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A B S T R A C T 

We employ the IllustrisTNG simulation data to investigate the turbulent and thermal motions of the cosmic baryonic fluid. With 

continuous wavelet transform techniques, we define the pressure spectra, or density-weighted velocity power spectra, as well as 
the spectral ratios, for both turbulent and thermal motions. We find that the magnitude of the turbulent pressure spectrum grows 
slightly from z = 4 to 2 and increases significantly from z = 2 to 1 at large scales, suggesting progressive turbulence injection 

into the cosmic fluid, whereas from z = 1 to 0, the spectrum remains nearly constant, indicating that turbulence may be balanced 

by energy transfer and dissipation. The magnitude of the turbulent pressure spectra also increases with environmental density, 
with the highest density regions showing a turbulent pressure up to six times that of thermal pressure. We also explore the 
dynamical effects of turbulence and thermal motions, disco v ering that while thermal pressure provides support against structure 
collapse, turbulent pressure almost counteracts this support, challenging the common belief that turbulent pressure supports gas 
against o v ercooling. 

Key words: turbulence – methods: numerical – galaxies: clusters: intracluster medium – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

he turbulent motion of the cosmic baryonic fluid in large-scale
tructures of the Universe has attracted increasing attention in
osmological studies o v er the last several decades (e.g. Bonazzola
t al. 1987 ; Schuecker et al. 2004 ; Dolag et al. 2005 ; He et al. 2006 ;
chmidt et al. 2010 ; Zhu, Feng & Fang 2010 , 2011 ; Iapichino et al.
011 ; Gaspari & Churazov 2013 ; Zhu et al. 2013 ; Fusco-Femiano &
api 2014 ; Shi & Komatsu 2014 ; Br ̈uggen & Vazza 2015 ; Vazza
t al. 2018 ; Valdarnini 2019 ; Angelinelli et al. 2020 ). The existence of
urbulence within the intracluster medium (ICM) has been confirmed
y various observations. Direct evidence comes from the detection
f non-thermal line broadening in X-ray emissions by the Hitomi
atellite (Hitomi Collaboration 2016 ). Indirect evidence includes
agnetic field fluctuations observed in the diffuse radio emissions

rom galaxy clusters (Vogt & Enßlin 2003 , 2005 ; Murgia et al. 2004 ;
nßlin & Vogt 2006 ; Bonafede et al. 2010 ; Vacca et al. 2010 , 2012 ),
-ray surface brightness and pressure fluctuations derived from X-

ay and Sun yaev–Zel’do vich effect maps (Schuecker et al. 2004 ;
hurazov et al. 2012 ; Gaspari et al. 2014 ; Zhuravle v a et al. 2014 ,
018 ; Walker, Sanders & Fabian 2015 ; Khatri & Gaspari 2016 ), and
he suppression of resonant scattering in X-ray spectra (Churazov
t al. 2004 ; Zhuravle v a et al. 2013 ; Hitomi Collaboration 2018 ; Shi &
hang 2019 ). 
The physical origin of turbulence in the cosmic baryonic fluid
ainly consists of the following. Accretion through hierarchical
 E-mail: hep@jlu.edu.cn (PH); yunw@jlu.edu.cn (YW) 
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ergers (Subramanian, Shukurov & Haugen 2006 ; Bauer & Springel
012 ; Iapichino, Federrath & Klessen 2017 ), the associated physical
rocesses, such as the injection and amplification of shock wave-
nduced vorticity (e.g. Ryu et al. 2008 ; Porter, Jones & Ryu 2015 ;
azza et al. 2017 ) or ram pressure stripping (e.g. Cassano & Brunetti
005 ; Subramanian et al. 2006 ; Roediger & Br ̈uggen 2007 ), should be
ble to generate and maintain turbulence in the intergalactic medium
IGM) and in galaxy clusters. Additionally, outflows or feedbacks
rom active galactic nucleus jets, and the supernov a-dri ven galactic
inds, are also expected to generate turbulence around galaxies and

n cluster cores (Br ̈uggen, Hoeft & Ruszkowski 2005 ; Iapichino &
iemeyer 2008 ; Evoli & Ferrara 2011 ; Gaspari et al. 2011 ; Iapichino,
iel & Borgani 2013 ; Banerjee & Sharma 2014 ; Angelinelli et al.
020 ). 
Turbulent pressure is believed to contribute to the cosmic fluid’s

ressure support, a concept that can be traced back to the works
f Chandrasekhar ( 1951a , b ). This effect is reported to enhance
he ef fecti ve pressure support by approximately 10 −30 per cent in
he cosmic baryonic fluid (Lau, Kravtsov & Nagai 2009 ; Eckert
t al. 2019 ; Ettori et al. 2019 ; Angelinelli et al. 2020 ; Simonte
t al. 2022 ), mitigating the o v ercooling problem (F ang, Humphre y &
uote 2009 ; Zhu et al. 2010 ; Valdarnini 2011 ; Schmidt et al. 2017 ).
he turbulence is also expected to contribute to the total pressure
f the ICM, biasing the hydrostatic mass reconstruction (Rasia,
ormen & Moscardini 2004 ; Lau et al. 2009 ; Morandi et al. 2011 ;
hi et al. 2015 , 2016 ; Fusco-Femiano & Lapi 2018 ; Ota, Nagai &
au 2018 ; Fusco-Femiano 2019 ). 
In a previous work (Wang & He 2024a ), we use continuous

avelet transform (CWT) techniques to construct the global and
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

http://orcid.org/0000-0003-4064-417X
http://orcid.org/0000-0001-7767-6154
mailto:hep@jlu.edu.cn
mailto:yunw@jlu.edu.cn
https://creativecommons.org/licenses/by/4.0/


Turbulent motion for cosmic fluid L15 

e
a  

l  

(
t  

t
s
t
a  

t
p

2

2

T
c  

t  

e  

u
g
t
(  

s
a
a
t
f
a  

N  

i
i
s

2

T
e

ε

w  

p  

a
t  

m

P

T

ε

i  

I  

t  

i  

a  

t  

t  

w  

a

 

w

P

T
I  

a  

p

r

F  

w  

b

u

T
i
w
s  

a  

s

S

N  

ρ  

d
 

c

u

B  

t

S

w  

t

S

i  

a

S

w  

a  

c  

o  

�  

w
e  

s
a  

p  

t
 

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/advance-article/doi/10.1093/m
nrasl/slae073/7725809 by guest on 09 August 2024
nvironment-dependent wavelet statistics, such as energy spectrum 

nd kurtosis, to study the fluctuation and intermittency of the turbu-
ent motion in the cosmic fluid velocity field with the IllustrisTNG
TNG hereafter) simulation data. In this work, we continue to apply 
he CWT techniques to the TNG data to study the turbulent and
hermal motions of the cosmic baryonic fluid in the large-scale 
tructures of the Universe. Using the spectral ratio of turbulent to 
hermal pressure, we demonstrate that turbulent pressure dominates 
t smaller scales. Ho we ver , the dynamical in vestigations show that
urbulent pressure often counteracts the support provided by thermal 
ressure, and thus cannot help prevent the overcooling problem. 

 T H E R M A L  A N D  T U R BU L E N T  PRESSURE  

.1 Simulation data 

hroughout this work, we use the TNG50-1 simulation sample, 
orresponding to a simulated Universe of the size 35 h 

−1 Mpc , from
he TNG project (Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson
t al. 2018 , 2019 ; Springel et al. 2018 ; Pillepich et al. 2018a ). TNG
ses the moving-mesh code AREPO , which solves the cosmological 
ravity-magnetohydrodynamic equations on a dynamically unstruc- 
ured mesh using a second-order accurate Godunov-type scheme 
Springel 2010 ), and Bauer & Springel ( 2012 ) demonstrates its
uperiority in accurately modelling turbulence. Besides gravitational 
nd hydrodynamic calculations, the TNG simulations also include 
 comprehensive set of physical processes, such as stellar forma- 
ion and evolution, the associated metal enrichment, gas cooling, 
eedback from stellar wind, supernova and active galactic nucleus, 
nd the magnetic field in cosmic structures (Pillepich et al. 2018b ;
elson et al. 2019 ). Given the abundance of the physical processes

ncluded in the TNG simulations and AREPO ’s excellent performance 
n hydrodynamical computations, the TNG data are well-suited for 
tudying cosmic fluid turbulence. 

.2 Pr essur e ratio and spectrum 

NG provides the internal energy per unit mass of baryonic gas, 
 u ( x ). Hence, we have the thermal energy density, 

 th ( x ) = ρb ( x ) e u ( x ) = 

3 

2 

ρb ( x ) 
μ( x ) m p 

k B T ( x ) , (1) 

here k B is the Boltzmann constant, and m p the mass of the
roton. μ( x ), ρb ( x ), and T ( x ), dependent on the spatial locations,
re the mean molecular weight, mass density, and temperature of 
he baryonic fluid, respectiv ely. Re garding the cosmic fluid as the

onoatomic ideal gas, its thermal pressure is 

 th ( x ) = 

ρb ( x ) 
μ( x ) m p 

k B T ( x ) = 

2 

3 
ε th ( x ) . (2) 

he turbulent energy density is 

 turb = 

1 

2 
ρb ( x ) u 

2 
turb ( x ) , (3) 

n which u turb ( x ) is the three-dimensional velocity of turbulent flow.
n general, a velocity field of the fluid u is a superposition of the
urbulent velocity and the bulk velocity, i.e. u = u turb + u bulk . As
n Wang & He ( 2024a ), we also use the iterative multiscale filtering
pproach developed by Vazza, Roediger & Br ̈uggen ( 2012 ) to extract
urbulent motions from the velocity field of the cosmic fluid. To use
he bulk flo w remov al code in the appendix of Vazza et al. ( 2012 ),
e set the rele v ant parameters as eps = 0.05 , epssk = 0.5 ,

nd nk = 16 , with the weighting factor w i = 1. 
Consistent with the definition of thermal pressure in equation ( 2 ),
e define the turbulent pressure as 

 turb ( x ) ≡ 2 

3 
ε turb ( x ) = 

1 

3 
ρb ( x ) u 

2 
turb ( x ) . (4) 

he definition of turbulent pressure is consistent with that of 
apichino & Niemeyer ( 2008 ), Lau et al. ( 2009 ), Paul et al. ( 2011 ),
nd Angelinelli et al. ( 2020 ). We also define the ratio of turbulent
ressure to thermal pressure as 

( x ) ≡ P turb ( x ) 
P th 

= 

ε turb ( x ) 
ε th ( x ) 

= 

u 

2 
turb ( x ) 

2 e u ( x ) 
. (5) 

or the random velocity field of the cosmic baryonic fluid u turb ( x )
ith the zero mean value, its isotropic CWT 

˜ u turb ( w, x ) is obtained
y convolution with the wavelet function � as 

˜ 
 turb ( w, x ) = 

∫ 
u turb ( τ ) �( w, x − τ )d 3 τ . (6) 

hroughout this work, we use the so-called three-dimensional 
sotropic cosine-weighted Gaussian-derived wavelet (CW-GDW), 
hich can achieve good localization in both spatial and frequency 

pace simultaneously (Wang & He 2022 , 2024a , b ). With ˜ u turb ( w, x ),
nd referring to equation ( 3 ), we define the local wavelet power
pectrum (WPS) for the turbulent velocity ˜ u turb ( w, x ) as 

 turb ( w , x ) ≡ 1 

2 
� b ( x ) | ̃ u turb ( w , x ) | 2 . (7) 

ote that here we do not use ρb ( x ) directly, but instead use � b ( x ) =
b ( x ) / ̄ρb for the calculations, where ρ̄b is the background baryonic
ensity. 
For the internal energy per unit mass of baryonic matter e u ( x ), we

an define a ‘thermal velocity’ as 

 th ( x ) ≡
√ 

e u ( x ) . (8) 

ased on equation ( 1 ) and with reference to equation ( 7 ), we define
he local WPS for the thermal velocity u th as 

 th ( w, x ) ≡ � b ( x ) | ̃  u th ( w, x ) | 2 , (9) 

here ˜ u th ( w, x ) is the wavelet transform of u th ( x ). Then, we define
he global WPS for both turbulent and thermal motion as 

 turb ( w) ≡ 1 

2 
〈 � b ( x ) | ̃ u turb ( w, x ) | 2 〉 x , 

S th ( w) ≡ 〈 � b ( x ) | ̃  u th ( w, x ) | 2 〉 x , (10) 

n which the average 〈 ... 〉 is performed o v er all spatial coordinates x ,
nd the env-WPS as 

 turb ( w, δ) ≡ 1 

2 
〈 � b ( x ) | ̃ u turb ( w, x ) | 2 〉 δ( x ) = δ, 

S th ( w, δ) ≡ 〈 � b ( x ) | ̃  u th ( w, x ) | 2 〉 δ( x ) = δ, (11) 

here the environment is specified with the density contrast δ and the
verage 〈 ... 〉 δ( x ) = δ is performed over all the spatial points where the
ondition δ( x ) = δ is satisfied. Note that in Wang & He ( 2024a ), we
nly define the WPS of the velocity field u . Here, with the pre-factor
 b ( x ), in equations ( 10 ) and ( 11 ) we actually define the density-
eighted WPS for turbulent and thermal motions. With reference to 

quations ( 1 ) and ( 3 ), equations ( 10 ) and ( 11 ) can also be regarded as
pectra for turbulent and thermal energy , respectively . Furthermore, 
s suggested by equations ( 2 ) and ( 4 ), if they are multiplied by a
re-factor of 2 / 3, they also represent the spectra for turbulent and
hermal pressure, respectively. 

We refer readers to section 2.1 of Wang & He ( 2024a ) for details on
he computation of WPS. Furthermore, in addition to our method, the
MNRASL 534, L14–L20 (2024) 
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Figure 1. The z-evolution of the global energy spectrum (left panel) and the spectral ratio (right panel) for the turbulent and thermal motions in the TNG50 
simulation. The global energy spectrum E( k) is obtained from the global WPS in equation ( 10 ) as E( k) = k 2 S( k). Notice that there are peaks in all the energy 
spectra. The rele v ant po wer-law fits for the scale ranges that are both smaller and larger than the peak positions are indicated in the figure. The vertical dashed 
lines indicate k equal , where R( k equal ) = 1. The grey area shows the k > 0 . 4 k Nyquist region. 

Table 1. The local density environments, specified with � dm 

= ρdm 

/ ̄ρdm 

of 
dark matter. 

� 0 � 1 � 2 � 3 � 4 

� dm 

∈ [0 , 1 / 8) [1 / 8 , 1 / 2) [1 / 2 , 2) [2 , 8) [8 , +∞ ) 
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ower spectrum of kinetic or thermal energy can also be computed
sing the definition of the density-weighted velocity, w ≡ √ 

ρb u (e.g.
ritsuk et al. 2007 ; Schmidt & Grete 2019 ). A comparison of these

wo methods for computing the power spectrum yields consistent
esults (not shown). 

With equation ( 10 ), we can define the ratio of the global WPS as 

 ( k ) ≡ S turb ( k ) 

S th ( k ) 
= 

〈 � b ( x ) | ̃ u turb ( k , x ) | 2 〉 x 
2 〈 � b ( x ) | ̃  u th ( k , x ) | 2 〉 x , (12) 

nd with equation ( 11 ), the ratio of the env-WPS as 

 ( k , δ) ≡ S turb ( k , δ) 

S th ( k , δ) 
= 

〈 � b ( x ) | ̃ u turb ( k , x ) | 2 〉 δ( x ) = δ

2 〈 � b ( x ) | ̃  u th ( k , x ) | 2 〉 δ( x ) = δ

. (13) 

n equations ( 12 ) and ( 13 ), the correspondence w = c w k is used (see
ang & He 2024a , b ). As analysed abo v e, the ratios in equations

 12 ) and ( 13 ) can be also considered as the ratio of turbulent pressure
o thermal pressure. 

For details of the CWT techniques that we have developed, please
efer to Wang & He ( 2021 , 2022 , 2023 , 2024a , b ) and Wang, Yang &
e ( 2022 ). 
As analysed in Wang & He ( 2024a , b ), the numerical ef-

ects such as smearing, aliasing, and shot noise, are significant
hen k > 0 . 4 k Nyquist , where k Nyquist is the Nyquist frequency, and
ence we restrict ourselves to consider only the scale range of
 < 0 . 4 k Nyquist . 

In Fig. 1 , we show the z-evolution of the global pressure spectra
or both turbulent and thermal motions, as well as the spectral ratios
 ( k ). Similar to the results of Wang & He ( 2024a ), it can be seen

hat there are also peaks in all the density-weighted energy spectra
or the four redshifts. We observe that the turbulent spectrum grows
lightly from z = 4 to 2, but increases significantly from z = 2 to 1
n the small k or large-scale range, indicating that turbulence induced
NRASL 534, L14–L20 (2024) 

�

y structure formation is increasingly injected into the cosmic fluid
ith time. Ho we ver, the spectrum remains almost unchanged from
 = 1 to 0, indicating that the turbulence is close to saturation, or
hat the injection of turbulence by structure formation is balanced by
he transfer from the larger to the smaller scales and the dissipation
f turbulence into heat. 
From the spectral ratios, we see that R ( k ) roughly is an increasing

unction with increasing k when k > 1 h Mpc −1 , indicating turbu-
ent pressure becomes increasingly larger with decreasing scales.
t k equal = 8 . 1 h Mpc −1 (or λequal = 2 π/k equal = 0 . 78 h 

−1 Mpc ) of
 = 1 and z = 0, the turbulent pressure is comparable to the thermal
ressure, whereas when k > k equal , the turbulent pressure is dominant
 v er the thermal pressure. The magnitude of turbulent pressure can be
s high as ∼ 6 times that of the thermal pressure. Similar conclusions
lso apply to the cases of z = 4 and z = 2, except that in these
nstances, k equal = 15 . 5 h Mpc −1 (or λequal = 0 . 41 h 

−1 Mpc ). 
In Wang & He ( 2024a ), we predict that all WPSs at small

cales of the cosmic velocity field are steeper than not only
he Kolmogoro v e xponent −5 / 3 but also the Burgers turbulence
xponent −2. Here, we observe that the slopes of the turbulent
ressure spectrum are −1 . 74 for z = 0 and −1 . 99 for z = 4,
espectively, which are gentler than those reported in the previous
ork. 
As in Wang & He ( 2024a ), we divide the simulation space

f TNG50 into five different environments according to the dark
atter density, denoted as � i with i = 0 , 1 , ..., 4 (see Table 1 ).
mong them, � 0 and � 1 can be regarded as voids or low-density

egions, and � 4 as various high-density structures, such as clusters,
laments, sheets, and their outskirts. In Fig. 2 , we present the
nvironment-dependent pressure spectra at z = 0. One can see that
he magnitude of the turbulent pressure spectrum increases with
ncreasing environmental density, but the slope of the spectrum in
he small-scale regime becomes increasingly gentle as the density
ncreases. The spectral ratios of turbulent pressure to thermal pres-
ure R ( k ) are similar for all environmental densities, except that
 equal = 8 . 7 h Mpc −1 for the highest density � 4 , whereas k equal =
 . 9 h Mpc −1 for other densities. We also find that the maximum
pectral ratio is ∼ 4 at k = 20 h Mpc −1 for the lowest density � 0 ,
nd as high as ∼ 6 at k = 28 h Mpc −1 for the highest density
 4 . 
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Figure 2. The env-dependent energy spectrum (left panel) and the spectral ratio (right panel) for the turbulent and thermal motions in the TNG50 simulation 
at z = 0. The energy spectrum E( k , δ) is obtained from the env-WPS in equation ( 11 ) as E( k , δ) = k 2 S( k , δ). As in Fig. 1 , the rele v ant po wer-law fits for the 
scale ranges that are smaller and larger than the peak positions are indicated in the figure. The vertical dashed lines indicate k equal , where R( k equal ) = 1. The 
grey area shows the k > 0 . 4 k Nyquist region. 

Figure 3. The z-evolution of the pressure ratio of turbulent pressure to 
thermal pressure with respect to dark matter density. The lines represent 
the mean values of the raio r( x ), and the colour bands indicate the standard 
deviations for the values abo v e and below the mean calculated separately. 
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In Fig. 3 , we show the z-evolution of the pressure ratio of turbulent
ressure to thermal pressure with respect to dark matter density. For
 spatial location x , there exists the correspondence between the 
ressure ratio r( x ), which is e v aluated with equation ( 5 ), and the dark
atter density � dm 

( x ) = ρdm 

( x ) / ̄ρdm 

. For a density interval centred
t � dm 

, we count all the points within this interval, and in this way we
an calculate the mean value and the standard deviation of r( x ). In
eneral, the ratio of turbulent pressure to thermal pressure increases 
s the redshift decreases. At low redshifts, the ratio in high-density 
egions is greater than one, and can even reach two times as high
s that in lower-density regions. Since these high-density regions 
re essentially the centres of clusters and filaments, it suggests that 
urbulent pressure dominates o v er thermal pressure in these central 
egions. This dominance is already illustrated by the spectral ratios 
n Figs 1 and 2 , and this result is also in agreement with the findings
f Vazza et al. ( 2011 ), Parrish et al. ( 2012 ), Iapichino et al. ( 2013 ),
nd Schmidt et al. ( 2017 ). 
 DY NA M I C A L  EFFECTS  

n this section, we examine in detail the dynamical effects of
urbulence and thermal motions in the cosmic baryonic fluid and their
ombined impact on structure formation. For the velocity field u of
he cosmic fluid, the dynamical equation of its divergence d = ∇ · u ,
r the compression rate, is as follows (Zhu et al. 2010 , 2011 ; Schmidt
t al. 2017 ): 

Dd 

Dt 
≡ ∂ d 

∂ t 
+ 

1 

a 
u · ∇d = Q turb + Q th + Q grav + Q exp , (14) 

ith 

Q turb = 

1 

a 

(
1 

2 
ω 

2 − S 2 ij 

)
, 

Q th = 

1 

a 

(
1 

ρ2 
b 

∇ ρb · ∇ P th − 1 

ρb 
∇ 

2 P th 

)
, 

 grav = −4 πG 

a 2 
( ρtot − ρ̄0 ) , 

Q exp = − ȧ 

a 
d, (15) 

n which Q turb , Q th , Q grav , and Q exp indicate the dynamical effects
f turbulence, thermal, gravitational collapse, and cosmic expansion, 
espectively. In the above expression, ω ≡ ∇ × u is the vorticity, and
 ij ≡ (1 / 2)( ∂ i u j + ∂ j u i ) is the strain rate of the cosmic fluid. The
hysical effects of these Q terms are clear, i.e. when Q > 0, the
orresponding ef fect dri v es the spatial re gion or the cosmic structure
o expand, whereas Q < 0, it drives the region/structure to collapse.
ere, we focus only on the combined effects of turbulent and thermal
ynamics, with 

 tot = Q turb + Q th . (16) 

otice that Q turb should be computed using the total velocity u ,
ut in order to clearly understand the role of turbulence and its
ontribution to the compression rate, we also use the bulk flow-
emo v ed u turb to calculate this dynamic effect, with the result denoted
s Q turb , t . 

In Fig. 4 , we present the dynamical effects of turbulence Q turb 

nd Q turb , t , thermal motion Q th and their combine effects Q tot as a
unction of dark matter density � dm 

. F or ev ery spatial position x ,
here is a correspondence between Q ( x ) and the dark matter density
MNRASL 534, L14–L20 (2024) 
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Figure 4. The dynamical effects of turbulence and thermal motion in the cosmic fluid, as well as their combined effects, are represented by Q turb , Q turb , t , Q th , 
and Q tot , respectively. Among these, Q turb and Q turb , t are computed using the total velocity u and the bulk flow-remo v ed v elocity u turb , respectiv ely. The four 
panels, from top-left to bottom-right, correspond to z = 4, 2, 1, and 0, respectively. The lines represent the mean values of Q ( x ), and the colour bands indicate 
the standard deviations for the values abo v e and below the mean calculated separately. 
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 dm 

( x ). As done for Fig. 3 , for a density interval centred at � dm 

,
e count all the points within this interval, and in this way we

an calculate the mean value and the standard deviation of Q ( x ).
e observe that for all four redshifts, in the low-density regions,
 turb , Q th , and Q tot are all less than zero, exhibiting a consider-

ble dispersion. Moreo v er, at low redshifts, Q tot is predominantly
nfluenced by Q turb . These ne gativ e dynamical effects suggest that
oth turbulent and thermal pressure effects are likely to induce the
ollapse of the low-density re gions. Moreo v er, these trends towards
ollapse do not change with redshift. Ho we ver, when we focus
n the high-density regions, we find that the dynamical effects of
urbulent pressure and thermal pressure are exactly opposite, in that
 th > 0 but Q turb < 0, and their combined effect Q tot > 0, which

s consistent with the dynamical effect of thermal pressure. This
onclusion is completely valid for high redshifts ( z = 4 and 2), but
or low redshifts ( z = 1 and 0), because of the large dispersion for
 turb , there is also a small possibility that Q turb > 0 in some spatial

egions. 
As discussed earlier, Q th > 0 implies that the thermal pressure will

ause the region to expand, while Q turb < 0 indicates that the turbu-
ent pressure will cause the region to collapse. It is widely accepted
NRASL 534, L14–L20 (2024) 
hat turbulent pressure contributes to the thermal support of the gas,
hereby enhancing the ef fecti ve pressure support and preventing the
 v ercooling problem. Here, we show that this viewpoint is incorrect.
n fact, we notice that when � dm 

> 100, Q tot ≈ Q th > 0, indicating
hat the pressure support within clusters is primarily provided by
hermal pressure alone; while turbulent pressure, in almost all cases,
f fecti vely counteracts this support. 

As mentioned previously, Q turb represents the combined effects
f both bulk flow and turbulence. Therefore, it does not directly
eflect the contribution of turbulence alone. We may be concerned
bout the role played by turbulence after the bulk flow is remo v ed.
his can be examined by analysing Q turb , t as a function of dark
atter density � dm 

and its evolution with redshift. From Fig. 4 ,
e see that for all redshifts, Q turb , t contributes ne gativ ely to the

ompression rate. At high redshifts, bulk flow dominates turbulent
ow, whereas as redshift decreases, turbulence becomes increasingly

mportant. At z = 0, turbulence makes the dominant contribution,
esulting in Q turb , t ≈ Q turb in high-density regions. These results
ompletely confirm the abo v e discussions about Q turb , indicating
hat turbulent pressure ef fecti vely counteracts the support provided
y thermal pressure. 
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 C O N C L U S I O N S  A N D  DISCUSSIONS  

ollowing Wang & He ( 2024a ), we apply the CWT techniques to
he TNG data to investigate the turbulent and thermal motions of the
osmic baryonic fluid in the large-scale structures of the Universe. 
ue to the abundance of the included physical processes and AREPO ’s

xcellent performance in hydrodynamical computations, the TNG 

ata are well-suited for studying cosmic fluid turbulence. 
By defining the pressure spectra, or density-weighted velocity 

ower spectra, as well as the spectral ratios, for both turbulent and
hermal motions, we investigate the z-evolution of these spectra 
nd the dependence of the spectral ratios on wavenumber k. We 
lso study the contributions of turbulent and thermal pressure to the 
ompression rate by defining their respective dynamical effects as 
 turb and Q th . 
Our main findings and conclusions are as follows: 

(i) Similar to the turbulent velocity spectra presented by Wang & 

e ( 2024a ), peaks also exist in the turbulent pressure spectra for all
edshifts. The turbulent spectrum shows slight growth from z = 4 to 2
nd a significant increase from z = 2 to 1 at large scales, suggesting
hat turbulence is progressively introduced into the cosmic fluid. 
rom z = 1 to 0, the spectrum remains nearly constant, indicating

hat turbulence may be nearing saturation or is balanced by energy 
ransfer and dissipation. 

(ii) The spectral ratio R ( k ) increases with k for k > 1 h Mpc −1 ,
ndicating that turbulent pressure becomes more significant at smaller 
cales. At a specific k equal , the turbulent pressure is comparable to
hermal pressure, but dominates at larger k. The turbulent pressure 
an exceed the thermal pressure by up to approximately six times. 

(iii) The magnitude of the turbulent pressure spectrum increases 
ith environmental density. The spectral ratios R ( k , � ) are similar

cross different environmental densities, with a maximum ratio of 
pproximately 4 to 6 depending on the density. The z-evolution 
f pressure spectra and spectral ratios in different environments 
enerally follows the trend of global spectra. 
(iv) The environment-dependent pressure spectra in low-density 

e gions hav e steeper slopes at small scales compared to high-density
egions, indicating more efficient energy transfer in low-density 
nvironments. 1 Due to the density-weighted pre-factor � b , the slopes 
f the turbulent pressure spectrum at large k are less steep than that
f the velocity power spectrum of Wang & He ( 2024a ). 
(v) Generally, the ratio of turbulent pressure to thermal pressure 

ncreases as the redshift decreases. At low redshifts, the ratio in high-
ensity regions is greater than one, and can even reach two times as
igh as that in lower density regions. Since these high-density regions 
re essentially the centres of clusters and filaments, it indicates that 
he turbulent pressure is dominant o v er the thermal pressure in these
entral regions, which is consistent with that of Vazza et al. ( 2011 ),
arrish et al. ( 2012 ), Iapichino et al. ( 2013 ), and Schmidt et al. ( 2017 ).
(vi) For the four redshifts, low-density regions exhibit negative 

alues for turbulence ( Q turb ), thermal motion ( Q th ), and their com-
ined effects ( Q tot ), suggesting a collapse tendency due to both
urbulent and thermal pressures, with no significant redshift-related 
hanges. In contrast, high-density regions exhibit the opposite ef- 
ects: Q th > 0 promotes expansion, while Q turb < 0 leads to collapse,
ith the combined effect Q tot > 0 aligning with the thermal pressure.
his conclusion is completely valid for high-redshifts, but for low- 
 See appendix B of Wang & He ( 2024a ), where we provide a detailed 
xplanation about the relationship between exponent of energy spectrum 

nd energy transfer rate for turbulence. 

B  

 

B
C

edshifts, because of the large dispersion for Q turb , there is also
 small possibility that Q turb > 0 in some spatial regions. Analysis
ased on Q turb , t , which is computed using turbulent velocity, indicates 
hat at z = 0, turbulence indeed makes the dominant contribution
o the compression rate, resulting in Q turb , t ≈ Q turb in high-density 
egions, which completely confirms the previous discussions about 
 turb . 

The Kolmogorov turbulence, which is homogeneous and isotropic 
n space and is characterized by eddies of different scales, is the
imple theoretical framework for turbulence. However, this picture 
s problematic for the turbulence of the cosmic baryonic fluid, 
hich is subject to structure formation driven by gravity in the

ontext of cosmic expansion. Structure formation leads, for example 
o the density stratification of the cosmic fluid, where buoyancy 
orces resist radial motions, making the turbulence inhomogeneous 
nd anisotropic (e.g. Shi, Nagai & Lau 2018 ; Shi & Zhang 2019 ;
ohapatra, Federrath & Sharma 2020 ; Simonte et al. 2022 ; Wang,
h & Ruszkowski 2023 ). In this study, the density-weighted pre-

actor � b in the definition of the pressure power spectrum inherently
ccounts for the inhomogeneity and anisotropy of turbulent motions 
n the cosmic fluid, and hence the issues of density stratification are
artially resolved. 
Contrary to the common belief that turbulent pressure provides 

xtra pressure support to prevent overcooling, the data indicate 
hat when � dm 

> 100, Q turb < 0, and Q tot ≈ Q th > 0, revealing
hat thermal pressure alone is the main source of pressure support
ithin clusters. Turbulent pressure, in most cases, works against this 

upport, challenging the previously held viewpoint. This conclusion 
ligns with Schmidt et al. ( 2017 )’s, but their conclusion is based on
 specific cluster selected from their simulation sample. In contrast, 
ur results, derived from a statistical analysis of the TNG data, are
ore general and universal. 
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