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 We propose a new hypothesis that 

“Galactic”
BH accretion disks 
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Fig. 2.— Particle energy v.s. timescales for K41 turbulence in ADAF. Horizontal axis is

the particle energy normalized by GeV, and the vertical axis is the time (second). The

normalized mass and normalized mass accretion rates are (m, ṁ) = (10, 10−3) for left panel

and (10, 10−6) for right panel. The red solid line, the blue dashed line, and the green

long dashed line are the acceleration time, the escape time, and the radial accretion time,

respectively. The purple dotted line, the cyan long dash-short dash line and the magenta

dot dashed line are the timescales for the synchrotron cooling, the pp and the pγ cooling,

respectively. The maximum energy is limited by the escape in both cases.
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Fig. 3.— Particle energy v.s. timescales for K41 turbulence (q = 5/3) in ADAF. The

difference from the figures 2 is only the mass of BH, which we adopt m = 106 here. The left

panel is for ṁ = 10−3, and the right panel is for m = 10−6. In the right panel, there is no

pγ cooling line, since this timescale is too long to depict in this panel for this parameter. In

the left panel , the maximum energy is limited not by the escape but by the pγ cooling.
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ṁ ⌘ Ṁ/ṀEdd

Yuto Teraki (Kyoto unv.)



l
o
g

1
0

˙ M
c2

XRB

IBH

Sgr A*

30
32
34
36
38
40
42
44
46

0 1 2 3 4 5 6 7

lo
g 1

0 
do

tM
c2

log10 m

TeV

PeV

EeV

critical0.1ṀEdd Ṁ
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ṁ ⌘ Ṁ/ṀEdd
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Ṁ �
max

Yuto Teraki (Kyoto unv.)



Maximum energy
・Low accretion rate : 

escape limit

�
max,esc / (mṁ)1/2 / Ṁ1/2
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ṁ ⌘ Ṁ/ṀEdd
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PeV gamma-rays from XRBs
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Fig. 4.— Particle energy v.s. timescales for IK turbulence (q = 3/2) in MAD. The meaning

of the lines are same with figure 2. The BH mass is m = 10, and mass accretion rates are

ṁ = 10−3 for the left panel and ṁ = 10−6 for the right panel. In the left panel, the maximum

energy is limited by the synchrotron cooling.
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Fig. 5.— Particle energy v.s. timescales for Hard Sphere approximation (q = 2) in ADAF.

The meaning of the lines are same with figure 2. The BH mass is m = 10, and mass accretion

rates are ṁ = 10−3 for left panel and ṁ = 10−6 for the right panel. The escape time is always

shorter than the acceleration time.
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5.1. Each timescale

The acceleration time is defined as tacc = p2/Dpp, where p and Dpp are a momentum

and a diffusion coefficient in the momentum space. Using the quasi linear theory, Dpp is

approximately written as

Dpp = p2
(vph

c

)2
(
kresPB(kres)

B2
0

)
Ω,

where vph, kres, and Ω are phase velocity of the scattering waves, resonant wavenumber, and

gyro frequency of the particle. The resonance condition is

ω − k∥v∥ = nΩ,

where ω, n, k∥ and v∥ are the frequency of the wave, an integer, parallel wavenumber and par-

allel velocity of the particle to the background magnetic field, respectively. For the isotropic

turbulence, we assume that the dominant contribution comes from the gyro resonance con-

dition of n = ±1 and omit both of n = 0 and higher gyro resonance, so that the resonant

wavenumber is the order of the inverse of the Larmor radius. By using the assumption of

minimum wavenumber of the turbulence is identical to the inverse of the radius kmin = R−1,

we rewrite the acceleration time for the isotropic turbulence as

tacc,iso = p2/Dpp =

(
R

c

)(vph
c

)−2

ξ

(
RLn

R

)2−q

γ2−q [s], (19)

where ξ = B2
0/(δB)2,(δB)2 =

∫
PB(k)dk and RLn = rL/γ = mc2/eB0 are Bohm factor and

”nonrelativistic” Larmor radius, respectively.

The other important acceleration mechanism comes from n = 0 resonance. It is called

transit time damping (TTD), which may be a main acceleration mechanism in the GS95

anisotropic turbulence (Yan & Lazarian 2008, Lynn et al 2014). According to Lynn et al.

(2014), the acceleration time by TTD in the GS95 anisotropic turbulence is

tacc,aniso ≃
(
R

c

)(vph
c

)−2

ξ [s], (20)

where we also use the assumption k−1
min = R, and omit O(1) factors. The acceleration time

for this mechanism is nearly identical to the one of QLT for q = 2 as we compare equations

19 and 20, even though the background physics is completely different each other. We are

interested only in the acceleration time, so that we omit the further detailed discussions in

this paper. Therefore, it is just the one of the reasons of the choice of the ”Hard sphere”

approximation of SA. When we consider HS approximation, two different situations are in

tsyn,e =
�mec2

Psyn,e t
syn,e = t

acc,iso

for ADAF, K41 m = 10

log10 �e

tacc

tesc
tr

tsyn

ṁ = 10�2

tacc

tesctr
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our mind. The one is q = 2 turbulence in which the gyro resonance is active. The other

is GS95 anisotropic turbulence in which Lynn’s picture is applicable. We note that the

HS approximation sometimes adopted as a good model for SA to reproduce the radiation

spectrum of the high energy astrophysical objects (e.g. Asano & Hayashida 2015), so that we

believe it is important to discuss in the context of the accretion disks. Using the assumptions

above and disk models, we can write the acceleration time as

tacc ≃
{

4.0× 10−5rmξ(1.0× 10−8m−1/2ṁ−1/2r1/4)2−qγ2−q [s] (ADAF)

4.0× 10−5rmξ(1.0× 10−9m−1/2ṁ−1/2r1/4)2−qγ2−q [s] (MAD)
(21)

Next we discuss the escape time. We assume the disk hight is comparable to the radius,

which is reasonable for ADAF and MAD. The escape time is estimated by using QLT with

assuming the isotropic diffusion as (Stawarz & Petrosian 2008)

tesc =
9R

c
ξ−1

(
RLn

R

)q−2

γq−2[s]. (22)

The large scale poloidal field in MAD may break the isotropic approximation. However, we

omit the deviation from equation 22, since the error which comes from the dimensionality of

the motion is as large as O(1). The escape time in each disk is approximated as

tesc ≃
{

9.0× 10−5rmξ−1(1.0× 10−8m−1/2ṁ−1/2r1/4)q−2γq−2 [s] (ADAF)

9.0× 10−5rmξ−1(1.0× 10−9m−1/2ṁ−1/2r1/4)q−2γq−2 [s] (MAD)
(23)

The radial inflow time is also should be discussed, since the particles have to be acceler-

ated before they infall into the BHs. Narayan et al. (2012) shows that the infall velocity of

ADAF is vr,ADAF ≃ 10−2vff , and one for MAD is vr,MAD ≃ 10−1vff . This expression exhibits

good match with simulation results except for the very near the ISCO. We omit the deviation

from this law on ISCO in this paper. The radial inflow time is defined as

tr =
R

vr
≃

{
1.4× 10−3mr3/2 [s]

1.4× 10−4mr3/2 [s]
(24)

so that it is 10− 100 times of the Kepler time.

Lastly, we estimate the cooling times. The first is the synchrotron cooling time. It is

represented by dividing the proton energy by the proton synchrotron power Psynch as

tsynch =
γmpc2

Psynch
≃

{
4.8γ−1mṁ−1r5/2 [s] (ADAF)

4.8× 10−2γ−1mṁ−1r5/2 [s] (MAD)
(25)
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spectrum, bremsstrahlung emission is important since it contributes to the X-ray emission.
4.3. Comptonization : T he Submillimeter to Hard X-Ray Spectrum

In this discussion, we neglect the Comptonization of bremsstrahlung emission and only consider the Comptonization of the
soft cyclosynchrotron photons. This is the other process responsible for the submillimeter to hard X-ray spectrum. The
spectrum is deÐned by three quantities : (1) the initial frequency of the photons that are Comptonized, (2) the maximum Ðnal
frequency of a Comptonized photon, and (3) the slope, of the Comptonized spectrum (seea

c
, Fig. 1).

The photons that are Comptonized are the soft cyclosynchrotron photons in the radio spectrum. The emission in the radio
spectrum mainly occurs at the peak frequency, and so we can make the approximation that all the synchrotron photons tol
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is the average energy of a photon for saturated comptonization in the Wien regime.
The optical depth to electron scattering, and how much a photon is ampliÐed in one scattering, are the two quantitiesq

es
,

that determine the slope of the Compton spectrum. Photons at di†erent radii see di†erent optical depths, with photons at
small radii seeing large optical depths and those at large radii seeing small optical depths. In this simple treatment we expect,
on the average, that all the photons would probably see one-half the total optical depth. We therefore, take the optical depth
to electron scattering to be one-half of that as given in & YiNarayan (1995b),
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We Ðnd that this choice of reproduces the more detailed Comptonized spectrum quite well (R. Narayan, privateq
escommunication).

In the standard treatment of Comptonization (see, e.g., & Lightman Liang, & CanÐeld aRybicki 1979, Dermer, 1991),
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Figure 6. Late evolution for Torbit = 6.43–6.81 after the onset of magnetic reconnection. The format is the same as that of Figures 1 and 4. The magnetic islands/current
sheets are subject to both the stretching and shrinking motions. After that, one of the islands is deformed, and the plasma is spread over the entire domain.
(A color version of this figure is available in the online journal.)

Figure 7. Evolution of energy spectra for the plasma β = 1536. The initial
stage at Torbit = 0.09 shows a cold drift Maxwellian distribution function
with a Keplerian motion. At Torbit = 5.39 just before the onset of magnetic
reconnection, the spectrum still remains a hot Maxwellian-like distribution
function. At Torbit = 5.48 just after the onset of reconnection, high-energy,
nonthermal particles are generated. At Torbit = 7.95, the high-energy component
can be approximated by a power-law function with N (ε)dε ∝ ε−1.

of both effects, the accelerated power-law energy spectrum
can become harder (Hoshino & Lyubarsky 2012). The other
important effect of the reconnection acceleration is the pressure
anisotropy. As discussed in the previous subsection, the pressure
anisotropy of p⊥ > p∥ enhances the growth rate of reconnection
by coupling to the mirror mode, and it seems likely that the
stronger induced electric field significantly contributes to the
nonthermal particle production.

During the repeated process of disruption and formation of the
current sheet, the plasma gas could be heated and the nonthermal
particles could be accelerated, and the energy spectrum became
harder and harder. Additionally, the nonthermal energy density
increased compared with the thermal energy density. In the
almost-final stage of this simulation run at Torbit = 7.95, the
energy spectrum could be approximated by N (ε)dε ∝ ε−1.
The maximum energy was reached at ε/mc2 ∼ 102, for which
the gyroradius of the highest energetic particle was almost equal
to the size of the simulation box. We will discuss this point later
by compiling other simulation results.

4. PLASMA β DEPENDENCE

So far, we have discussed the case with β = 1536 and
have found that the pressure anisotropy plays a key role in

9

Hoshino 2012

dN

dE
/ E�1

In the reconnection region,
highest energy particles

have large part of the energy
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Wind feedback
Accreting matter can be blown away !

✏wṀBHc
2 > ṀoutV

2

: energy conversion rate to wind✏w & 10�3

e.g. Yuan et al. 2015

Duty cycle?


