anisotropy paramete = 1 — o2 /202 would shows < O. profiles of pressure and entropy, respectively;steepens with

i T increasing radius (Arnaud etlal. 2010), whilg ~ 1.
\Tvaar\]/%grmﬁu}énbclgs(ig-I.tg).ls thus a good marker of the Figure[8 shows the power spectra of all the thermodynamic

: : . : antities, including turbulent velocities, for the hydand a
aIS(? ;?L\g';y ﬁ?{fg’ :;edrgr?]li?]lgr:ﬁ?eg)ugggfytEgrgijrgglr?tn;é_s%nductive run in the low Mach regime. Considering the hydro

celeration over a displacemefitcan be described with a simplemodel (top), the ratio oMip = Msp/ V3 andsK/K near the in-
harmonic oscillator: jection scale is 0.85, in line with the estimate in Elq. 7. Ewitly,

The last step arises from the fact that, for an isothermabatm

cz 6 Assuming hydrostatic equilibrium, valid for loM, g = — c2/(yHg);

o 2
fp=-— ofr = — —————6r 5 i
b=~ %y 2 Hp| Hx (5)  notice thatHp < 0 andHy > 0.
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[T T ] and temperature, or entropy and density (both anticoed)at
Mach ~ 0.25, hydro

%] . |°T and'%
P T K

Both relations are followed withig 10 per cent, as shown in
Fig.[8 (consistently with the Pearson analysis in GC13).aRec
that halving the injection scalel{l83), slightly reducesstrength

of g-waves ag.Y/3, sincewwp o« LY/ approachesgy (Fig.[7).
A,/A, thus increases by the same factor (sound waves are still
too weak to contribute).

In the presence of mild conduction, the normalization is
unaltered forf < 1072, although the intermediate cascade is
damped by the increasedfldisivity of the ‘tracer’ (85.R). For
f > 1072, also the large-scale perturbations are progressively
driven towards the isothermal regime. Gravity waves cdh sti
induce a significant entropy contrast, but buoyancy is weette

=~

~y '5_" lisobaric] ©)
o

0.100

0.010

A(k) := characteristic amplitude

0001 towww v v 0 leweww S by the increased ffusivity, tracing the shallower temperature
1000 100 10 gradient instead oVK (Ruszkowski & On 2010). The normal-
scale [kpc] ization of perturbations can thus decrease by a faetr The

relation between the fierent perturbations changes as

Mach ~ 0.25, f = 10
Ak E( ]

T K )
'6—'0 > ‘5— and ‘5— ~(y-— 1)‘6—'0 [isothermal] (20)
p T K p

Since turbulent regeneration is continuous and ions+@lest
have a non-negligible equilibration time, the pure isotmar
regime is impossible to achieve. Nevertheless, as showig i@F
(bottom panel), the gap between entropy and density perturb
tions starts to shrink, @k fluctuations gradually lower (see also
Fig.[9, bottom).

0.100

0.010F
. 5.1.2. High frequency (high M): p-waves

A(K) := characteristic amplitude

In the opposite regime, i.e. high frequendy ¢ 0.5), the dis-
persion relation (Ed.]2) is shaped by the contribution ofnsbu
waves p-waves), which can be now written as

w? ~ 2K, (11)

0001 L bouu v

1000 100 10
scale [kpc]

The azimuthal component of the wavenumber scalés asr .
Therefore p-waves excited in the cluster central regions become
mainly radial further outk ~ k;. Moreover, disturbances to the
vorticity results to be proportional to_(Lufkin etlal. 1995)

Fig. 8. Characteristic amplitude of the fluctuations related tatzl
thermodynamic quantities, for thé ~ 0.25 flow without (top) and with
conduction § = 1072; bottom): v/cs (3D Mach),6K/K (entropy),dp/p
(density),6T/T (temperature)gP/P (pressure). Except for turbulent
velocities (laminar motions are null by construction), @tther quanti- —§(V xv) o« k x VInK, (12)
ties are divided by the azimuthally averaged profile. Forteductive 0

runs, we plot the (observable) electron temperature; ttregnparam- | . . . .
eter isk = (Pe + P})/p”. In the lowM flow, entropy perturbations (tied iIMplying thatp-waves are preferentialfcharacterized by an ir-

to g-waves) are the leading tracer of turbulent velocitiespeeting the rotational velocity field, in contrast with the more tandahy-
isobaric regime. Conduction gradually shifts the lattedmeowards waves. Overall, stronggr-waves tend to restore isotropic tur-
the isothermal regime, changing the relation with the defithermo- bulence, or to induce a slightly radial bias (depending ow ho
dynamic quantitiesf</K starts to approach density fluctuations).  many sound waves are excited in the central regidns; 85.1.3)
The characteristic injection frequency pfwaves isw? =~
c2/L2. In this high frequency regime

cluster gradients are functions iof Fig.[8 clarifies that the low ) (13)

only one component of velocity is acting ai@&ent mixer, since |sp 5K
. Il
frequency regime corresponds to
meaning that pressure perturbations drive the dynamic#and
’ oP < ’ oK (8) tuations follow theadiabatic regime (constant entropy). Fol-
P K|’ lowing the same arguments provided in the previous section,

. . . I .. the displacement magnitude is now tied to pressure vanigtio
since slow motions tend to be in pressure equilibrium with th

surroundings, helped by the convective stability of the lOMe 7 Vorticity can be in part generated via the baroclinic inigbi.e. as
isobaricbehavior is also manifest in the relation between densigund waves travel obliquely across the entropy gradient.
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Fig.9. Characteristic amplitude of all the thermodynamic fludturag,
for the runs withM ~ 0.5 (hydro andf = 0.1) andM ~ 0.75 (cf.
Fig.[8). In significantly turbulent atmosphergswaves start to féect

100 10
scale [kpc]

The ICM power spectrum — gas perturbati@tztvelocities while decouple via conduction

as|(6P/P) Hp,|. Using the potential energy as estimate for the
average kinetic energy (cf. HJ[6-7) now yields

— [Hpyl
Mip ~ LO

Zl-owlF]. (14)

where|Hp,| ~ L/|apl, since we are analyzing the large-scale
power. We note that stratification allows a mofgaéent gener-
ation of sound waves compared with uniform media (e.g. Stein
1967), as shown by the simulations, due to the partial caiver
of solenoidal turbulence in more compressive motions.

Comparing the last estimate with Egy. 7, it is clear that irbot
cases the (1D) Mach number drives the spectrum normalizatio
of perturbations, as found in the simulations. The tramsithust
be smooth, as hinted by the general dispersion relationZEq.
However, the driving perturbations change character. reigu
shows that foM > 0.5, §P/Prises linearly withM, while §K/K
remains constant®c max ~ 0.15 in both hydro runs). In the
M ~ 0.75 flow (middle panel)§P/P has reachedK/K, hence
p-waves do not yet fully overcomgwaves, which would hap-
pen forM > 1 (aswwmn > wey at each radius, or Froude 1;
Fig.[d). Moreover, while gravity waves tend to accumulate in
the systemp-waves may leave it in a few sound-crossing times.
Again, turbulence with high Mach number is required to see a
system fully dominated bp-waves.

According to Eq[[IB, the perturbations of the other thermo-
dynamic quantities start to shift from the isobaric to adi#b
regime, implying the following conversion:

0, 1 |oT oP 0, . .
'—p N — ’— and ’— ~ y'—p' [adiabatic] (15)

pl y-1IT P p
as signaled by the increasing gap between density and tamper
ture fluctuations (up te: 1.5). Adding conduction (Fid.]9, bot-
tom) shifts again the adiabatic mode towards a partial &eth
mal regime (EJ_I0). Interestingly, pressure fluctuatioesaw
more clearly the driver of density fluctuationsP{P ~ dp/p),
sincedK/K has degraded by over 50% compared with the hydro
run.

We note that, in the lowM regime, the presence of weak
6P/P can be mainly attributed to the conservation of the
Bernoulli parameter (although exactly valid only in theaste
state). For a constant potential, it can be written as
¥

-+

= 1
251 const (16)

Differentiating and taking as reference veloaigy= 0, yields
6P/P o« M2, which is indeed followed by the runs witil < 0.5
(compare Figl 18 and 9, top panels), while models with stronge
turbulence followsP/P « M (Fig.[9, top and middle panel).

5.1.3. Real systems: g- and p-waves interplay

The estimates in EqQl 7 ahd]14 are crude approximations te real
ity. In the realistic cluster evolution, the 3D hydrodynarmgua-
tions, and the related perturbations, are nonlinear, \mitreddi-
tion of chaotic stirring (85.2]1 for other deviations). Nple
frequencies act at the same time, describing wavestiarelnt
scales and radii. Although the simulations confirm that trexs

tra normalization is provided bil;p, we expect a combination
of g- and p-waves shaping the dynamics of a turbulent cluster.
This is visually highlighted by the maps in FIg. 4. More quant

the fluctuations dynamics viéP/P, still in conjunction with entropy tatively, we can discriminate the action of both channeisufgh
perturbatlonsd)turb IS not yet>> a)Bv). The derived quantities follow an important marken i.e. the anisotropy of velocities gldﬂe

from the adiabatjisothermal mode, for the hydi@nductive flow.
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unity, regardless of which one is the driving wave, and fahbo
the linear approximation (EQ] 2) and the nonlinear simatsi

J 5.2. Spectral cascade: advection of tracers

r 1 We have analyzed so far the physical interpretation of teetsp

r 1 normalization ~ L). The next question is why do perturbations
show an inertial cascade similar to that of velocities<(L)?

The main thermodynamic variables can be crudely considesed

‘tracers’ of the velocity field, whose spectra are explaingtth

the advection theory of passive scalars (e.g. Sreeniva®aiy 1

Monin & Yaglomi1975; Warhalft 2000 for a review). This is par-

ticularly relevant in the subsonic regime, since the corsgive

VARY, YRy termV .-v — 0.

Mo Ty The equation governing the advection of a passive incom-
P M=0251/2 1 pressible scalat is given by (Warhalft 2000, sec. 1)

10 100 DC oC
radius [kpc] ﬁ = E +v-VC =V (xVC), (17)

B:= velocity anisotropy

Fig. 10.  Velocity anisotropy as a function of radiug(r) = 1 - Wwherexis the ditusivity of the tracer an®/Dt is the Lagrangian
o? /202, for all the hydro models. Negatigositive values imply a derivative. According to the classic Kolmogorov-Obukhov-
tangentiakradial bias. g-waves M < 0.25) tend to damp the radial Corrsin theory (KOC| Obukhov 1949; Corrsin 1951; Warhaft
component of turbulent motions, inducing a tangential jbi@svaves [2000), the energy spectrum of the scalar linearly tracetsaha
(M > 0.75) tend instead to preserve isotropic motions, or to induceyg|gcities, i.e.

slightly radial bias. In realistic clusters, the anisotragexpected to be

minor, due to the interplay of both waves and the recurrémirsg. Ec(K) o< E,(K) o k=S/3. (18)

Considering a 2D vortical motion, the vorticity is consetysee

also Kelvin's theorem)D(V x v)/Dt = 0, in analogy to Eq.17.
radial direction (B5.1][-5.71.2). Notice that computing tkeloc- The turbulent eddies and the scalar are thus expected te shar
ity spectra over the scalebfuscates the radial anisotropy.  similar properties, like the spectral cascade, althoughdifiu-

In Figure[ 10, we show the = 1- o2 /202 parameter for all sive term will introduce some discrepancies (§3.2.1).

the hydro models. For the loM ~ 0.25 flow, above~100 kpc Entropy is an excellent example of ‘passive traces. =
the motions are mildfy tangential, reaching a minimum valuekg /[(y — 1)ump] In K has indeed the advantage of being insen-
B ~ —1. Analyzing the frequencies in Figl. 7, this corresponds gitive to adiabatic compressions or expansions. Asiffesion,
the region wherey < wgy, i.€. whereg-waves tend to be more the lagrangian derivative of entropy is thus conservedyifre-
dominant, damping the radial component of turbulent matiorversible heating%{) or cooling (£) occurs, such as
RaisingM increases the turbulence frequency up togy, even
near the ir_1jection scale at several 100s kpc. T_her(_efor_mt_ge- pT§ =pT (@ +v- vs) =H - L=V -(DunpeT VS), (19)
scale motions progressively lose the tangential biastjmgito- Dt ot
wards isotropy£ ~ 0). IntheM ~ 0.75 flow (red), p-waves - . .
start to dominate: motions show no sign of the tangentia,bia 1 1€ hot ICM has negligible radiative coolind’(= 0); the
with instead a slightly radial bias[(§5.1.2). Within< 100 kpc, only source of heating can be turbulenffdsion or dissipation.

i . . -2
the frequencies of the turbulent cascade are always grisaier 1 1€ latter is subdominant for subsonic flowgsneat~ M~ turp-
d yS 9 The entropys can thus replace the scaain Eq.[17, with a dif-

wpy, hencep-waves start to have a major influence. The transi-'~ ' .

tion occurs at smaller radii for lowel, as suggested by Flg__:llp.ﬁ;lés'ivn']tg t(l{;]eetrl:trrt())uler;ﬂg:?;ctig%;tgald(tg()z)lé:ar:jt?r?el?jwlc\nﬂam

Ohn th|e other handr,]large-sbc_:@imavesf tﬁnd to be trappeld Wlthmofgperturations’ Iinkegyto the large-scatavaves The5K);K

the cluster core; the combination of the twiegts results in a ' - TR

quasi isotropigs in the core (or slightly radigs ~ 0.2). In the cas_cade(FtheEnB;je_ve:pps OVEKK(IS’J?]C'”Q t?g ﬁ%c)ntys[nernalh
resence of conduction, the same scenario applies, batigee f€9'me (FIgL8), In line wit theory ._Since the

b bp A fluctuations of density and temperature follow from the domi

tor is globally reduced (by2), towards the isotropic value. As . X . .
ted in §5.101, th | conduction indeed inhibits b nant mode — isobaric (Ef] 9), isothermal (Egl 10), or adiabat
noted in & erma concuchion iIndeed INhibits Liigyan (Eq.[IB) —, also their cascade traces thafkfK. As discussed

Overall, we suggest to use tlfeparameter to discriminate : . ;

' ; ; ; ; before, increasing the Mach number, boosts the impagit-of
the dfects ofg- andp-waves, in conjunction with the thermody- 2o’ 1,0 Ieadigg tracer gradually shifts towafEIsP flﬂcgjj—
namic mode. We remark _that typlcal (_:Iuster_ conditions are e\q[ions. In theM ~ 0.75 hydro run (FigB), density perturbations
pected to show at best mild anisotropic motions, and CM8r9%art to track more closely thd/P cascade. Pressure i$ected
pnlyhln spherlcal cczordlhnates; mps; clusters azf TOt In aneg Qy adiabatic processes, yet the simulations show thatstsacke
in which w < wgy (or the opposite), where radial motions are” . ! " ; A

: - is slightly steeper than that of velocities, signaling tihagan be
drslimatlggllly suppresg eq. The recurrent ﬁtlzrmg alhs © ptesp usedgas)g crudpe tracer of the (subsonic) flo%v. Intgrestipgdgs-
values dr t||pg towards llsotropy. Nevertl eSS, th IChecsp sure is not directly fiected by turbulent mixing (which acts on
trum normalization is always comparable Mo within order entropy), and thus displays a tighter cascade with veesiti

® The retrieved anisotropy is not strong, sifce: —1 corresponds to © |n the M ~ 0.25 run, thesP/P cascade is instead steeper, following
vy = /1-Bu = 14, difficult to observe by visual inspection. the classicaEp o k773, solely driven by the Bernoulli term (EQ.116).
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Adding conduction, increases thffextive ditfusivity of the Fixing for instancesr ~ L, the injected turbulence at smaller
tracer ¢ — fkg), leading to a cascade steeper than that of Kaladii can create relatively larger contrasts, inducing #effang
mogorov (Fig[8, bottom; notice hoW fluctuations are strongly in the spectral cascade. The magnitude of tifieat depends
damped). The decline of the tracer spectrum starts to occuhawever on the relation — |. Since chaotic motions are 3D,
Dcond > Duwrb/100, i.e.P; < 100. Physically, the quick increasethe turbulent streamlines intersecffdrent projections of the ra-
in temperature induces a rapid re-expansion of the formieg-o dial gradients, hence the dependence shall be weak. Neglect
density, overcoming the action of turbulent regeneratlarthe ing the previous KOC departures, the flattening of the sitedla
conductive regime, th, /A, ratio is thus expected to graduallyspectra corresponds to an average 1%13. An opposing &ect
increase as a function déf(Fig.[2). The ratio widens up to a fac-is related to the fact that the indiceg andap are not constant,
tor of 3-5 over all scales in the presence of strong condactibut both declines within the core radius (turbulent mixingpa

(f 20.1). slightly lowersay in time; GC13). According to EG. 21, a lower
It is interesting to note that in the simple KOC picture slope implies a lower contrast. This may explain why £eA,
ratio slowly declines towards smaller scales (Elg. 2, tdmugh
E(Kc =be:%e k3, (20) always remaining larger than unity. We will investigateiure

. . o other cluster atmospheres, to assess the impacfiefetk and
whereb is a universal constant. The average dissipation rate 9t |e heights. In closing, we note that all these secondary e

; o S
the passive tracer and velocityets ~ o¢/(L/c) ande ~ o//L,  fects are washed outin the presence of any significaiusivity,
respectively, |mply|ng_ that the normah;aﬂon of Eq] 20nsle- which completely inverts thé, /A, downtrend (FigR).
pendenbf o,. In reality, the compressive term sustains a rela-

tion between the density variance and the Mach number, even

in homogeneous media: in the subsonic rafigi fade asM?  5.3. Further improvements
(cf. §5.1.2), while the relation becomes linear for supeistur-
bulence (see Kowal etial. 2007 arld §1). The latter is howe

conceptually dierent from our retrieved linear relation devel ; Mg .
plasma, primarily in the hot regime. In future works, we plan

oping in the subsonic state of galaxy clusters. Ingtratified %tend the simuiated sample (e.g. strong cool-core syt

ICM plasma, increasing Mach number implies larger coheret o ; . ;
, ' ; _to test additional physics. Needless to say, 3D high-re¢isolu
displacement, leading to a larger contrast of entipragsure de 2T simulations with turbulence andfiisive terms are extremely

fined by the cluster gradients or scale heights [Eqg. Tahd 14)'expensive hence small steps must be taken

It will be interesting to include thefBect of cooling, which
5.2.1. KOC departures and the radial gradients can induce thermal instability and condensation of coldféats
(Gaspariet al. 20124, 2013). AGN feedback balances cqoling
preserving the cluster core in global quasi-thermal eljiilim

X : o=y ) (e.g..Gaspari et al. 2012b). However, both processes fiestta
ysis. Our retrieved slope of entroplensity is typically shal- 5% e regiom < 0.1Rsq (cf. |Gaspari et al. 2014), while at

lower than the Kolmogorov index, in the nonfidisive models. |54 radii galaxy clusters maintain self-similarity, esfally in

Physical experiments (e.g. fig. 5lin Sreenivasan 1991) shaWt[ e entropy profiledx ~ 1; e.g/Panagoulia etal. 2014). We
the tracer slope approaches the Kolmogorov cascade onIyFtﬁ_rls do not expect dramatic deviations from the current ICM

very high Reynolds numbers and in a slow asymptotic way. Qbwer s ‘R i intrinei vl
; . ; i pectrum (which is intrinsically volume-weightedida
low Reynolds numbers, as in our ICM simulatiofi (s 500; \ye pelieve our results can be applied to a wide range of clus-

GC13, sec. 2.6), the spectral index is expected to be shall@@/s and conditions. Stronalv unrelaxed svstems. as maionm
(cf. figure 4 in Warhaft 2000). Even pressure fluctuatiorise@l o5 might present significgrilt variations, g.g. due to thgc?}?c
in line with the Kolmogorov cascade, are shallower than the-c gravitational potential, and requires to be further tesi®d are

; ; ~7/3 —2/3. p ‘ . e

SIC EXFK/?CBS%'EP « kA I(AP <k h ,”Schueckekr_%tsdl.. 2()::4)’zils,0 studying the role of very small injection scales (e.GNA
inthe M 2 0.5 runs. A slope as shallow a o k™ signals ;10ws)’ forL < 50 kpc entropy perturbations may be con-
that the timescale for transferring the tracer variancenftarge siderably weaker (a®sy < ww), While pressure perturbations

a5 -2/3 . R ;
Ejo sma(ljl;calesgc K af' m_steaﬁ of thefKoImogoroufcrﬂli; ' should drive the normalization of the density power speauiru
ue to difusion efects dfecting the transfer process infidirent .o, at low Mach numbers.

ways (see the viscosity test in Fig. ?’)' This is remarkegl By th ), the companion work (Z14), we improve the driving, in-
uncorrelated phases between velocity and the tracerl{Fig. 4 ¢,5ing the cosmological evolution and the turbulence geteel
Another departure from the KOC cascade may be associ ergers and large-scale inflows. Albeit limited by lowaes

to compressive features. In the extreme case of highly SUpgti,, "we find that the lineaMap-6p/p relation holds across a
sonic turbulence, shocks induce very thin peaks in gas gens,

- Al érge sample of simulated clusters. We retrieve a relataittsr

(Kim & Ryu2005, f'g' 2). Sharp peaks can be seen as deltg‘ fu%‘fl 30 per cent. In the cosmological context, it is mor&idilt

tions, which in Fourier space generate a flat specti®ym K'. 5 gisentangle the source of the velocity anisotropy, eafign

ICM turbulence is however subsonic, thus the contributibn Q. ajaxed systems. As for observational data, it is immorta

thin compressive featqre_s to our_observed flattening igdii accurately remove the underlying radial profile and thengfip
The incomplete similarity with the Kolmogorov cascad

. T . fonlinear sub-structures, which can contaminate the {scgée
more likely depends on the initial entrgjpyessure gradients. In ' ac9

fact, EqLT and 14 are only valid for small displacements. Fﬁ?wer. We find that the most reliable scales dominated by the

; . S . X rbulent cascade ate< 300 kpc, which is fortunately the op-
a nonlinear evolution, the injected eddy will experieteand o) regime for X-ray observations (see GC13, sec. 4.3 for a
Hp varying with radius, given that the initial cluster profilese '

f-simil | 1); comparison with real data).
self-similar power laws (§5.1.1): We plan to test additional physics. We currently probed the

SK Sr SP Sr effects of (nearly maximal) Spitzer-like viscosity and eleotr
P and B =ar (21) ion equilibration. It will be interesting to assess the r@i¢he re-

VFé'paIIy, we discuss the limitations of the models and furihe
provements. We studied here the evolution of the intraefust

Although KOC theory can explain the global picture of thecspe
tral cascade, its arguments are purely based on dimensioakl
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lated magnetic suppression factors (which can Ifeint from
that of heat transport). On the other handfdiivities linked to

the ions are roughly two orders of magnitude slower compared

with electron thermal conduction, since the electron sapeed

a mixed regime drifting towards global isotropy (Froude
~1).

is ~ 43 times that of ions. We thus expect conduction to dominaA¢ the intermediatésmall scalesl(< L), i.e. 10-100 kpc:
the shape of the power spectrum over a large range of scales. A

viscosity lower than the present Spitzer-like value (whichuld
require a much higher resolution) would imply a more extehde
inertial cascade. Compared with Hig.A./A, should thus dfer
only below 10s kpc, continuing to widen in combination with
high conductivity. In the presence instead of both low vistgo
and conductivity, density and velocity spectra are expkitide
tightly coupled again (KOC theory).

Fully MHD simulations are a further route of improve-

ment, modeling better the local features (as cold frontsfénd e

aments). However, besides the numerical complicationtef in
grating anisotropic conduction for long times, MHD runs e&n
best retrieve the geometric suppression factor (Eée §23refh

e The turbulent velocities develop a Kolmogorov cascade

(A, o« k3 or E, « k=*3) in all subsonic runs, despite strat-
ification (wwmw < wgyv). The thermodynamic perturbations,
in particular entropy, act agfective ‘tracers’ of the velocity
field, developing an analogous inertial cascade, in line
with the classic (Kolmogorov-Obukhov-Corrsin) advection
theory of passive scalars in turbulent media.

The cluster radial gradients, together with compressive
features, conspire to moderately flatten the perturbations
spectrum, slightly departing from the KOC theory and

inducing a slow decrease #/A,.

fore, we would still be forced to parametrize the conduttivi
with a factor f;, in order to include microinstabilities and line o

Thermal conduction strongly damps dengtytropy per-
divergence below the gas mean free path.

turbations (the spectral steepening occurs where Prandtl
P; < 100), but leavesinalteredthe velocity cascade. This
has a dramatic consequence ArfA,, inverting the down-
trend shown in the non-flusive model. The ratio can widen
up to~5, as a function oP; o f/M, unveiling the presence

of significant conductivity in the ICM, and breaking any
degeneracy in the interpretation of single spectra.

6. Conclusions

We carried out 3D high-resolution hydrodynamic 2T simula-
tions, in order to study the power spectrum of the hot intra-
cluster plasma in its various manifestations. We focusethen
properties of the velocity field and the intimate relatiothiathe
driven thermodynamic fluctuations (in particular of deydihe ) ) o
primary observable). The ICM power spectrum contains ehou§h€ real-space and projected maps carry important infoomet
information to accurately constrain the dominant physicthe ) _ )
diffuse medium, as the strength of turbulent motions, the lev@ The ideal or poorly dfusive flows ¢ < 10) show

of thermal difusivity, and the thermodynamic mode, among the complex filamentary and patchy dengégtropy structures
most notable. The spectragis and of perturbations (e.6o/p) (similar in the core and outskirts), excited b_y thg Iarga!e_sg:

are globally self-similar, varying the strength of turtnde via waves and I_ater altereq by hydrodynamical instabilities.
the 3D Mach numbe, or changing the injection scale, The condupnve models instead shoyv smooth maps due to
At the large cluster scaleb{ L), i.e. several 100 kpc: the smearing of sharp features, which does riteca the
turbulent eddies. Albeit sharing similar amplitude, véties

have uncorrelated phases with the tracer, hence a filament
does not necessarily imply a high local velocity.

e Weak turbulent motions in the clustek( < 0.25) mainly
excite gravity wavesdum < wpy); the leading perturba-
tions are related to entropy variatiodk /K. For stronger
turbulence M > 0.5), sound waves start to significantly e
contribute 0 2 wsv), passing the leading role to the
compressive pressure fluctuatiafiz/ P.

The thermodynamic fluctuations can be described by log-
normal distributions, with weak non-Gaussian deviations,
strengthening the role of the power spectrum.

e The other thermodynamic perturbationsgage andsT/T, o
derive from the dominant mode of the process: isobaric
(for g-waveglow M), adiabatic (forp—waveghigh M), or
a mixed state for intermediat®l. Conduction shifts the
perturbations towards the isothermal mode.

Synthetic X-ray images of velocity dispersion show that
the forthcomingAstro-H (and Atheng will be able to well
detect subsonic ICM turbulence. Using the broadening of
the Fe XXV line, the detectable turbulent broadening will
be > 200 km s?, i.e. Mip > 0.13 for massive clusters,
probing density perturbations of the order of a few per cent
and allowing to calibrate the linear relation. The projecte
velocity maps (line shift) highlight instead the power stbr

in the large-scale motions, constraining the injectioresca

¢ Inboth the regimes driven by or p-waves, the turbulent 1D
Mach number is comparable to the variance of the leading
perturbationsK or P), within order unity. E.g. foM < 0.25
flows, Mip ~ 6K/K ~ ydp/p. Quantitatively, all simula-
tions show dinear relation given by A, max= 2.3 A, max (at
L ~ 600 kpc), with a weak /2 scaling. We remark thatto ~ The analysis presented in this work shows the wealth of
convert between Fourier and real space the relation to appiformation that can be extracted from the ICM power spec-
is insteadM ~ 4 A, max (at L ~ 600 kpc). trum. For instance, Schuecker et al. (2004) retrieve in Coma

pressure fluctuations which are mildly adiabatic and tra€ela

e Turbulent motions with a tangential big&() < 0) mark the mogorov spectrum, in line with 8 ~ 0.4 turbulent flow. In
influence ofg-waves (lowM), while p-waves (highM) tend |Gaspari & Churazov 2013 (see also Churazov et al. 12012), we
to preserve isotropy or to induce a slightly radial bias. Moshowed that the density spectrum arising from dé€éandra
clusters show intermediate Mach numbers, hence we expadata of Coma is consistent with a similar level of turbulence
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(several 100s km-3), along with highly suppressed conduckim, K.-T., Kronberg, P. P., Dewdney, P. E., & Landecker, T1890, ApJ, 355,
tion (f ~ 10°%). [Sanders & Fabian (2012) found density fluc- 29

tuations € 8 per cent) having a cascade shallower than dep';‘ﬂ?\lrg‘gss' V., Churazov, E. M., Schekochihin, A. A., & Zukod. A. 2014,

moQorOV in AWM7 Clu_Ster’ |mply|ng_h|ghly SUppreSSEd Conduqf(onstandin, L., Girichidis, P., Federrath, C., & Klessen,R2012, ApJ, 761
tion andM < 0.18. Being able to quickly convert between ther- 149

modynamic properties and gas motions through a simplerlinéawal, G., Lazarian, A., & Beresnyak, A. 2007, ApJ, 658, 423

relation, or being able to assess the plasnfeusivity through Lau. E. T., Kravisov, A. V., & Nagai, D. 2009, ApJ, 705, 1129

. P Lufkin, E. A., Balbus, S. A., & Hawley, J. F. 1995, ApJ, 446952
the spectral slope or thi, /A, diagnostic, is a powerful tool fqr Markevitch, M. & Vikhiinin, A. 2007, Phys. Rep., 443, 1

both observational and theoretical study. The same aISE;’dﬂSI. Marsch, E. & Tu, C.-Y. 1990, J. Geophys. Res., 95, 11945
be extended to other gaseous halos, such as massive galagiesicDonald, M. & Veilleux, S. 2009, ApJ, 703, L172
groups. Although current constraints are in its embryotage, Miniati, . 2014, ApJ, 782, 21

we are beginning to understand the richness of informatimats Monin, A. S. & Yaglom, A. M._ 1975, Statistical fluid mechaniddechanics of
he ICM power spectrum can convey. Future studies and ob furbulence - Vol. 2 (Cambridge, Mass., MIT Press)
the p p Y. S¥Gai, D., Lau, E. T., Avestruz, C., Nelson, K., & Rudd, D. 1813, ApJ, 777,

vations (not only in the X-ray band, but also via SZ maps) ball 137
able to improve and exploit the full potential of the ICM paweNagai, D., Vikhlinin, A., & Kravtsov, A. V. 2007, ApJ, 655, 98
Spectrum, helplng usto probe the phySICS Of the gaseousjmedi\landra, K., Barret, D., Barcons, X., et al. 2013, arleaﬂlh’l3062307
with hiah precision Narayan, R. & Medvedev, M. V. 2001, ApJ, 562, L129
ghp ' Norman, M. L. & Bryan, G. L. 1999, in Lecture Notes in PhysiBsylin Springer
Verlag, Vol. 530, The Radio Galaxy Messier 87, ed. H.-J. R&3€. Meisen-
heimer, 106
Obukhov, A. M. 1949, zv. Akad. Nauk. SSSR, Ser. Geogr. Gesph, 58
. Padoan, P., Jones, B. J. T., & Nordlund, A. P. 1997, ApJ, 43@, 7
The FLASH code was in part developed by the DOE NNSAsanagoulia, E. K., Fabian, A. C., & Sanders, J. S. 2014, MNRISS, 2341
ASC OASCR Flash center at the University of Chicago. M.®lanck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2048Xiv:astro-
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