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ABSTRACT

Turbulence and conduction can dramaticalffeet the evolution of baryons in the universe. Current caisis are however rare
and highly uncertain, given the complex nonlinear dynamiesr a wide range of scales. Using 3D high-resolution hyginachic
simulations, we study the interplay of varying conductiol &urbulence in the hot intracluster medium, tracking lméctrons and
ions. We show how it is possible to exploit the power spectafithe gas density perturbations € 6p/p), to constrain conduction
and turbulence with high precision. Timermalization of the characteristic amplitude éfdetermines the strength of turbulence,
since it is linearly related to the turbulent Mach numb&(k);max = ¢ M (c = 0.25 for injection scale of 500 kpc). Trabope of As(K)
defines the level of diusion, dominated by conduction. In a non-conductive medisubsonic stirring motions generate a density
‘cascade’ which is nearly KolmogoroE{(k) « k5%). Instead, increasing conduction (with magnetic suppoast = 103 — 1)
progressively steepens the spectrum towards the shareBuwagime Es(K) « k=2). The slope is only weakly dependent on the Mach
number, becoming slightly shallower with increasidg The turbulent Prandtl number mainly defines the dynamidlaiity of the
flow, Py = Dyurb/Deond = teond/twrb. The thresholdP; < 100 indicates wherés(k) has a significantlecay, i.e. where conduction stifles
turbulent regeneration. The transition is gentle for sgrenppression of conductiof, < 103, while sharp in the opposite regime.
For strong conductivity f{ > 0.1), P, ~ 100 occurs on spatial scales larger than the injection stalibiting density perturbations
over the whole range of scales (by a factor of 2 - 4, from laogemall scales). Thé > 0.1 regime would be also strongly manifest
in the SB or residual images, in which Kelvin-Helmholtz and Rayleifylor rolls and filaments are washed out, preserving the
smooth and spherical shape of the cluster. In a stratifigdsysealistic perturbations are characterized by a maxtfimodes: weak
turbulence induces more isobaric fluctuations, strongulerite enhances the adiabatic mode, while conductionsdroth modes
towards the intermediate isothermal regime. Based on fhreskctions, we provide a simple and general model, whiapidied to
new very deepChandra observations of Coma cluster. The observed spectrum itedi@astrongly suppresseffextive conduction,

f ~ 1072, and mild subsonic turbulenc® ~ 0.45. The low conductivity corroborates the survival of shi@atures in the ICM (cold
fronts, filaments, bubbles), and implies that cooling flows aot be balanced by conduction, leaving AGN feedback adritier

of heating. The mild turbulenceE(,, ~ 0.11Ey,) is consistent with cosmological simulations and linedatening observations.
The increasing quality and sample size of future X-ray dathpnovide a key opportunity to exploit and perfect this nepectral
modelling, and, hopefully, to open the path to high-precighysics of the ICM, as done for the CMB.
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O 1. Introduction tion that the ICM is a static entity, both in theoretical artw o

. : . .. servational work. Only in recent time, few observationakis-
The mtrapluster ”.‘ed'“m plays cen_tral role in the evollu_tntbn tigations have started to focus on the perturbations in @é, |

.- baryons in the universe. The ICM is the hot plasma filling thes 1< 1o deegthandra or XMM data.[ Schuecker etlal. (2004)

2 grawtatlongil potent_lal of ga"?‘xy clusters, the largestalized found that at least10 percent of the total ICM pressureirf Coma

>< s?(rjuc.turis I?Ctl\k}le usrgvgge. Since mgst of the cluste:j_beufyen hot cluster is in turbulent form. The spectrum of pressurettiu

s side in the ICM 80 - 90 percent), this gaseous medium repreg;, g i the range 40 - 90 kpc, appears to be described bira Ko

(D 'sents the crucible out of which essential astrophysicatgires mogorov slope. Very recently, Churazov et al. (2012, 2018 — i
con_dense:_ It is often assu.m.e.d that the ICM settles. In hydﬁ}'ep.) have analyzed very déép observations of Comz;>(
static (_aqumbrlum after the initial cosmological colla® the kpc; §2.1). The characteristic amplitude of the relative-de
FhOtelgtll\;Tl' well of thlf (t:)llus(;er. H(_)wevte_tr, as atr_1y real/lgménrgz, sity fluctuations reaches 5- 10 percent, from small (30 kpc) t
b e IS a][err:j%r ak y dynamic (?Aneilz continuously p o large scales (500 kpc), again resembling the Kolmogoradtre
oy mergers, feedback processes (AGN, supernovae), galaxy @ jers & Fabian (2012) also studied derisitgssure perturba-
EOPS’ and COS?OIOQ'CaI accretion, all shaping a chaotittar tions in a cool-core cluster, AWM?7, finding an amplitude-cf
ulent atmosphere. : _ . ! -
~ Current X-ray observations hav_e in general hard t_imt_e_dete% rée‘)r;'c;nvz)llt:gziaclzlr g:i;%?;eiizrr)lzct(rgz.shﬁg%v; tgallsnryi?n 7999-
N9 surface_ bnghtness ($Bf_|uct_uat|ons, due fo the SlgnlflcantDolaa et al 2005; Nagai et/al. 2007; Lau ef al. 2009; Vazzal etz;
level of Poisson noise dominating on small scales (several t2009? 2011 Borgani & Kravtsoy 2011) indicate that subsonic
kpc for nearby clusters) and projection smearifig@s. This (fﬂ otic motions are ubiquitous, with turbulent pressuppsut
has lead, throughout the past decades, to the common assuft ﬁ{e range 5- 30 percent from, relaxed to merging clusrs.

* E-mail: mgaspari@mpa-garching.mpg.de the other hand, large-scale simulations have sevdfieudty in
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studying the details of perturbations, due to the limitesbhe- Scope of this work is to provide, for the first timeghobal

tion, the AMR derefinement, or SPH viscosity. From a theoratenstrain on the conductive and turbulent state of the IGM, i
ical point of view, little attention has thus been paid todsfng stead of relying on local features. This will be possibleleitp

the role of density perturbations, and in particular th@eisded ing the power spectrum of density perturbations. Afterisgtt
power spectrum, down to kpc scale. In idealized periodieispx the physical and numerical frameworK{82), we proceed step
Kim & Ryu (2005) showed that isothermal turbulence producexy step with controlled experimentg§ {§3), assessing fiestdole
Kolmogorov spectrum, progressively flattening with ingieg of turbulence (weak, moderate, strong), and then, gragirall
Mach number. Even in the presence of weak magnetic fields, tireasing the fective thermal conductivity. The three features
power spectrum seems to retain the Kolmogorov slope, &t leakthe power spectrum unveil each a crucial aspect of the ICM
in ideal MHD simulations|(Kowal et al. 2007). In multiphasestate. The normalization results to be linearly relatedheottr-
flows (e.g. the interstellar medium), thermal instabiligngrate bulent Mach number. The slope of the spectrum steepens from
a more complex nonlinear dynamics, inducing high smallesc&olmogorov to Burgers trend, with rising conductivity. Te-
density perturbations, still increasing witl (Kissmann et al. caycutdf of the spectrum is provided by a key recurrent thresh-
2008; Gazol & Kim 2010). old, teond/twurb < 100 (&3). In BY, we discuss important properties

In the current work, we intend to carefully study the powé?lf the models, and provide a simple model to assesgfféxive

spectrum (or better, the characteristic amplitude) of 3Bsitg conductivity and turbulence. We apply the prescription éwn

fluctuations, driven by turbulent motiong (82.3) in a redh very deep observations of Coma cluster, cons_training theahc
cluster. Coma (§le).yThis run will set the refe)rence mo\z?lg. state of the hot ICM. The results are summarizedin 85. In the

pay particular attention in modelling a realistic hot ICNgina, final Appendices, we compareftéirent methods to calculate the

following electrons and ions (2T[82.5), avoiding resivietas- spectrum, a_nd analyncally study tfseprofile in Fourier space.

sumptions on the equation of state (e.g. isothermality@alty- The Increasing qua!lty of future X-ray data wil prowde abi

drodynamics is however not enough to study a consistentiev F:fjomfn'%’ to (;)_(pr|]OI'[ and perfect this new modflangl,cal\l)uln@b-

tion of an astrophysical plasma as the ICM. The very high tenr Y to lead to high-precision measurements of the '

peratures £10% K), combined with the low electron densities

(~102 cm3), warn that thermal conduction may have a pr : ;

found impact in shaping density inhomogeneitid¢s (§2.4). 2. Physics & Numerics
The electron thermal conductivity of the ICM is a highly de#-1- nitial conditions: Coma galaxy cluster

bated topic in astrophysics, and currently poorly (or n@f)¢ Hot galaxy clusters are optimal systems to study tfieces of
strained. In the standard picture of a uniformly magnetiz@ermal conduction and turbulence, due to the fairly low ICM
plasma, classic Spitzer conduction (82.4) is suppressgEpe densities and the substantial level of dynamical activitine
dicular to theB-field lines (by a factorf < 107%%), due to elec- archetypal non-cool-core system is Coma cluster (Abel)65
tron scattering limited by the Larmor radius. However, tugsiven its proximity, brightness and flat X-ray core, it is i€
bulent plasmas develop tangled magnetic fields with chaoigdy density perturbatioris. Churazov étlal. (2012) resdehe
topology. According td_Rechester & Rosenbluth (1978) angharacteristic amplitude of density fluctuations in Connfr
Chandran & Cowley. (1998), afte30 times a random walk of jeepxMM andChandra observations, finding significant values
the B-field coherence lengths, an electron in the ICM could yp to 10 percent, while resolving scales of tens kpc. Togethe
be fully isotropized, leading to anffective isotropic suppres-yith the upcoming analysis (2013), these data grant us agi-exc
sion f ~ 107 — 10, still a substantially stifled conduc-jent observed object, in order to properly constrain theeegf
tive flux. INarayan & Medvedev (2001) and Chandran & Marofyrpulence and conduction in the ICM.
(2004) further argued that, in a turbulent plasma, fielddioan In this study, we adopt Coma cluster as fiducial astrophysica
be chaotically tangled even on scateks, possibly restoring the |aporatory, setting the density and temperature profilemticg
effective conductivity up td ~ 0.1 0.4 (the Spitzer value).  {o the most recerlXMM observations (Fig1). An excellent fit

Past investigations have mainly focused on the role of cdig-the radial electron density distribution is given by agins-
duction in balancing radiative losses. In order to preveet tmodel profile:
cooling catastrophe, the level of thermal conduction nexguio
be substantialf > 0.1, or even impossible for several observed r\? 2
clusters,f > 1 (Kim & Fabbianb 2003, Zakamska & Narayarle = Neo |1+ (r_) , (1)
2003; [ Voigt & Fabianl 2004). Simulations also confirm the ¢
inefficiency of conduction | (Dolag etal. 2004; Parrish et a|, . : _ 3 -3 : _
2009), requiring other heating mechanisms, as AGN feedb?\aégt%h’ ;in(;[r),alzd%ﬁ%tﬁfﬁ ;sb%ﬁjiqﬂ?nv}e'dﬁggigdtw: Cp?o%zties
I(3Cri2l;1r:r?t(i)\éel\t/lglthe2v8(s)c 2583? L Giiiékr(i)\évtsgll &;Oigfiganz;igg ftheﬂ-profile in Fourier space. The gas temperature is roughly
20I3a) or turbulent mixintj (Ruszkowski &Oh 'éoio’ 2011)mm-he-rmal in the core, dec_llmr.]g.at large radii as obsefoethe
Overall, observations lean towards highly suppressed wsnd gjority of clusters (€.g. Vikhiinin et &. 2006):

21-045
1+ (1) } , )

along with sharp temperature gradients linked to cold font _ T,
(Ettori & Fabian [2000;| Roediger etial. 2013; ZuHone et al.
2013), X-ray cavities, or cold filaments (e.g. Forman et al.
2007). However, these constraints do not provide tiiecéve whereTo = 8.5 keV andr; = 1.3 Mpc. The electron and ion
isotropic conductivity in théulk of the ICM; in fact, the mag- temperature (8215) are initially in equilibrium. The coméd
netic field lines tend to naturally align perpendicular te tam- property of high temperature and low density sets a perfect e
perature gradient in a turbulent medium_(Komarov €t al. #01¥ironment to study the role of conduction, as therméiuivity
hence preventing the heat exchange between sharp fronts. is « T2/?/ne (§2.2). In addition, radiative cooling is iffective

tion (f < 107%), given the ubiquitous presence of cool cores,
It
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oF T L ity, further corroborating the use of such resolutidn (B2Fhe
—F E total evolution time is typically 2 eddy turnover times, roughly
_° E 3 the statistical steady state after the turbulent cascadendary
= E ] zones have Dirichlet condition, with value given by the &rg
= ] scale radial profile. Inflow is prohibited, in order to avoiaya
= 0 S spurious wave altering the dynamics inside the domain.
I | | | | 2.2. Hydrodynamics
i S We use a modified version of the grid code FLASH4
SE . (Fryxell et al.. 2000) in order to integrate the 3D equatiofs o
= T 3 hydrodynamics for a 2 temperature (electron-idn; 182.5$pia,
g . F ] with the addition of turbulence[[§2.3) and electron theroual-
= oF E duction (§24):
a F ]
«f . 9p
T
opv
2| | W+V'(PV®V)+VP=,OQ + pastir (4)
E L
© - -
> o«
- . 0
£ 2F E g;ta‘*'v'(PQV)‘*'PiV'V:P%—e (5)
< 5
—'o 111 H‘ Il L1l \‘ L1l \‘
~  0.01 0.1 1 dpee
I‘/I‘5uc| 7 +V. (peeV) + PeV V= p?‘(e_| -V Fcond (6)
Fig. 1. Initial conditions for our reference hot galaxy cluster,nGo
From top to bottom panel: electron temperature, numberityeasd
entropy K = Te/n2?). The radius is normalized to, ~ 1.4 Mpc. Prot = (¥ = 1) p(& + &) (7)
We extracted the red data points from recent d&®{M observations, . . . o
reaching~ 0.5 rsoo (Lyskova et al. 2013, in prep.). wherep is the gas density the velocity,e ande. the specific

internal energy of ions and electrof®; the total pressure (ions

and electrons)y = 5/3 the adiabatic index. The mean atomic

weight of electrons and ions j§ ~ 1.32, ue ~ 1.16, providing
sinceteoo ~ 2.5t4. The simulated system is initialized in hy-a total gasu ~ 0.62, appropriate for a totally ionized plasma
drostatic equilibrium. The gas temperature and densionetib  with ~25% He in mass. The atomic weight determines also the
retrieve the gravitational acceleration (dominated bykdaat- specific (isochoric) heat capacity = ks/[(y — 1) umy].

ter). The resulting potential is appropriate for a massluster In order to integrate the hyperbolic part of the hydrodynam-
in the ACDM universe, with virial masd;; ~ 10°M, and ics equations, we use a robust third order reconstructioerse
Ivir ~ 2.9 Mpc (rsp0 ~ 1.4 Mpc). (PPM) in the framework of the unsplit flux formulation with-hy

Since deep observations of density perturbations reachbtitl Riemann solver (Lee & Deane 2009). Albeit computation-
most Q5rsg0 (Fig. [d), we adopt a 3D box with a diagonal oflly expensive, this setup keeps at minimum the numeri¢al-di
~2.4 Mpc. As turbulence is volume filling and since we are irsivity. We tested dferent Riemann solvers (e.g. HLLC, ROE),
terested in the power spectrum, the best numerical appiisachharacteristic slope limiters (Min-Mod, Van Leer, Toro)yda
to use a fixed grid, without adaptive refinement. In fact,eéhsr other parameters (e.g. CFL number, interpolation ordeneyT
no trivial AMR criterium to apply due to the uniformly chaoti give comparable results, although we note that lower oreler r
dynamics. Moreover, when the cube is de-refined by more thegnstruction schemes (e.g. MUSCL) are mofféudive and thus
50 percent, we found that that the density spectrum has a glgincate the turbulent cascade on roughly two times laigaes
nificant decrease in power towards the small scales (produci
a mock dffusivity), by over a factor of 2. Based on these test
we warn that using large-scale (cosmological) simulatiwitls
likely steepen the slope of power spectra (density, vefpeit.). Continuous injection of turbulence is modelled with a spalct
Albeit computationally challenging, we thus run all the retsd forcing scheme that generates statistically stationatgcity
with fixed grid and high resolution of 53Zconsidering the im- fields (Eswaran & Pope 1988; Fisher etlal. 2008: Gaspari et al.
plemented physics). We tested also 2B6ns, finding a very [2013b). This scheme is based on an Ornstein-Uhlenbeck (OU)
similar evolution and spectrum, though with double diségga random process, analogous to Brownian motion in a viscous
scale. The simulations are thus in the convergence limit. medium. The driven acceleration field is time-correlateith w

The resolution idAx ~ 2.6 kpc, i.e. roughly on the scale of thezero mean and constant root mean square, an importantdeatur
(unmagnetized) plasma mean free path. Going below thig scfalr modelling realistic driving forces. In the OU procedset
would formally require a kinetic approach. This also medwas t value of the gas acceleration at previous timestedecays by
numerical viscosity is on the scale of the physical Spitisras- an exponential damping factér= exp( At/rq), wherery is the

2'3. Turbulence driving
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correlationtime. Simultaneously, a new Gaussian-digtedac- equations are intrinsically hyperbolic. We define theetive
celeration with variancerg1 = € /14 is added as turbulent difusivity as

D = Coy | (10)
af = faly +0a 1= f2G", 8 . ,

The transport of heat due to turbulenffdsion can be written as
whereG" is the Gaussian random variabé,is the specific en- _
ergy input rate, andgjirl is the updated acceleration. The six amY “Fix = =V (DurpTVS), (11)

plitudes of the acceleration (3 real and 3 imaginary) arév@e \yheres = ¢, In(P/p?) is the entropy. We remark that turbulence
in Fourier space and then directly converted to physicat&pagifyses entropy, while seeding perturbations in density ame te
In this approach, turbulence can be driven by stirring the dgerature. In our analysis and discussion, we assumgisiin

on large scales and letting it cascade to smaller scales 'gh'constantt = 1, butin real plasmas this uncertain value could be

an dficient approach as the alternative would involve executing,h |ower (Dennis & Chandran 2005 and references therein).
FFTs for the entire range of scales, where the vast majofity o )

modes would have small amplitudes. Since ICM turbulence is

always subsonic, we impose a divergence-free conditiorcen &.4. Thermal conduction

celeration, through a Helmholtz decomposition in Founerce.
The physical quantity of interest is the resultant 3D tu

bulent velocity dispersiong,, which drives the ICM dy-

namics.  The driving of turbulence is intentionally kepy.fF.,,g= -V (xVTe), (12)

simple as our goal is not to consider any specific stirring

source, but to keep the calculation fairly general. For eXhe thermal conductivity can be written as (Spitzer 1962;

ample, the (combined) sources of turbulence may be mzfoowie & McKee 19717)

or minor mergers, galaxy motions, AGN feedback or super- 52

novae. Observations (Schuecker etal. 2004; Churazov etal, , 1.84x107°Tg

2008; de Plaa et al. 2012; Sanders & Fabian 2013) and simula- In Agi

tions (Norman & Bryan 1999; Lau etlal. 2009; Vazza et al. 2009,

2017; Gaspari et al. 2012b; Borgani & Kravtsov 2011 for a rédhere InAei = 37.8 + In[(Te/10% K) (ne/1072 cm®)~Y/?] is the

view) show that ICM turbulent energies are in the range fewCoulomb logarithm (the ratio of the largest to smallest iotpa

30 percent of the thermal energy, from very relaxed to mergifarameter; e.g. Voigt & Fabian 2004), ah@ the magnetic sup-

clusters. pression factor (described below). The previous conditgtile-
We test therefore three regimes of ICM turbulence, wedkes from the more significant expression

(M ~ 0.25), mild (M ~ 0.5), and strong ~ 0.75), correspond-

ing to a ratio of turbulent to thermal energy of 3.5, 14 and é‘f (076 ncka) Aeve. (14)

percent Eq = OEGMZEth)- This is achieved by adngtinggthewhich points out that the characteristic length scale arekdp
energy per modke" and correlation timeq (€ ~ 5x107°-10" 4 conduction is the electron mean free paghe 10°T2/ne and
cn? s~3 and 200 Myr, respec.tlvely). As long asﬂ@élrer!t chou;es the electron thermal speegd= (3ks Te/me)Y/2, respectively. An-
of the;e parameters result_ in the same veloc!ty dispersih@n, oiher important quantity is the isochoricfiisivity (cn? s1),
dynamics of the f|QW remains _uﬁqcted. We stir the gas only yefined aDsp = /Cyep = k/1.5Neks = 0.5 vple.
on large scales,/wnh typical injection pelk~ 600 kpc (in the The intracluster plasma is likely magnetized. Although the
last set of rund’ ~ 300 kpc), Ietplng turbqlence to r_1aturally|CM magnetic field, on the order qfG, appears dynamically
cascade. This allows us to exploit the entire dynamic rarige,gimportant compared to the thermal pressure, electrods an
our box (512) and to better appreciate théfect of conduction, jons are anchored to the-field lines. The gyroradius or Lar-
without being strongly fiected by numerical dusion. Notice o radius is many orders of magnitude lower than the Coulomb
that in fewteqqy, large-scale turbulence is not able to eject a SURyean free path, hence the charged particles Gactevely dif-
stantial amount of mass outside the box. Since turbulen@ps f,se only along th@-field lines. On scales larger than tBdield
subsonic, dissipational heating, which is proportionat}pL, is  coherence length, the average suppression due to anisotrop
secondary. Turbulent ffusion can insteadectively flatten the conduction can be parametrized with the so-callesuppres-
global entropy gradient, especially in the non-condudtives.  sion factor. Just considering geometricéieets, f should be
We are nevertheless interested in the relative variatibap fp, ~1/3, as confirmed by MHD simulation$ (Ruszkowski & Oh
removing the underlying profile. . . 2010). However, microscopicffects and plasma instabilities
The characteristic time of turbulence is defined by the eddyn severely suppress the conductive flux dowrf te 103
turnover time at a given physical scdlée.g. Fig.[8, magenta (Rechester & Rosenbluth 1978; Chandran & CoWley 1998). On
line). Extrapolating from the injection scale via the Kolguwov  the other hand, Narayan & Medvetev (2001) argue that in a

In ionized plasmas such as the ICM, electrons conduct iatern
E’nergy with a heating rate per unit volume given by

[ergstKtem™, (13)

scaling ¢, = o, inj (I/L)"?), yields chaotic and tangled magnetic field, conduction may be restor
to f ~ 0.2 (see also[81). Therefore, in our study we experi-

I L N ﬁ |2/3 ) ment with a wide range of values, ranging from the strongly

turb = Toinj to weakly suppressed regimé,~ 103 — 1. Since our scales

of interest are larger than the typidal(e.g. Kim et all 1990), it
Finally, we note turbulence can be expressed asfasibn pro- is not necessary to use MHD. Moreover, only fully kinetic 3D
cess acting on entropy onfligiently large scales; |, albeit the Simulations, solving the Vlasov equations, could reallyede
mine the &ective suppression factor due to MHD instabilities,
! Via simple dimensional analysis (Ruszkowski & Oh 2016), « as firhose, mirror, etcl (Schekochihin & Cowley 2007), whih
(N L e)¥3; the number of modes is typically < 1000. out of reach for the current computing power.
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Deep observations (elg. Markevitch & Vikhlinin 2007) findjiven by
sharp contact discontinuities in the ICM, leading to the Cve Cve
conclusion that conduction should be severely suppres$dde = t—’_(Te—Ti), Hei = T(Ti - To), (17)
(Ettori & Fabian | 2000).  Simulations of sloshing motions €l €l
(e.g.lZuHone et al. 2013) show indeed that the magnetic fisidhere we choose the widely used Spitzer electron-ion duaili
remains perfectly perpendicular to the temperature gnadie tion time for a fully ionized plasma (Hula 2009):
natural outcome of the frozen-in property; Komarov et all20 22 52
leading to a strong suppression of the conductive flux. lois i _ 3kg”  (MTe+meTi) (18)
clear however what is theffective global conductivity of the 8V2r et (Mem)¥2n; InAgi’

ICM, which we intend to constrain with our method based on S . 32
density perturbations. The equilibration time is dominated by (mTe)¥2. Therefore,

Since the conductive flux depends also on the temperatlft&yStems with characteristic temperat@é keV (and dense
gradient, electrons may conduct heat much faster thanttiesir €0res), the equilibration time is comgga/rzable or less tharuth
mal velocity in an unphysical way. This happens wheneveyPPressed conduction timescale T->%), even on few kpc,
the temperature scale height is smaller than the electranméi < 1 Myr. Neglecting equilibration in the strongly conductive

free path,lr = T/IVT| < A In this regime, the conduc-"UNS; the_ ions would be forced to be qqickly isoth(_ermal, xdu
tive flux saturates at a value given By (Cowie & McKee 197179 Spurious features. In the more realistic evolutionbalent
Balbus & McKeé 1982) motions displace th_e ions before havmg_t|me_ to fully edudie

with electrons, leading to a gentler equilibration.
Feat= — @ Neka Te e SQNVT), (15) The heat exchange is implemented in the code as an operator-

split source term, updating the specific internal energibs.
wherea is an uncertainty factor representing microscopic pr¢assing, we note that the modelling of a two temperature (2T)
cesses in the magnetized plasma (as instabilities). Foltpthe medium is a key feature used in laser or high-energy physics
indication of/ Balbus[(1986) based on plasma experiments, @igwlations. To our knowledge, this is the first attempt tdude
seta ~ 0.1, although the exact value has no great impact &®T prescription with ion-electron equilibration in agthysical
the dynamics. Saturation changes the nature of the egsati@imulations studying ICM turbulence and conduction.
from parabolic to hyperbolic, yet we can define dieetive dif-
fusivity of the formDgy = |[VT/Fsaf- Numerically, saturation
is implemented via a smooth flux limiter on thefdsion codfi-
cient: D¢ong = (D§§+ D;2)~2. We tested other types of limiters,Viscosity may in principle not be neglected when conductipn
as harmonic or mifmax, without finding relevant ffierences. erates, since both transport processes are intimatelyecteuh
Saturation is only relevant in the unsuppressed regimé,twit- On the microscopic scale, and both suppressed or not by the
ically less than 10 percent of zones saturated, while niedgig magnetic field topology and instabilities. In the presentkyo

2.6. Viscosity

for f < 0.1 models. we do not implement a direct physical viscosity, yet we point
The final difusivity is important to determine the characterout two important arguments. Since viscosity is the trartspio
istic imescale of conduction (see Fig. 8, black line): momentum due tdons, while the conductive flux is associated
with electrons, viscous stresses are slower by at least Ide&t®
12 of magnitude compared with conduction (thermak ve/43),
teond = Deond (16)  and should thus have a secondary role in damping density per-

turbations. Further, we choose numerical resolution torbhe
In order to integrate the flusion equation, we initially used scale of the ion mean free pathi (= 1c); the flow velocity is

an explicit flux-based scheme. However, the computatiémal t also comparable to the characteristic velocity of visgogtie
becomes prohibitive since it is strongly limited by Eq] - ion thermal speed. This implies that numericatusivity ap-
ing to integrate only few 100 Myr. It is thus essential to adogproximately reflects Spitzer viscousftision ¢ 4; vi), within a
the (unsplit) implicit solver, allowing for a fast yet acete ex- factor of a few (the unsuppressed dynamic viscosity in Cama i
ecution. The solverfciently uses the HYPRE linear algebrauisc = 7.1x 108 TJ/2 g cnrt s°%; cf.[Reynolds et al. 2005). Lim-
package to solve the filiision equation linked to electron therdting resolution can thus result in a more physical pictuneler
mal conduction (cf. FLASH4 guide for numerical details andertain conditions. In[83, we show that even substantialfy s
validation tests, as the Delta problem, which we succdgsfupressed conduction can be more significant than (numevisal)
tested). The associated boundaries are set in outflow of zerosity. In future, we intend to experiment with a varying phy
gradient mode. cal viscosity, implementing fierent suppression factors for both

conduction and viscous stresses.

2.5. 2T plasma: electron - ion equilibration

. . . L . 2.7. Power spectrum of density perturbations
In astrophysical simulations, it is widely assumed that the P P

plasma has one single temperature, T~ T;. However, this In order to dissect how the density perturbations diected by
approximation is only good for a relatively cold medium. Foturbulence and conduction, we shall use the charactedstic
hot clusters, especially non-cool-core systems as Coraapth plitude, instead of the power spectrii#(k) (or energy spectrum
electron equilibration time due to Coulomb collisions i$ neg- E(K)), which we define as

ligible, tej > 50 Myr. Since conduction operates on the Myr scale
andonly on electrons, it is important to model the hot plasmA(K) = VP(K) 4rk® = VEK k (19)
with a higher level of accuracy, following the evolution ladth _ ) )
the electron and ion temperature (or internal energy;[E@). 5-Wherek = (kg + k} + kZ (we typically usd = 1/kin kpc units).
The heat exchange rate (ergsbetween ions and electrons isThe characteristic amplitude is insightful, since the siaite the
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same of the variable in real space. Since we are interestaé in
relative perturbations of densit§,= 6p/p, A(K)s represents the
typical level of fluctuations at a given scate The maximum
of A(K)s provides an excellent estimate for the total amount of
perturbations, which can be exactly computed integratirey o
the whole range of scales.

We retrieve the relative density perturbatiahdividing p
by the background profil&, = p/on — 1. For each snapshot, we
execute a best-fitting routine to compute the new underlging
profile (e.g. strong turbulent filusion can lower the central den-
sity by a factor of 2 over few Gyr), minimizing the deviatioa-b
tween the data and the model. We note thaptpeofile removal
affects only the spectrum on very large scales. In princi(k)s
could be studied even without removing the backgroundgsinc
perturbations start to dominate on larigeln AppendixB, we
show the analytic conversion of tieprofile to Fourier space,
and discuss the behaviour of its power spectrum with thersupe
position of a power-law noise.

After obtaining thes field, the power spectrum dfis finally
computed with the ‘Mexican Hat' filtering (Arévalo et/al. 22)1
instead of performing fast Fourier transforms (FFTs), \Whian

characteristic amplitude of dp/p

Alk), :

0.100 |

0.010 |

0.001

T
Mach ~ 0.25

Alk) E(R)

1000

100
scale [kpc]

10

lead to spurious features due to the non-periodicity of tve b
Technical details and the comparison test are provided in A

pendixA ig. 2.  Characteristic amplitude afo/p, A(k)s = +/P(K)s 47k3, for
) the models with weak turbulendd ~ 0.25 and varying conduction,
after reaching statistical steady state (eqqy) With the same level of

3. Results continuous stirring. The driving is initiated only aboveO3&pc. From

top to bottom curve (black to bright red), the suppressiocooiduction
We now describe the results of the simulated models, incluef = 0, 103, 102, 10°%, 1. First column of TablE]l summarizes the
ing the previously described physics and methoflk (82). We key properties. Strong conduction globally danagzerturbations by a
mind that the main goal of the present investigation is to uffctor of 2-4, substantially steepening the spectrum apedrtieg from
derstand the role of turbulen@ad conduction in shaping the the Kolmogorov slope of the no-conduction run. Weak coriducis
power spectrum of density perturbationgk); (§2.17; we defer able to induce the steep decay only near the scale link&d-+0100.
to future work the study of other statistics, as PDFs andgire
functions). We are interested in the characteristic levélogp
perturbations driven in the ICM, the slope of the spectrum, Rad to the same:. h - I :
: : : :, hence to a similar qualitative dynamics and
well as any evident decline (or cdtp Table[l summarizes the ¢ f densit turbati & 3.2[anH 3.4
key retrieved properties and serves as a guide for the asalfys power spectrum of density perturbations ( B 4).
A(K)s. The controlled series of numerical experiments allows us
to construct a robust and simple model, which will be appieed 3 1. Weak turbulence: M ~ 0.25
a key observational case, i.e. Coma cluster, in order totins
the conductive and turbulent state of the real ICM (84). The first set of models implements a low level of stir-
A key quantity for describing the evolution of perturbatonring, with typical mass-weighted Mach numbev ~0.25
is the ratio of the conduction and turbulence timescale[@&mnd (~370km s1). Observations and simulations suggest in fact that
[16), which normalized to reference values of the unsuppmsgurbulence in the ICM typically remains subsonic (Nagailet a
conductive run results to be 2007 Vazza et al. 20111; Gaspari et al. 201.2b; Sanders & Fabia
2013). The turbulent energy is3.5 percent of the total ther-
mal energy,Ewmp =~ 0.5y(y — 1) M?Ey, ~ 0.56 M?Ey,. In the
current modelsteqay = L/, ~ 1.6 Gyr. Dissipational heating
) ) ) o is thus negligible. We always analyze the system as soon as it
We do not consider saturated conduction for this estimatees establishes statistical steady state, i.e. af@fqqy
the temperature gradientis not steep for the majority oz tres In the purely hydrodynamic rurf (= 0, i.e. no conduction or
(the interpolateeona Shall be used in this case for higher acp, _, o) the driven stirring motions generate a turbulent cascade
curacy, §2.4). This key timescale ratio can be also seenesifiithe gp/p power spectrum analogous to that of the turbulent
Prandtl numberapplied to turbulence, instead of to therkat€  ye|ocities. The characteristic amplitude shows the tylpigeac-
viscosity, which we define as tion peak at lowk (I ~ 600 kpc), followed by the inertial range
Dun  12/Deond  teond and the final s_te_epening due to dis_sipatio_n (Elg. 2, b_Iaaéx)Jin
"Dt The charz_;\cterlstlc level of perturbatlons,.glven by themnm
Deond /Db turp of A(K)s, is 6.5 percent (6.7 percent using FFTs). An impor-
where the thermal and turbulentfidisivities are provided in tant result is that the inertial range of the density pewdtidns
§2.312.4. The reference value is usually taken at the iigject is remarkably similar to the Kolmogorov slopa(k); o k™1/3
scale,l = L. Remarkably, the qualitative evolution of a veryor E(k) o« k=>3), slightly flattening towards the injection scale.
complex nonlinear dynamics can be approximately prediged Stratification has overall a secondary impactéofsee the dis-
the dominant timescale ratio (or dimensionless numberdisee cussionin E4]1). Dissipation via numerical viscosity (ritking
cussion in B411). For instance fidirent values of andM can Spitzer viscosity; [§216) becomes substantial below 5 - 6lves

teond . 43 [0' 5,370 Ne,0.004 (20)

t o tlss0 | 7173 52
turb Leso T2 Te,8

P = (21)
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Table 1. Key properties ofA;(k) for the simulated models: normalization (maximum), slaped scale of significant decay.

Mach~ 0.25 Mach~0.5 Mach~0.75 Mach~0.25,L/2
As(K) normalization
f =0 (hydro) 6.4% 11.7% 18.8% 5.3%
f=103 6.4% 11.7% 18.8% 5.1%
f =107 6.0% 11.3% 18.6% 4.8%
f=10" 4.6% 10.0% 16.8% 3.5%
f=1 3.2% 9.1% 15.4% 3.3%
As(K) slop€'
f =0 (hydro) -1/3 -1/5 -1/5 -1/5
f=103 Y3 b12 cys b2 cy5bo12 -1/2
f =107 -1/2 -»P-4/5 -3 P12 -1/35P-172 -1/2
f=10" -2/3 -4/9 -4/9 -4/9
f=1 -1/2 -4/9 -4/9 -4/9
As(k) decay
f = 0 (hydro) X X X X
f=103 100 kpc 60 kpc 45 kpc 60 kpc
f =102 ~L 330 kpc 240 kpc ~L =L/2
f=10" > LP > LP > LP > L
f=1 > LP > LP > LP > L

Notes. @ The energy and power spectrum slopes are retrieved thrEggh = A(k)2k* and P(K); o« A(K)2k=S. For instance, thé\(k)s slopes
-1/3 and -¥2 correspond to the classic Kolmogorov and Burgers eneapesl-33 and -2, commonly observed for the velocity energy spectrum
® Models with strong conductionf( 0.1) produce a suppression &fperturbations over the whole range of scales, inducing aedee in
normalization. TheA(k); decay occurs ned; ~ 100. Notice that the decay it a sharp cutff, due to the continuous turbulent regeneration.
This is characterized by an exponentially changing slogeeeially in the models with < 102 (denoted with the- symbol).

tion elements. Notice that current observations are lighite ates on all scales, while turbulence is not able to conglgtest

scales~30 kpc due to a combination of Poisson noise and prgenerate perturbations. Considering the dimensionlelsslent

jection dfects (Fig[®), which are well resolved by the currerRrandtl number (Eq._21), at the injection scRle~ 1 (Fig.[8).

simulations. The dynamics is driven by key hydrodynamieal i Albeit thermal difusion is a small-scale proced®; (x 1), it is

stabilities, as Kelvin-Helmholtz (K-H) and Rayleigh-TaylR- ubiquitous and quick enough tdheiently stifle the full turbu-

T), inducing the characteristic rolls, curls, and edgesdthld lent cascade in the whole cluster.

(Fig.[3) and SR maps (Fig[4, top). .
. . .. Thedp/p maps of the strongly conductive runs (Hig. 3, bot-

Overdense and underdense regions are associated with o )
mixture of isobaric and adiabatic pgrturbations, which we a&on’?‘) clearly show the absence of significant density peaurb

alyze in §4.2. With weak stirring the former dominates, whiltlons' especially on small scales, far away from the ingect

. . le. Since turbulentfiiusion is severely inhibited, the clus-
strong turbulence enhancgs the adiabatic mode _(analogou ecfstrongly retains the initial spherical symmetry andabplro-
pressure waves). Unlike in the strongly conductive runs, t

entropy gradient becomes progressively shallower, imdyei iles, as indicated by the X-ray surface brightness map inreig

. , bottom row). Only the electron temperature is able to bexo
lower central density (30 percent) and higher temperatiife ( .
percent). The trangp(ort gf heat)due to ?urbulerifﬁdion i uickly isothermal both locally and globally; due to the non

o« DyunpVs (Eq.[11). Therefore, turbulence seeds perturbatioﬂ gligible ion-electron equilibration delay50 Myr (§2.3), the

. ; sione - “lon temperature has insteadfitiulty in becoming fully isother-
in density and temperature, whilefidising entropy. Conduction : o
diffuses %/nstead te%peratmm density f?uctuatiF?;]s. mal asTe. The discrepancy is in the rangee(- Ti)/Ti ~ 1 - 15

i ercent, from the inner to external radial shells (in pafttc
In the next experiment, we enable electron thermal condLgce-

. . ) ndrc, where th reasin nsities incr he | ing;
tion. We start analyzing the unmagnetized case: (1), though f.ygozilj)? In thee?)[t)p?)gteecrggfmeg, ?hee Fs)fjﬁes'y tSrgﬁlseitt 'Smé}é]g g
even in the unsuppressed regime, conc_iuctlon can be limyted ), orous filaments and depressions in density. In thei®B
the saturated flux (electrons can noffdse at a Speed vine;  age (top row), the perturbations are partially veiled bylie of
§2.4). The_ overall dynamlcs angk); is howeyer notfiected by sight integration; the ideal location to observe pertudvetis at
saturation; the fractlon of saturated ZONes 1S less tharefdept r 2 re, where removing the underlying profile is in principle not
(becomings 1inthef = 0.1 run). The discrepancy betweerhecessary (see AppendiX B).
the purely turbulent and the conductive run is evident indive-
sity perturbations (Fid.]2, red line), allowing to put aitl con- We apply now a suppression factor of 10 on thermal con-
straints on the physical properties of the ICM. Three ar&k#éye duction. The regimd ~ 0.1 — 0.3 is widely adopted in astro-
modifications imparted by conduction. First, density pdrés  physical studies (e.g. Voigt & Fabian 2004; Dennis & Chandra
tions are significantly damped over the whole range, by afacR005;| Ruszkowski & Ch 2010, 2011). If the medium is mag-
of 4 on small scales to a factor of 2 on large scales, where thetized, conduction occurs only along the magnetic fielddjn
peak of perturbations reaches 3.5 percent. Second, the afep inducing a suppression of at leagbs’d) = 1/3, assuming a
ter the injection hump is considerably steeper than Kolmoago suficiently tangled field on small scalegié the angle between
following the Burgers spectruki /2 (E(K) «« k=2). Third, there the B field and theT gradient).| Narayan & Medvedev (2001)
is no evident cutff, meaning that conductiorfiiciently oper- also argued that chaotic magnetic field fluctuations overdwo
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Fig. 3. Mid-plane cuts obp/p for the models withM ~ 0.25. From
top to bottom:f = 0, 1073, 1072, 107! (the latter very similar tdf = 1
run). The color coding is blue> white — red: -40%— 0% — 40%.
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700

more decades in wavevector can sustain high levels of cenduc
tion, f ~ 0.2.

As shown in Figurél2, the characteristic amplitude foe
0.1 is similar to the unsuppressed case. This is a key result,
telling us that density perturbations are suppressed désgss of
commonly adopted suppression factofs 0.1). Observations
could hence put strong limits on the suppresdiphased on the
steepness ayal normalization ofA(k)s spectrum (&4). Com-
pared withf = 1 model, the density fluctuations increase by a
factor of 0.3 on large scales, while small perturbation®tsmi-
lar power. The absence of a dramatic decline is mainly dussto t
fact that on small scales the sound crossing time becomategre
than the conduction time (e.g. Fid. 8), hence the tiny bubbte
not have time to find a new pressure equilibrium. Besidesailob
diffusion, strong conduction can thus promote minor stirring
motions on small scales, preventing an abrupt deca#(ky;s.
In this run, the spectrum slope in the inertial regime is stee
A(K)s <« k=?/3, significantly diferent from the no-conduction run.
Radial profiles and SBmaps (Fig[#, bottom) are very similar
to thef = 1 model, retaining their initial spherical morphology.
The P, number is roughly 10 at the injection scale. Albeit turbu-
lent regeneration starts to be moiféeetive on large scales, the
key P; threshold appears to be an order of magnitude higher.

We suppress further the conductive flux bfy =
1072, a value advocated by several plasma physics theories
(e.g.Rechester & Rosenbllith 1978; Chandran & Cawley|1998).
The Prandtl number is 100 at the injection scale: turbuleace
now restore part of the perturbations, though only rnegthe
normalization rises again te6 percent). This marked discrep-
ancy between large and small scales induces a remarkably ste
slope,A(K)s o« k-4/° (E(K) o« k=2®), which should emerge in ob-
served data in a clear way, if~ 1072 is the conductive regime
of the ICM. Thesp/p map (Fig[3B, third panel) visualizes well
the regeneration of turbulent eddies on large scales, wihde
small-scale flow remains considerably smooth, as corrabdra
by the SB map (Fig[4, third row). Since this model shows a
clear cutdf, it represents the cleanest case to retrieve the key
threshold for the suppressi@mhancement of density perturba-
tions, which we find to bé&; ~ 100. This is not a strict demar-
cation line, but rather a transition layer.

Only when conduction is substantially suppresded,10-3
(the typically lowest suppression factor adopted in thesjrithe
turbulent cascade is significantly restored, generatiegsdime
peak and density spectrum down+td /2. Since thermal dif-
fusion is too week, Kelvin-Helmholtz rolls and Rayleighylar
instabilities can develop again over a large range, defittieg
entire flow dynamics (Fid.]3) and perturbing the X-ray sugfac
brightness (Figl]4, second row). Turbulenffdsion is able to
efficiently mix the entropy profile, again lowerifigcreasing the
central densitffemperature (the discrepancy betwd@grand T;
is nows 1 percent; [§411). Conduction cafiect only the scales
smaller than 100 kpc, creating a gentle exponential deer@as
the logarithmicA(k)s. The suppression af reaches a factor of
2 near 30 kpc. Notice how conduction still dominates the dif-
fusivity, overcoming (numerical) viscosity. When turboiee-
generation is ficient, it is not trivial to define an exact cufo
Nevertheless, the threshdid ~ 100 ( ~ 100 kpc) appears a ro-
bust criterium: at that scale we see the beginning of a sntigta
decay of the density spectrum (changing slopki¢).

3.2. Mild turbulence: M ~ 0.5

We now increase the level of turbulent motions by a factor of
two, M ~ 0.5 (o, ~ 750 km s?). Turbulent energy is thus14
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Fig. 4. X-ray surface brightness for the models with wedk ¢ 0.25; left), mild (M ~ 0.5; middle), and strong turbulenc®i(~ 0.75; right).
From top to bottom:f = 0, 1073, 102, 10 (f = 1 maps are similar to the latter images). The color codindasko- blue - pale green, in the
range 107 - 4x 1075 erg s* cm2. Conduction prevents the development of the full turbutarsicade, especially ff > 0.1. K-H and R-T rolls and
filaments are thus suppressed, and the cluster retainshibaceg, smooth shape. Strong turbulence is instead akleftom the cluster, flattening

the entropy profile and inducing a fainter (more rarefiedgc®erturbations are best observed atr., or over the whole cluster 1 > O.g. I
page 9 0



We proceed testing thermal conduction, starting from the
] highest suppression factor. As before, wHes 1073, a gentle
Mach ~ 0.5 : exponential cutfi develops. The Prandtl number000 at the
injection scale (twice the previous models, sifjex M), sig-
nalling that turbulent regeneration is extremelyaent, as high-
lighted by the ‘filamentary’ SBimage (Fig[#, second column);
the dynamicsis dominated by K-H and R-T instabilities, at@
previous case. We see a significant decline in density fetur
tions only at scales below60 kpc, i.e.P; ~ 100. This threshold
appears again a robust indicator for the suppression ofitslens
inhomogeneities. WheR; < 100, the slope steepens down from
almost Kolmogorov to Burgers spectrud(k)s o« k™2). We
might think that theA(k)s threshold and slope could be linked
to the injection scale. However, as also shown by the models
in §3.4, both features are independent.gbecause shaped by
specific physical parameters of the plasma conductivity.
The dfects of conduction can be best appreciated when
f = 1072, Using the key thresholB, ~ 100, we predict a sharp
0001 L Lo L L decline around-330 kpc, and indeed we see the Burgers spec-
1000 100 10 trum (k'/?) appearing on this large scale. The suppression of
scale [kpc] 6 on small scales is a factor of 3, while near the injectionescal
turbulent regeneration is unhindere{K); ~ 11 percent). The

. - . SB; maps also reveal that only the large filaments, edges, and
Fig. 5. Characteristic amplitude @p/p, A(K); = YP(K); 4riC, for the o)1 4 re retained in this conductive regime. Assuming @dec
models with mild turbulencé/ ~ 0.5 and varying conduction. From

top to bottom curve (black to bright redy: = 0, 102, 102, 10°%, 1. €XPOSUre, X-ray imaging will thus help to assess the roleaf c
The level of density perturbations is linearly related te Mach num- duction and turbulence in the ICM.
ber,s ~ A(K)smax = 1/4 M. Strong conduction globally damps perturba- ~ Restoring the conductive flux to strong levefs{ 0.1 -1,
tions by a factor of 2 - 3, steepening the spectrum towarkisl/? (from i.e. Py ~ 20— 2 atL) promotes a global suppression&fby a
slightly shallower than Kolmogorov in thé=0 run). In the weakly factor of~2 -3, from large to small scales (FIg. 5, red lines; the
conductive regime, the threshold fa¢k); decay is agaifP, ~ 100. maxima ofA(k); show less separation compared with the mod-
els with weak turbulence). The slope is slightly shalloweart
Burgers spectrumA(kK) o« k™#/° (although turbulence has now
twice more strength). As in(&3.1, strong conduction canedriv
small-scale stirring, due to the fast conduction timesoaligtive
ICM observations and cosmological simulations. The charac (0 the gason sound speed (Figuiié 8). These models confirm that
istic eddy turnover time ifsgay ~ 0.8 Gyr. whenP; < 20 (f > O_.l) the_ d_ensny perturbations are strongly
) ) o suppressed, producing a simikfk)s and smootfspherical SB
Figureld shows that the overall behaviourAgK)s is similar - maps (Figl#), regardless of the exact suppression factdhis
to the previous set of models, withftirences laying in the de- context, adding anisotropic conduction is likely secogdafiu-
tails. The purely turbulent casé & 0) forms the usual injection encing only the local, but not global, dynamics (e.g. MHDsim

peak, with maximum at12 percent (Tablel 1), i.e. two times that|ations by Ruszkowski & Oh 20111 show affextive f ~ 0.3).
of the previous run with half the turbulent velocity. Theme,

we infer thatsp/p o« M, or more preciselyp/p ~ 1/4 M (with

| = L; the 0.25 factor is likely related tp — see E411). This is 3.3. Strong turbulence: M ~ 0.75

a key result that will be further corroborated by the runswit, e eyt experiments, we test the case with strong (still

stronger turbulence and smaller injection scale. Such @leimg,, oo nic) turbulence, with three times higher turbulemoasie

and dfective pred_lptlon for density _perturbanons via the MacﬁeS compared with the reference modél (83.1), Me~ 0.75

number could facilitate several studies, such as assets&ngle (. *_'1100 km s?). Statistical steady state is reached fast, since

of clumpiness in _observatlons or cosmological simulati@msl teqay ~ 0.5 Gyr. The turbulent energy is 0.31 the thermal en-

to develop realistic (semi-)analytic models of the ICNI 4. ergy. Approaching the transonic regime becomes progrelgsiv
The inertial range ofA(k)s in the purely turbulent run is unrealistic: it has been shown both in observations and cesm

slightly shallower than the Kolmogorov spectrum k™%/5; cf. logical simulations that the turbulent pressure suppdtériCM

Kim & Ryu 2005). The decrease due to viscous dissipation aghould remain in the range few - 30 percent (e.g. Churazol et a

curs again within 15-20 kpc, while it is dominated by therma&008;|Lau et al. 2009; Vazza et al. 2009, 2011), the upper en-

diffusion in all the conductive runs. Given the significant leveklope defined by unrelaxed systems. Dissipational heatsw

of turbulent difusion, the entropy profile flattens twice morestarts to be relevani(M?) increasing the overall temperature by

rapidly, doubling its central value to 700 keV énm less than = 30 percent, though we are now interested in relative variati

2 Gyr (the best-fit profile has almost twice lower normaliza- The current set of simulations strongly corroborates tlee pr

tion, with 20 percent larger core radius). Turbulent diaSgm vious key findings. Following our modellingp/p ~ 1/4 M, we

still plays a secondary role, since the temperature at lexdié predict a characteristic level of density perturbationd 875

is increased by just 15 percent. Overall, it is remarkabéd thpercent (for the weakly conductive modefs< 0.1). Measur-

the density perturbations follow in a fairly strict way th@lK ing the normalization of thé&(k)s; peak f < 0.1), we retrieve a

mogorov velocities, even in the presence of a realistidified value of 18.8 percent (Tablé 1), an excellent match. Albest t

atmosphere. evolution is strongly chaotic and nonlinear, it is remaikahat

0.100 |-

characteristic amplitude of dp/p

0.010

Alk), -

percent of the thermal energy, still within the range retby
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The turbulent Prandtl number (i.8eng/twrb) iS increased by
et et N a factor of 3 compared with the reference réh,~ 3 — 3000
Mach ~ 0.75 A EW T (f ~ 1-107) at the injection scale. This translates in a less
- marked — though not globally filerent — suppression between
the purely turbulent and conductive case. More importahy$
test the key threshold for the decay A&fk)s. P; ~ 100 corre-
sponds to~45 and 240 kpc for thé = 1072 and 102 model,
respectively (in thef > 0.1 runs, the transition is well ové).
Indeed, the substantial decline occurs around these scéles
are thus confident that this threshold is a robust criteresti-
mate the impact of conduction in a realistic cluster atmesph
The surface brightness maps (Fig. 4; third column) high-
0.010 E light the substantial level of perturbations, which are rotwarly
3 ] manifest even in the cluster core (especially wier 1072).
Such a configuration could be easily spotted in X-ray images
even by eye inspection. Notice how in the weakly suppressed
runs, the K-H and R-T instabilities translate into extenélkd
ments and curved edgé&®ents in X-ray brightness. The strong
0001 L Lo L L conductive flux instead smear out most of these features, pre
1000 100 10 venting the ICM to depart from its spherical and smooth hydro
scale [kpc] static shape. Remarkably, the gas velocities~ar@00 km s*
on large scales, yet the inertial cascade is not abldficently
vel ickly chock hermalfflision — lik hurri-
Fig. 6. Characteristic amplitude @b/p, A(K); = yP(K); 4l for the ggng c())?], tﬂle] f}0%z((:)nc,)cbuetdat::);lheoce?i?usn?jer our?egt. l'Jl'his can

models with strong turbulendd ~ 0.75 and varying conductionf = | ive isoth I . f ith
0,103, 102, 10°%, 1. These models corroborate the previous findinggc 31SO S€€n as affective isothermal equation of state with a

the level of density perturbations is given ByK)sma = 1/4M (with OWer adiabatic index, implying a less reactive %rg,‘ssurrmgu
| = L); conduction damps density fluctuations by at least a factor thermodynamic transformationB ¢ p versusP o p 3).

2, steepening the spectrum towakdd? (again from the Kolmogorov
spectrum wherf = 0); the threshold for thé(k); decay isP; ~ 100.

0.100 |-

characteristic amplitude of dp/p

Alk), -

3.4. Small injection scale: M ~ 0.25, L/2

The final set of simulations includes testing turbulence g

duction diminishing the injection scale. To carry on a prope
we can convert the Mach number and density perturbationscmparison, we set the new injection scald_as= L/2 ~ 300
a linear and simple way. In fact, the normalizationAtk); is  kpc, but maintaining the turbulent Mach number of the refeee
2.9 (1.6) times that of the models with weak (mild) turbulencryn, M ~ 0.25 (via the scalingr, ~ (NL’ €")¥3; §23). The
Therefore, we expect real clusters to show density pertiom® characteristic eddy turnover timetiga, ~ 0.8 Gyr, i.e. the same
in the same range of the observed Mach numbers, i.e. 5- 25 Rfaracteristic imescale of the previous models With 0.5 but
cent, from relaxed to more chaotic systems (e.g. expengnciarger injection scale [§3.2). The typical turbulent eryesy3.5
major mergers). This could also explain why clusters do ngércent ofEy, (as in §3.1).
show exaggerated clumpiness even when highly perturbed. = The key result is that the overaf(k)s spectra are analo-

The other features of the density power spectrum, i.e. theus to the models witM ~ 0.5 (Figure[T). The characteristic

slope and decay (Fifll 6), follow the analysis that we have derandtl numbers<{ teond/twrb), at the respective injection scales,
scribed in the previous two sections. We summarize the kae in fact the same. The majoffigirences are twofold. First,
points. TheA(k)s; slope of thef = 0 run is again slightly the current spectra are truncated exactly at the smallectiop
shallower thark~'/3, although not shallower than tid ~ 0.5 scalelL’. Second, the normalization is definealy by the char-
model, indicating that the Kolmogorov spectrum is indeeal tlacteristic Mach number (and nBt). In fact, using our previous
‘saturated’ regime, at least for subsonic turbul@ndénabling A(k); modelling and rescaling it with the new injection scale, we
conduction leads to the steeping of the characteristic itmdie! estimateA(k)s ~ 1/4 M (L’/L)¥® ~ 0.054. The measured peak
towards the Burgerk=Y/2 regime, with the clearest manifestain the simulated run is 5.3 percent (Table 1), confirming wed|
tion in the f = 1072 case, where turbulence is able to regengprediction. Notice that thA(k); fit is very weakly dependent on
ate perturbations nedar (notice the short formation of the gen-the injection scale, implying that the linear conversiomsen
tle exponential decline), but the small scales are subathnt § andM is fairly general (see[84.1).
damped. In the strong conductive reginfeX 0.1) conduction Similar to previousM ~ 0.5 models, the strongly conductive
inhibits the perturbations up to a factor ©2. Again, there is runs (f > 0.1) show density perturbations damped by a factor
no drastic decline at small scalei(K); o« k=#/°) since conduc- of 2 - 3, from large to small scales. Ti#¢k); slope follows also
tion also promotes minor stirring, albeit the increasedsgasd the previous trends, slightly shallower than Kolmogorovtia
speegdentropy (due to turbulent heating andfdsion) alleviates f = 0 run < k™Y/%; higher Dy, means fastes regeneration),
this process. We remark that the commonly used suppressidtile steepening towards the Burgers spectrum for the oondu
factorsf > 0.1 do not have a diverse impact on the density petive runs ¢ k2/2). Following the key threshol ~ 100, we re-
turbations, which are damped over the whole range. trieve the region wheré(k); substantially decays. Interestingly,

the estimated cufbfor the f = 1072 run is slightly larger than
2 |n the supersonic regime, the development of filamentarcsires the injection scale4330 kpc) and indeed we see the decrease in
via strong shocks may further flatten the power spectfum (&Ryd normalization (by 10 percent), instead of a progressivdimec
2005). from the f = 0 baseline. In thé = 1072 run, the threshold is
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et et N Coma cluster through(Kk)s.
Mach ~ 0.25, L/2

Alk) E(R)

(
e o 4.1. Dominant timescales & dimensionless numbers
(-713)

(

o108 e The qualitative evolution of a dynamical system can be sympl

described via the timescale ratio of the physical processes
volved, or from an analogous point of view, via charactarist
dimensionless numbers. Let us consider as reference Fjure
which shows all the typical timescales for the run with~ 0.25
and strong conductiorf (= 1), within the core radius of Coma.
The first key quantity to discuss is the (turbulent) Mach num-
ber, M = t. /tum (@lways< 1 in the case of the ICM), which
we found to be linearly related to the relative density prérdy
tions§. The scaling may be justified by simple physical argu-
ments (see Zhuravleva et al. 2013, in prep.). Perturbatents
to settle back towards shells of similar entropy (in rougtsgure
balance)K « P/p” o< (1 + 6§)7”. Since the cluster entropy typ-
oeTo | E T T ically scales with the radius, the displacement is linenlyed
1000 100 10 to the density contrastyr/r = 1 - (1 + 6)™ =~ y§. In a strat-
seale fkpel ified medium, the balancing force I « ¢ 6, again directly re-
lated to the displacement. Since the specific kinetic energy
Fig. 7. Characteristic amplitude aio/p, AKK)s = /P(K); 4rke, for  v? o< F Ar o (Ar)?, we infer thatM o Ar o 6, with the normal-
the models with weak turbulendd ~ 0.25 and half the reference in- ization linked to the fectivey and theK profile slope.
jection scalel” = L/2. Frgm blezlck tolbright red line, the suppression  The second key quantity is the conduction timescale [Fig. 8)
of conduction isf = 0, 10, 107, 10™, 1. The previous key features,, hich is typically the shortest ones (50 Myr), especially com-
(e.g. slopes an@; ~ 100 threshold) are valid also for this set of mod-pared witht,, . The black line shows that conduction dominates

els. The system is dynamically similar to the runs wih~ 0.5, since the d : th hol f I in th t
the P, number (at injection scale) is the samg{ ~ 0.8 Gyr). Notice, € dynamics over the whole range of scales, even In (he satu-

however, that the\(k), cascade is truncated at the netvand that the fated regime (upper black line). Increasing the level opsep-
normalization is defined only by the Mach number (Rgt sion (f < 1) induces the crossover of the conduction (black) and

turbulence (magenta) timescale. The predicted thresholthé

turbulent regeneration of perturbations= tcong/twurn ~ 100.

If Py ~ 100 occurs within the injection scale, the normalization
still below 100 kpc, allowing the exponential céitto partially of the spectrum does not decrease, and a dectf appears on
develop, although entering quickly the regime of substdstip- intermediate scales (Tallé 1). In this work, we used a teriiul
pression on few tens kpc. The hydrodynamics is similar to tagfusion codficientc, = 1, yet the actual value could be as low
M ~ 0.5 models, with K-T and R-T instabilities producing fila-as 0.1-0.01 (e.d. Kim & Fabbiario 2003; Dennis & Chandran
ments and edges in SBwvhenf < 0.1), but now with maximum [2005), rescaling the threshold & ~ 1. It is difficult to as-
size ~100 kpc. On the other hand, strong conduction has tbess the diusion constant, hence we suggest to keep the defini-
ability to preserve the smooth and spherical shape of trexgal tion of turbulent dffusion as simple as possiblByub = owrbl.
cluster (cf. last row in Fid.14). Another reason for the non-unitary value of the thresholukis

cause conduction operates in a continuous and ubiquitoys wa

] ] as a superposition of many delta-conduction fronts, quiakl
4. Discussion fecting the 100s kpc scales; turbulence, instead, needsays

Summarizing, we showed how turbulence and conductiB‘?\'eStab“S_h the fractal_eddy cascade. . .
severely impact the power spectrum of density perturbation _ Other timescales, I|_nked to the rellevan.t physics, are iragl
typical weak and strong regimes of the hot ICM (~ 0.25— N the complex dynamics, although inducing secondaiigoes.
0.75; f = 0— 1). A Kolmogorov or shalloweA(k)s slope indi- The Brunt-Vaisala timescale _tracl_<s th_e impact of the réesgor
cates that the conductivity is negligible. A gentle decimelies Puoyant forces along the radial direction (&yd Inr > ? |er;
that conduction is present, though strongly suppressddaat Plies convective stability)tsy = [y (r/g) (dInK/dInr)~7] 12,
by a factor of 10%. A sharp decay on large scales (similar tBuoyancy is fchus defined by gravity and the slope of the egtrop
Burgers slope) signals instead that suppression is in tienee profiled. Within the core radiusyK is very shallow (and gravity
f ~ 1072, The transition scale at which perturbations affe- e "oughly constant), hendgy > tum, or Froude numbeFr > 1
ciently restored (from Burgers back to Kolmogorov cascasle)(Figd-[8, yellow line), implying that the ICM is approachingur
given by P ~ 100. In the weakly or non-conductive regimedfal buoyancy and turbulent motions can easily retain emtr
the peak ofA(k); not only determines the relative level®fluc- On large scales, the entropy profile follows the self-simslape
tuations, but also provides a reliable estimate for theulert * ' @S most clusters, but it is balanced by the decreasing grav-
Mach number. When conduction is dominant, fez 0.1 (low ity: buoyancy can again notfieciently inhibit radial motions.
P,), perturbations are severely damped over the whole range>gstantially weaker stirring may progressively forceahaotic
scales by~200 - 300 percent, ieading to extremely smooth defoWw to follow tangential streamlines¢ < 1).
sity and SR maps; the inertial range @f(k); is again steep.

We discuss now key features of the models, such as the domim the case of anisotropic conduction, buoyancy is consthbyVT
nant timescales and the modes of perturbations. Finallgome (Sharma et al. 2009), which is usually shallower tWaa

characteristic amplitude of dp/p

0.010

Alk), -
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Conduction should dominate over viscosity, since viscous
diffusivity is driven by the much slower ions. In this work, nu-
merical difusion mimics fairly well (unsuppressed) Spitzer vis-
cosity, since the resolution is on the scale of the ion meaa fr

104

Y

o

% E E path (few kpc), while the flow and ions are described by a simi-
- f E lar characteristic velocity. The runs indicate that coriurcis a
=T / 1 very dfective process, even if significantly quenched, and more
= relevant than (numerical) viscosity. In other words, thgriéds

number, or the ratio of the viscous and turbulent timescabgy
be secondary in the context of damping instabilities.

In conclusion, two are the dominant timescale ratios which
shape ICM fluctuationsteong/twurh, OF turbulent Prandtl number,
L., defines over which scales density perturbations are suggates
while tc /twm, or Mach number, defines the normalization or
strength of the fluctuations. We note th¥g{(k) slope is weakly
. W L L dependent oM, but might be considerably altered in the su-
Sy 10 100 1000 personic regime (as in the interstellar medium), in whiobciis

scale [kpe] shape the global dynamics (Kim & Ryu 2005; Federrath 2013).

timescales
10

5
a
Ll

Fig. 8. Typical timescales in the core of Coma, (and T, are L L . .
roughly constant) as function of for the run withM ~ 0.25 and 4.2. Modes of perturbations: isobaric, isothermal, isentropic

f = 1: conduction (black; EqL16), turbulence (magenta; EfI. Y gissect in this section the changing character of peaturb
sound (redt., = I/cs), electron-ion equilibration (cyan; E.]18). The,. - f - :
conduc(tion tcismes{:(;sl)e for the saturat%d zones C(()r)r/espmgtuz)per thns' It.WOUId be tempting to Charf’;lcter!ze.chaotlc fluop_!m
black envelope, limited by the electron sound spestB(times that of With @ single elegant mode, as adiabatic (isentropic),asop
protons). The yellow line is the Brunt-Vaisala (buoyandydascale, OF isothermal. As experiment, we set up the derityperature

tsv = [y(r/g)(dInK/dInr)-Y¥2, as function ofr, using an average cube with pure isobaric fluctuations (fixing Kolmogorov spec
gravitational acceleratiogn ~ 5x 10-° cm s2 and shallow core entropy trum). The hydro run develops the turbulent cascade, preser
slope ¢ 0.1); tgy is similar to the free-fall time, within a factor of a few. ing the isobaric fluctuations, which gradually decay in tewy

due to no forcing. However, as soon as conduction is en-
abled, the mode of perturbations suddenly change from igpba
to isothermahdiabatic. The result is the generation of acous-
tic oscillations and, strikingly, a density power spectruary

allv the free-fall 1 thin & f faf (o Ja)L2 Similar to that of the cosmic microwave background (Ade &t al
tially the free-fall time, within a factor of a fewt; = ( r/g). ' .12013; CMB evolution is mainly driven by gravity, which has
The ratio of the free-fall time and the gas sound-Crossimgti ;v compressive modes). The spectra observed in galasy clu
(red I|ne)_|s aIvv.gy$ L meanmg_that the gluster Is in globagg g (Schuecker etal. 2004; Churazov et al. 2012, 2013) tlo no
hydrostatic equilibrium. As seen in Figl 8, in the strongbne present such an imprint. This means that the actual type of flu

gulctlv?hruns (dz Ot'.l) t?e sound—crosr?lngttrl]me mahy SI'%Qggi;?"tuations is anixture of modes between the adiabatic and isobaric
elow the conduction ime, approaching the small scale extreme8. In nature, turbulence and conduction are indeed con-
saturation prevents electrons to conduct faster thantiieimal tinuously entangled (as modelled in this work)

speed £43 times that of protons}e, /tcong < 1 warns that small We exploit therefore the models presented[ih §3, to under-

fluctuations do not have time to re-adjust via pressure gquilg, g the correlation between relative density and tempera-
rium. Prqgresswely strongerponductlon is thus not abtmto- ture fluctuationsdr = Te/Tp — 1, whereTy is the underlying ra-
pletely stifleA; at I.argek (C_fj F|g.-[2). . dial profile). The correlation is positive for adiabatic fluations

~ The electron-ion equilibration introduces another reﬂnava((sp/(sT - y—1; constant entropy), while negative for the isobaric
timescale (FiglB, cyan). On small scales; is usually larger mode ¢,/5r = —1); the isothermal mode is the intermediate
thantcongand comparable to the eddy turnover time. This MeaRsyime §,/67 = o0). Analyzing the linear regression dieient

that the proton temperature can not become as quickly isoth(@f thes--s. diagram (512 points) is not much meaninaful. since
mal asTe (lagging by 50 - 100 Myr), a feature further aggravat_jii‘ere isTal()dran?atic d(ispefsion d)ue to the complexitygof p;bau
i

by the continuously chaotic ambient. The discrepancy ess ions. We use thus the Pearsonfiméenf to assess the degree of

i(?otrhr?wtgﬁg?lt\a/l 1- 15’ Z%er;:egt, f)rogef:r:gaigi?:;r tt(;) ;%ZX?;‘:S%I giﬁf‘)sitive and negative linear correlation. In the no-cotiduaun
10, 3, and 1 percent, fof = 102, 10-2, and 103, respectively. with M ~ 0.25, the correlation is, ~ —0.86, implying that weak

; X . ; -7 turbulence prefers isobaric fluctuations. Since stirrsgignifi-
Higher Mach_ number linearly Increases the maximum d'.scre@éntly subsonic, the fluctuations can not deviate much frgm h
ancy (occurring at > rc, where the medium is more rarefied) y,iavic equilibrium; turbulent mixing is also not domigore-
With no modelling of equilibration, the transition of prot®to serving entropy gradients. When conduction is enabledigho
Brtially suppressed, the scatter in the phase diagranrgsog

tures. The above estimate Gfe(— Ti)/T; could be also useful g o\ increases: fluctuations start filling also the adiibe-
to properly constrain the turbulent velocities from theatved ;00 showing correlation cdcientr, = —0.82,—0.78, —0.65
spectral lines (e.d. Inogamov & Suny&ev 2003). In order {0 o P ' T

i . 12y o - - . . .
move thermal line broadening ("), itis commonly assumed 4 cosmological simulations also show mixed  perturbations
Ti = Te, hence anfectively lower ion temperature would imply (Zhuravieva et dl. 2013), corroborating the realism of iving

higher turbulent velocity dispersion. A more in-depth stmdll 5 The correlation coicient is the ratio of the covariance of two pop-
be provided in future work. ulations to the product of their standard deviatianpss [-1, 1].

It is interesting to note that the buoyancy timescale isress
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for the runs withf = 1073,1072, 1071, respectively. With full
Spitzer conductionf( = 1), the correlation drops g = —0.30:
the perturbations are now almost equally isobaric and atiiab
Increasing the strength of stirrinl(~ 0.75), rises the level
of turbulent mixing, leading to shallower entropy gradgnin
fact, even in the purely hydrodynamic run, the adiabaticiaod
baric mode are very balancex (~ —0.20). Again, conduction
tries to push the correlation towards the isothermal regihe
beit there is no clear preference in the mixture of pertuobat
(re ~ =0.1, for thef = 1 run). Smaller injection scales also
induce a moreféicient turbulent cascade, promoting mixing and
leading to more frequent adiabatic fluctuations (the latteralso
enhanced in supersonic — highly compressive — turbulence).
Summarizing, a realistic turbulent atmosphere shows a con-
tinuous competition between the two extreme mBdebaric
versus adiabatic. Weak stirring and low conduction prefer i
baric perturbations (especially in a stratified atmospheteong
turbulence enhances the adiabatic modes, while high cdinduc
seeks the intermediate isothermal state. The correlagtwden 0011 . L . . .
ot andd,, is an excellent diagnostics to assess the precise physics 500 200 200 1% {00 70 50 20
of the ICM. Although current observations are still not edito scale [kpc]
accurately measurg perturbations (at variance with the much

better sta_itlstlcs of densjtgB, maps), this af‘a'ys's may becom%ig_ 9. Cyan envelope: characteristic amplitudespfp in real Coma,
crucial with the advent of the next generation X-ray instemts. extracted from very deefhandra observations (Churazov et al. 2013,
in prep.; 500 ks), within the statistical uncertaintiesad! line: A;(k)
prediction based on our modelling. The conductive stateefibt ICM
appears to be highly suppressddx 1073, since the spectrum shows
In order to constrain the transport properties in the bulkhef a shallow slopeq. =~ 0.36, slightly steeper than Kolmogorov. The
ICM, we take as exemplary case Coma cluster, due to the avAfitmalization (10 percent) indicates that the level of tlehce isM ~
ability of new very deep observations (500 ks; Churazov &f*>- The spectrum also suggests an injection scale26D kpc.

al. 2013, in prep.), substantially improving the previoesed-
tion of density perturbations. We referito Churazov et @)1¢?
for the extraction method ofs;, accounting for Poisson noise, . . .
point sources, and deprojection. The hot ICM, as in Coma, is In Figure[9, we present the characteristic amplitude of den-

best suited for this analysis, due to the potential stromgiuo- Sy Perturbations observed in real Coma cluster (withatist
tivity and negligible cooling. In cold, dense systerfigi{ < 5 tical uncertainties; cyan envelope), compared with thelipre

keV) conduction is at least 100 - 1000 times weaker, thusits jtion based on our modelling (black line). It i_s clear that tie
pact is expected to be marginal (Dolag €f al. 2004; Smithlet §fTved spectrum is shallow. A power-law with slape= 0.36,
2013), even if unsuppressed, and verffidilt to isolate (the SIghtly steeper than Kolmogorov (0.33), fits well the ‘itia¥

analysis of other systems will be provided in a subsequerk)wo "2N9€ of the spectrum. Coma observations of pressure pertur
The previous simulations provided a clear picture of the if&tions further corroborate this trend (Schuecker et ab4p0

terplay between conduction and turbulence in the hot ICM. VY Plasma with significant conduction would produce indtea
can thus formulate a simple, general model linking conaucti St€P Burgers-like spectrum. We can therefore excludeagtr

and turbulence to the the level of density fluctuations avargi ©F Mild conductive state of the ICM, > 10°%. The inertial range
physical scalé (= k-1): develops unimpeded down to tens kpc, indicating that tertul

regeneration is substantial and that the Prandtl numbbeant
5(1) ~ [0,25|v| (Linj/LSOO)Qh] (1/Lin)%. (22) |jection scale is highR 2 2000). The fact that we do not see
a sharp cutff, but only a gentle decay, indicates that the sup-
The term in brackets represents the normalization @fhich pression factor is very lowf ~ 103, although notf = 0 (the
must be rescaled to the current injection sdalg, using the non-conductive cascade would be significantly higher bedow
slope given by the purely hydrodynamic cascadg~ 0.2-0.3, kpc; P, ~ 100). In addition, the observedmap (Churazov et &l.
from high to lowM; Table[1). As shown before, the characteri$012, 2013) is not smooth, revealing a variegated morplyolog
tic spectrum sloper is dictated by the level of cogductlon, ancf density fluctuations, reminiscent of Fig. 3 (first two plshe
can be much steeper thag (ac 2 045, if f 2 107). A steep The retrieved lowf is consistent with observational and the-
slope combined with globally smooth residual and $#ps in-  oretical analyses of sharp features in the ICM, as cold &ont
dicates that the normalization should be reduced by 1.3u&, {iiorj & Fabiah [2000; Roediger etlal, 2013; ZuHone ét al.
to very strong conductivityf( 2 0.1; Table[1). This prescription 2013) and filaments (Forman el al. 2007), while explainire th
is suficient to assess the physical state of the hot ICM. FOrgiva| of positiveT gradients in the center of many clusters
more precise modelling, we suggest to insert two (expoaBntigincez ~ 1.2 (McDonald et al. 2013). Itis also clear that such a
cutoffs linked to the injection, exp- (I/a1L)™" ], and dissipation 14\ conductivity can not provide siicient heating for quench-
scale, exip— (a2Ax/1)"]; typical parameters fitting our simulatedng radiative cooling, leaving AGN feedback as the main solu

14
o
T

A(k), := characteristic amplitude of dp/p

4.3. Comparison with real Coma cluster

spectraare, = 4,12 = 3/2,& = 2,8 = 3. tion for the cooling flow problem (se€1).
5 In the presence of strong shocks, the correlation can onerdbe The As(k) normalization is~10 percent, which can be
adiabatic limitg, /61 <y — 1. achieved by a level of turbulence withl ~ 0.45. The ra-
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tio of turbulent to thermal energy is thus 11 percent, concor
dant with observations and cosmological simulations oé-clu
ters (§2.8). The spectrum suggests an injection se2f® kpc
(similar to the estimated impact parameter of merging ehsst

scaleLi, ~ 500 kpc. After rescaling, the steady spectra are
remarkably similar under fferentM or Ly, allowing to
build a general theory of ICM perturbations.

Sarazin 2002). On the other hand, we warn that the observgdrhe gope of A;(k) determines the level of flusion dom-

low frequencies have significant uncertainty, due to thelrsie-
tic nature of perturbations and modelling errors (as theajep-
tion and the underlying profile removal). The current sirtioles
also do not model mergers or external accretion. Pertuntstf
density due to the substructures in the gravitational piztesmd

accreted filaments may come on top of the large-scale pertur- (it ynsuppressed).

bations directly related to the turbulent cascade (Chwraral.

inated by conduction. In a non-conductive ICM & 0),
subsonic stirring motions generate a neaklglmogorov
cascadeEs(k) o« k™3, Similar to velocities, the inertial
range of density perturbations peaks at the injection scale
and decays below 10 kpc due to ‘viscous’ dissipation
Increasing the level of conduction,
with magnetic suppressioh = 10° — 1, progressively

2012). While the turbulent cascade can be formed by a variety steepens the spectrum slope towards the Burgers cascade
of mechanisms, its appearance, modelled in the present, work (E5(K) « k2; Table[1), a feature that would be manifest in
is expected to be largely universal. It is no coincidencé tha gpservations. Even with fully Spitzer conduction, perasrb

the cascade in cosmological simulations is nearly Kolmogor
(e.glVazza et al. 2011), similar to our hydrodynamic runs.

tions below scales of few tens kpc can not be completely
erased, since strong conduction also enables stirring. The

On very small scales, the observed spectrum is limited by As(K) slope is only weakly dependent on the Mach number,

Poisson noise, overcoming the fluctuations bel®® kpc. The
range 30- 300 kpc is yet flicient to determine the state of the
ICM, since the #ects of difusion would clearly emerge within
this range (B3). Future deeper X-ray observations willHert
improve those constraints, perhaps combining severalech)s
and providing a high-precision spectrum of ICM perturbasgio
(hopefully analogous to what the cosmology field experidnce
with the latest CMB missions). Notice that if the preclsg

is larger, the estimate of turbulence should not vary sigeuifily
(since the extended cascade provides a highig peak). Simi-
larly, the As(K) slope could only become shallower, limiting even
further the role of conduction (low resolution mimics conedu
tion, smoothening thé field). The retrievedV =~ 0.45 and

f ~ 103 appear thus significant constraints.

In passing, we note that theprescription (Eq_22) can be
very useful for those (subgrid) simulations, semi-analgtiana-
Iytic works, which intend to model, ab initio and in a simplayy
the interplay of conduction, turbulence, and inhomogégein

the ICM. For instance, the above equation can be used egther t

set the level of density (and §4.2) perturbations from the Mach
number (particularly useful for clumpiness studies)o impose
the dfective Mach number from the amplitude of density fluctua-

tions. The current method can be readily applied to othersoé

astrophysics, as the interstellar of intergalactic mediunerest-
ingly, also the ISM shows a nearly Kolmogorov slope over five
orders of magnitude (Armstrong etlal. 1995), though steiepen
in dwarf galaxies (Dutta et al. 2009); conduction seems slibs
stantially suppressed inftierent astrophysical atmospheres.

5. Conclusions

Using 3D high-resolution hydrodynamic simulations, wedds

step by step the physics of thermal conductiér=(0 - 1) and e

turbulence M = 0.25 — 0.75), in the stratified hot intracluster
medium, tracking both electrons and iofig @ndT; can difer

by ~15 percent). We showed how to exploit the power spectrum

of the relative gas density perturbatiohis= §p/p (normaliza-
tion, slope, decay), in order to precisely constrain tlieative

conductive and turbulent state of the hot ICM. We chose Coma

cluster as reference laboratory. The main results are asvil

e Thenormalization of the characteristic amplitude spectrum,

AK)s = VP(K)s4nk3 = VE(K)sk, directly determines the

becoming slightly shallower with increasing (> 0.5), due
to the more #&ective turbulent regeneration.

The dominant dimensionless number or timescale ratio,
shaping the flow dynamic similarity [(§84.1), is the turbu-
lent Prandtl numberP; = Duwrb/Deond = teond/tturb- The
thresholdP; < 100 approximately indicates whe#g (k)

has a significantdecay (conduction stifles the turbulent
cascade). The transition is very gentle for strong sup-
pression of conductionf < 1073, becoming a sharper
decay — though not a cufo— in the opposite regime.

If Py ~ 100 occurs above the injection scale, density
perturbations are inhibited over the whole range of scales,
inducing a decrease in normalization up to a factor of
~2 (on small scales the suppression can reach a factor
of 4). This state occurs only with strong conductivity,
f > 0.1 (no big diterence exists between= 0.3 and 1.0
models), and would be pinpointed by the ,S& residuald
images, in which K-#R-T rolls and filaments are washed
out, preserving the smooth and spherical shape of the cluste

Realistic perturbations, in a stratified system, are charac
terized by a mixture of modes, shaped by the dominant
physics. Weak turbulence drives more isobaric perturhatio
(6p,/61 = -1); strong turbulence enhances the adiabatic
modes §,/61 = y — 1), while increasing conduction forces
both modes towards the intermediate isothermal regime.
Although density statistics is much better constrained by
observations, unveiling temperature perturbations could
substantially advance our knowledge of the ICM physics.

Based on these controlled experiments, we provided the fol-
lowing simple and general model to constrain density pertur
bations, conduction, and turbulence in thék of the ICM:

6(1) ~ [0.25M (Linj/Lsog)™] (I/Linj)* (see B4.B). We apply

it to new very deefChandra observations of Coma. The ob-
servedAs(K) spectrum indicates a strongly suppressed con-
duction, f ~ 1073, and mild subsonic turbulenck] ~ 0.45

(Linj ~ 250 kpc). The constraint ohis consistent with pre-
vious studies on the survival dbcal sharp features (cold
fronts, filaments, cavities), whild is in agreement with
line-broadening observations and cosmological simutatio

strength of turbulence (and vice versa). The peak amplitude of cluster formation Eyn ~ 0.11Ey,). Low f also implies

is linearly related to the Mach numbeA(K)smax = CM,
with codficientc ~ 0.25 (likely related toy) for injection

that conduction can not balance cooling flows, leaving AGN
feedback as the main driver of heating.
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The increasing quality and sample size of future X-ray datarayan, R. & Medvedev, M. V. 2001, ApJ, 562, L129

will provide a key opportunity to exploit this new spectrabdi
elling, and hopefully to open the path to high-precisiongiby
of the ICM (‘ICMology’), as has been done for the CMB.
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scaleo, the method consists of three steps:

1. the real-space cul2is convolved with two Gaussian filters
having slightly diterent smoothing lengths:; = o/ V1+ €
andos, = o V1 + €, wheree < 1;

2. the diterence of the two cubes is computed, resulting in a
cube dominated by the fluctuations at scales (the difer-
ence of two Gaussian filters is simply the Mexican Hat filter,
F(X) « €[1 — X2/0?] exp[-x?/20?], characterized by a pos-
itive core and negative wings);

3. the varianc®/,; of the previous cube is calculated and recast
into the estimate of the power, knowing that

V(,zf(C*F)Z d3x=ka [Ff ok oc P KC.

We refer ta_Arévalo et all (2012) — appendix A — for the tech-
nical procedure and the normalization details. We noteithat
order to handle the non-periodicity of the cube, we use akmas
which is 1 inside and 0 outside the domain, respectively. The
big advantage of the MH method is that it avoids any leakage of
power linked to the non-periodicity of the data; the drawkiac
that it can not capture very sharp features in the power sect
due to the smoothening ovak ~ k.
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Fig. B.1.  Analytic 1D power spectras-profile (red), Kolmogorov

) . . ) noise (blue), ang-profile perturbed by the noise (bladr(f,)). Theps-
Fig. A.L Comparison of the characteristic amplitude spectra (fer thyrofile spectrum is normalized to the large-scale valueh wivenum-
run with M ~ 0.5 andf = 10°), computed with two dferent methods: peri, = 1/L = 0.01 (dimensionless units;@@s dropped for clarity).
Mexican Hat filtering (black) and fast Fourier transformisig). The re- The chosen core radiusris= 20, i.e.L/5. The relative amplitude of the
trieved spectrum is consistent in both cases, without miijterences. pojse is~10 percent (the power peaks at 0.01). Itis clear that the ‘tur
MH filter has however the advantage to avoid any leakage oepdwe pjence noise’ emerges beyond the core radius@.05), regardless of
to the non-periodicity of the box, albeit smoothening theimviggles.  the underlying profile or large-scale structures.

In Figure[A.1, we show the comparison between the MH and : : . N .
FFT A(;(Ig) spectrum, for the run Witl?\/l ~05andf ~ 102, |t SPectrum is as usual retrieved B,;) = IAs(K)%. Assuming

is clear that, in our study, there is no dramatiffetience be- B = 2/3 ~ 0.66 (a typical value for galaxy clusters), the power

tween using the two methods. The slope in the inertial rasgeSPeCtrum of thg-profile reduces to

almost identical. Oferences can be seen at very large and small T,
physical scales. In the latter case, the FFT spectrum pesdac P(7s) = (Erc) exp[-2|kirc]. (B.2)
characteristic hook, in part due to the the numerical noesa n
the maximum resolution, but also due to the contamination of The previous novel equation strikes for its simplicity, and
jumps at the non-periodic boundaries. The MH spectrum sho@@tld be readily used in other analytic or semi-analytics.
instead a gentle decline. In the opposite regime, the MH filtehangings in the range 0.5 - 1 does not significantly alik),
tends to smooth the scales greater than the injection sealle, hence EqLBI2 is an excellent approximation for the majaity
the FFT spectrum shows a steeper decrease. The FFT pediusters (e.g. Fid. Bl1, red line). A remarkable featurehit t
slightly higher, typically by 2 - 3 percent, likelyfizcted by the the transition from real to Fourier space does not dramitica
non-periodic box. Progressively trimming the box incresise deform the profile, in tight analogy with Gaussian functi¢rs
deed the relative normalization of the FET spectrum, even ByP[-K°]). The spectrum is dominated by the power on large
10- 20 percent, while distorting the low-frequency slopee t Scales, with the core radius playing a crucial role; a pregjvely
MH spectrum is instead unaltered. Although not relevant féising rc leads indeed to an increase in both the normalization
the present investigation, the MH filter is not able to traet t and steepness of the spectrum.
small wiggles in the spectrum. For our study, it is interesting to analyze the superpasitio
Overall, using either method does néfiet our conclusions. of thes-profile and a power-law Kolmogorov ‘noise’ (with 1D
The MH approach is nevertheless preferable, since therspectpowere k=>3), n, = ng (1 + 6). Using the convolution theorem,
slope and normalization can be trusted with higher fidetity, the power spectrum of the perturbed density profile is given b

shown by the extensive comparison tests in Arévalolet alZp0 P(fp) = P(fg) + P(fs = ). The cross terms cancel out since the
¢ field is random and the phases are uncorrelated. In Higuie B.1

. _ . we show the power spectra of a typigaprofile (red), of the
Appendix B: g-profile in Fourier space Kolmogorov noise with~10 percent relative amplitude (blue),

In the final Appendix, we present the analytic conversiorhef t 2nd of the superposition of both (black). The plot points out
B-profile to Fourier space, and the behaviour of its power spd@ @ clear way that over the core radids ¢ 0.05), the noise

trum with the Superposition ofa power-|aw noise. Using the nStartS tO dominate. It is therefore not essential to rembee t
tation f(k) = foo f(x) explikd dx/ V2, the Fourier transform ynderlylng radlall profllg or Iarge-scale.structures frpmcthbe,
of the radialG—ﬁFBfile (EqL) results to be in order_to unvell_ the impact of density perturbatl_ons, aoal
emphasized by Figufé 4. Strong turbulenkkex 0.5), increases
R 216 rE Y2 WEV2 Ky 1K 1] the level of ‘noise’ and substantially reduces the contatidm
As(k) = Mo B ’ (B-1)  of the coherent large-scale structures, as the hydrogtaifde
or mergers features. Interestingly, the larger the corisathe

whereé = 36/2, Ky2—¢ is a modified Bessel function of the : : :
second kind, and" is the Gamma function. The (1D) poWersteeperthe power spectrum, allowing the noise to easilygane
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