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Cooling Flow Problem

Cooling Flow 

Hot Gas 
     tcool ≥ tage Core 

   tcool < tage 

銀河団ガスの温度は～108K
　→X線放射による冷却が効く
X線放射による冷却時間

密度の高いコアの冷却時間は～108yr
　→圧力を支えきれずガスの流れが発達
　→Cooling Flow

tcool = 8.5� 1010yr
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観測では低温ガス～106Kに対応する重元素のline emission が
見えない
　→Cooling Flowの発達を妨げる加熱源が存在？
　→Cooling Flow Problem
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加熱源の候補
• TCモデル
周囲の高温ガスからの熱伝導を加熱源とするモデル

• MCモデル
AGNの活動に伴う衝撃波や音波によるメカニカルな
加熱を考えたモデル

→これらのモデルは加熱の安定性に問題がある
→AGNの活動に伴って発生する宇宙線の
　streamingによる加熱に注目した

4



Cosmic Ray Streaming Heating
宇宙線がプラズマ中を流れるとAlfvén波と共鳴し
Alfvén波を増幅する

Alfvén波のエネルギーが背景磁場のエネルギーまで
増幅されると、non-linear dampingする
　→dampingした分のエネルギーがガスに渡される
　→ガスの加熱源になる
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�st � vst · |�PCR|
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基礎方程式
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球対称を仮定、添字のgはガスをCRは宇宙線を表す

CR streamingによる加熱
熱伝導

宇宙線衝突
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EOC:

EOM:

Energy eq. of gas:

Energy eq. of CR:
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Cosmic Ray Injection
宇宙線源として銀河団中心に存在するAGNを考える
宇宙線は　　　　　 の範囲で注入されるとするr0 < r < r1

　　　は銀河団中心に流れ込むガスの量に比例させる

ここでbubbleの観測から　　　　　 、
mini-haloの観測から　　　　　　とする

r0 = 20 kpc
r1 = 150 kpc

ṠCR � LAGN
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(� � 3)

LAGN = �Ṁc2

LAGN

ここで　はAGNでのエネルギー変換効率を表すパラメータ�
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初期条件
• 密度分布は観測の結果を用いる
• ガスは等温であるとする

•  
• 　
• 背景磁場

Perseus-type cluster : 
Virgo-type cluster     :

T (t = 0) = 7 keV
T (t = 0) = 2.4 keV

u(t = 0) = 0

PCR(t = 0) = 0

B = 10 µG
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Figure 1. Evolution of Ṁ for Models LCF0 and LCR0.
(A color version of this figure is available in the online journal.)
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Figure 2. (a) Temperature and (b) density profiles for Model LCR0.
(A color version of this figure is available in the online journal.)
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Figure 3. Profiles of the ratio UA/UM for Model LCR0.
(A color version of this figure is available in the online journal.)

(δB ∼ B) as we show below. In this case, the diffusion
coefficient is close to the one for Bohm diffusion (Equation (14)
in Bell 1978) and can be very small. Effectively, the diffusion
coefficient we adopted is too small to affect the results. In other
words, the results are not much different even if we assume
D0 = 0.

Figure 2 shows the profiles of the ICM temperature and
density for Model LCR0. For t ! 4 Gyr, they do not change
much. However, the temperature of the inner boundary r =
rmin slowly oscillates at 0.6 keV " kBT " 1 keV. The
oscillation is reflected in Ṁ (Figure 1). Compared with the
pure cooling flow model (Model LCF0), Ṁ is significantly
reduced (∼120 M" yr−1 at t ∼ 12 Gyr), which means that CR
streaming can be an effective, stable heating source. Figure 3
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Figure 4. Profiles of the ratios Pc/Pg (solid) and PB/Pg (dotted) at t = 9 Gyr
for Model LCR0.
(A color version of this figure is available in the online journal.)
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Figure 5. Relative importance of CR streaming (Hst) and collisional heating
(Hcoll) at t = 9 Gyr for Model LCR0.
(A color version of this figure is available in the online journal.)

shows the evolution of the ratio UA/UM . The region where
UA/UM reaches one expands inward and outward in the cluster.
This means that the Alfvén waves become nonlinear in a wide
region of the cluster at the end of the calculation. It is to be noted
that even if we assume UA/UM = 1 throughout the calculation,
the results do not change much. The growth time of UA is much
larger than that for a supernova remnant. The main reason is
that the spatial scale of a cluster is much larger than that of the
precursor of the shock of a supernova remnant. The difference
affects the gradient of Pc in Equation (6).

Figure 4 shows the ratios Pc/Pg and PB/Pg at t = 9 Gyr. Both
the CR and magnetic pressures are smaller than the gas pressure,
although they are relatively large in the central region and cannot
be ignored (Pc/Pg ∼ 0.3 and PB/Pg ∼ 0.3). In Figure 5, we
show the relative importance of the two heating mechanisms
(Hst and Hcoll) at t = 9 Gyr. CR streaming alone can almost
balance the radiative cooling except for the very inner region of
the cluster. This means that it can heat almost the entire cool core
of r " 100 kpc. The contributions of Coulomb and hadronic
collisions are minor. Figure 6 shows the evolution of the ratio of
the heating by CR streaming to the radiative cooling. The ratio
gradually reaches one. The bend at r ∼ 400 kpc at t = 6 Gyr
corresponds to the point where UA reaches UM (Figure 3).

3.3. Parameter Search

In this subsection, we change the model parameters to see how
the results are affected by them. Probably the most uncertain
parameters in our models are those for the energy input from
the AGN. In Models LCRe1 and LCRe2, we change the value
of ε (Table 1). The evolution of Ṁ is presented in Figure 7. As is
expected, we tend to have a smaller Ṁ for a larger ε. For Model
LCRe2, the ICM becomes unstable for t ! 8 Gyr, although
Ṁ is smaller than that in Model LCR0 for a long duration
of ∼5 Gyr (3 " t " 8 Gyr). The temperature and density
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---：加熱なし、pure cooling flow model
̶：CR streaming model (Perseus-type、　　　　　　)
　　→宇宙線はCooling Flowの発達を妨げる
　　

� = 2.5� 10�4
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Figure 1. Evolution of Ṁ for Models LCF0 and LCR0.
(A color version of this figure is available in the online journal.)
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Figure 2. (a) Temperature and (b) density profiles for Model LCR0.
(A color version of this figure is available in the online journal.)
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Figure 3. Profiles of the ratio UA/UM for Model LCR0.
(A color version of this figure is available in the online journal.)

(δB ∼ B) as we show below. In this case, the diffusion
coefficient is close to the one for Bohm diffusion (Equation (14)
in Bell 1978) and can be very small. Effectively, the diffusion
coefficient we adopted is too small to affect the results. In other
words, the results are not much different even if we assume
D0 = 0.

Figure 2 shows the profiles of the ICM temperature and
density for Model LCR0. For t ! 4 Gyr, they do not change
much. However, the temperature of the inner boundary r =
rmin slowly oscillates at 0.6 keV " kBT " 1 keV. The
oscillation is reflected in Ṁ (Figure 1). Compared with the
pure cooling flow model (Model LCF0), Ṁ is significantly
reduced (∼120 M" yr−1 at t ∼ 12 Gyr), which means that CR
streaming can be an effective, stable heating source. Figure 3
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Figure 4. Profiles of the ratios Pc/Pg (solid) and PB/Pg (dotted) at t = 9 Gyr
for Model LCR0.
(A color version of this figure is available in the online journal.)
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Figure 5. Relative importance of CR streaming (Hst) and collisional heating
(Hcoll) at t = 9 Gyr for Model LCR0.
(A color version of this figure is available in the online journal.)

shows the evolution of the ratio UA/UM . The region where
UA/UM reaches one expands inward and outward in the cluster.
This means that the Alfvén waves become nonlinear in a wide
region of the cluster at the end of the calculation. It is to be noted
that even if we assume UA/UM = 1 throughout the calculation,
the results do not change much. The growth time of UA is much
larger than that for a supernova remnant. The main reason is
that the spatial scale of a cluster is much larger than that of the
precursor of the shock of a supernova remnant. The difference
affects the gradient of Pc in Equation (6).

Figure 4 shows the ratios Pc/Pg and PB/Pg at t = 9 Gyr. Both
the CR and magnetic pressures are smaller than the gas pressure,
although they are relatively large in the central region and cannot
be ignored (Pc/Pg ∼ 0.3 and PB/Pg ∼ 0.3). In Figure 5, we
show the relative importance of the two heating mechanisms
(Hst and Hcoll) at t = 9 Gyr. CR streaming alone can almost
balance the radiative cooling except for the very inner region of
the cluster. This means that it can heat almost the entire cool core
of r " 100 kpc. The contributions of Coulomb and hadronic
collisions are minor. Figure 6 shows the evolution of the ratio of
the heating by CR streaming to the radiative cooling. The ratio
gradually reaches one. The bend at r ∼ 400 kpc at t = 6 Gyr
corresponds to the point where UA reaches UM (Figure 3).

3.3. Parameter Search

In this subsection, we change the model parameters to see how
the results are affected by them. Probably the most uncertain
parameters in our models are those for the energy input from
the AGN. In Models LCRe1 and LCRe2, we change the value
of ε (Table 1). The evolution of Ṁ is presented in Figure 7. As is
expected, we tend to have a smaller Ṁ for a larger ε. For Model
LCRe2, the ICM becomes unstable for t ! 8 Gyr, although
Ṁ is smaller than that in Model LCR0 for a long duration
of ∼5 Gyr (3 " t " 8 Gyr). The temperature and density
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・Perseus-type cluster
・
・
・

�th = 0
� = 2.5� 10�4

T (t = 0) = 7 keV
(8.1� 107 K)

温度が　　　　　 の
範囲で変動している
　→銀河団年齢程度で安定　　　　　

0.6� 1 keV
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Figure 11. (a) Temperature and (b) density profiles for Model SCR0.
(A color version of this figure is available in the online journal.)
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Figure 12. ICM velocity and Alfvén velocity profiles at t = 9 Gyr for Model
LCR0.
(A color version of this figure is available in the online journal.)

4. DISCUSSION

The above results show that heating by CR streaming can
almost balance the radiative cooling, and the heating process
is relatively stable, even if there is no thermal conduction. The
stability can roughly be explained as follows.

In our calculations, the ICM velocity is much smaller than the
Alfvén velocity. Figure 12 is an example (Model LCR0 at t =
9 Gyr). This means that vA is the main contributor to ũ = u + vA

in Equation (4). Owing to the large Alfvén velocity, CRs can
prevail in and heat the entire core, which is different from other
conventional heating mechanisms such as sound waves or weak
shocks (Fujita & Suzuki 2005; Mathews et al. 2006). Moreover,
the Alfvén velocity is given by vA = B/

√
4πρ ∝ ρd−1/2 ∝ ρ1/6

if we assume d = 2/3. Thus, the Alfvén velocity is not very
dependent on the ICM. The diffusion term in Equation (4) can
effectively be ignored because of the small value (Section 3.2).
These indicate that the distribution of Pc or ec is insensitive
to a change in the local ICM, which makes the CR heating
stable. Although the absolute value of Pc increases as Ṡc(∝ Ṁ)
increases, the overall shape of the profile of Pc does not change
much (Figure 13). Moreover, since Pc reflects accumulation
of CRs injected so far, it is insensitive to a temporal change
of Ṡc.

The stability also resides in the heating function Hst =
vA|∂Pc/∂r| and its global balance with the radiative cooling
function. Here, the physical quantities are the typical ones for
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Figure 13. CR pressure profiles for Model LCR0.
(A color version of this figure is available in the online journal.)

!r . Since vA does not evolve much and the overall shape of the
profile of Pc does not change much, the heating function can be
approximated by Hst ∝ Ṁf (r), where f (r) is a function of r
and is almost independent of t. The mass inflow rate is given
by Ṁ = 4πr2ρ|u|, which does not depend on the radius at a
given time because of mass conservation. The flow time of the
ICM, tflow ∝ r/|u|, is nearly proportional to the cooling time
of the ICM, tcool ∝ Pg/(n2

eΛ), because the flow compensates
the cooled gas. Thus, we obtain Hst ∝ (ρ3Λ/Pg)r3f (r). If
the ICM is adiabatic, Pg ∝ ργg , where γg = 5/3. However,
radiative cooling is effective in the central region of a cluster,
and thus Pg ∝ ργ ′

g , where 1 < γ ′
g < 5/3. Observationally,

γ ′
g = 1.20 ± 0.06 for clusters with a cool core (De Grandi &

Molendi 2002). Thus, the heating function Hst(∝ ρ3−γ ′
g Λ) is

similar to the cooling term (∝ ρ2Λ) in Equation (3). Because of
this, the balance between heating and cooling can be maintained.

However, CR streaming is not perfectly locally stable as was
noted by Loewenstein et al. (1991, see their Section 2). Because
of this, the ICM becomes unstable at the end of calculations in
some models without thermal conduction (e.g., Models LCRe2
and LCRn2). The local instability may be related to emission-
line filaments, which may be heated by CRs (Loewenstein et al.
1991). Even so, the ability to keep the ICM stable for a long
time makes CR streaming attractive as a heat source of cluster
cores. Moreover, this ability makes it easier for the model to
attain more stability when it is combined with minor thermal
conduction (Model LCRc). Weak turbulence may also stabilize
the ICM because it conveys energy as thermal conduction does
(Kim & Narayan 2003; Fujita et al. 2004a).

5. CONCLUSIONS

We have studied heating of cool cores of galaxy clusters by
CR streaming. As the source of CRs, we considered the central
AGN in a cluster. The CRs amplify Alfvén waves, with which
CRs move outward in the cluster. The ICM is heated through
dissipation of the waves.

Using numerical simulations, we found that CR streaming
can heat the core for a long time after radiative cooling becomes
effective without the assistance of thermal conduction. The
development of a strong cooling flow is prevented well. CR
streaming can effectively heat both high- and low-temperature
clusters. This is because CRs can prevail throughout the core
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・Virgo-type cluster
・
・
・

�th = 0
� = 1� 10�4

T (t = 0) = 2.4 keV

低温の銀河団についても
コアを加熱できている

(2.8� 107 K)
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まとめ
• CR streamingによって銀河団コアを
加熱できるかを調べた

• CR streamingによる加熱は銀河団の
年齢程度では安定

•低温の銀河団についてもCooling 
Flowの発達を抑える

• CR streamingは銀河団コアの加熱源
として有力
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