
Astrophysical Black holes: A Rapidly Moving Field

Temperature properties of accretion flow around black holes.
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Figure 6. Plots of temperature ratio )4/)8 shown as a function of the polar
angle \ (in degrees) at di�erent radii A = 5, 10, 20 "• for models TCR-D
(top panel) and TCR-DM (bottom panel). The two vertical red lines on both
sides of the equatorial plane (\ = 90) roughly denote the jet-sheath region;
regions the left or to the right of these two lines correspond to the funnel.

as a function of the plasma-V is shown in the top and bottom panels of
Fig. 7, respectively. In all of the panels of Fig. 7, each dot represents
the value measured in a given grid-cell over a time window C =
8000 � 9000 "•. The black dots are collected from the parts of the
domain with f < 1 and thus corresponding to the “disc region”,
while the magenta dots are from cells with f > 1 and thus can
be considered the “jet region”. Note that how in the case of a SANE
accretion mode, i.e., for panels (a)–(d) in Fig. 7, these magenta values
are mostly restricted to small values of the plasma-V parameter; on
the other hand, for a MAD accretion mode, i.e., for panels (e), they
can also be associated with values of V . 102, although they tend to
be absent in the regions with V � 1.

Note how the di�erent scatterings of the dots clearly show the
impact of various mechanisms on the temperatures. In particular,
the inclusion of the Coulomb-interaction term heats-up the electrons
quite irrespective of the plasma-V (see panels (a) and (b) of Fig. 7). As
a result, the value of )4/)8 increases in the whole range of plasma-V
for model TCwhen compared to model T. The increase in the temper-
ature ratios is prominent for the higher plasma-V range (i.e., V > 10),
as the Coulomb interaction is more e�cient in the high-density re-
gion of the disc. As we include the radiative-cooling processes (panel
(c)), electrons are cooled and lower values of )4/)8 and )4/)6 are
reached for V ⇠ 1. However, in the region with low plasma-V, the tur-
bulent heating remains stronger than the radiation-cooling term and
the electrons in these regions remain comparatively hot. Note the ap-
pearance of a local minimum in the temperature ratios in panels (c)
of Fig. 7, which indicates that the cooling is particularly important
and actually dominating in the range V ⇠ 1 � 10.

With the decrease in the accretion rate, the e�ciency of the
Coulomb heating and of the radiative cooling also decreases (panels
(d) and (e) of Fig. 7). On the contrary, the rate of turbulent heating is
independent of the accretion rate (see Eq. (5)). As a result, electrons
with lower plasma-V remain hot while electrons with higher plasma-
V remain cold when the accretion rates are small. Interestingly, the
ratio )4/)8 becomes greater than unity in the regions where the tur-
bulent heating of electrons is e�cient and the radiative cooling is
less e�cient. These regions appear around the funnel (see Fig. 5).
However, the gas temperature always remains higher than that of the

electrons throughout the simulation domain (see bottom panels of
Fig. 7).

Figure 5 suggests that the ratio )6/)4 or )8/)4 shows a broad
correlation with the plasma-V parameters. Moreover, the trend of
the temperature ratio is quite similar for SANE as well as MAD
modes (panels (d) and (e) of Fig. 5). Therefore, it is possible to relate
the temperatures ratios )6/)4 and )8/)4 with the properties of the
plasma-V in the accretion flow. We can do this by fitting the data in
Fig 7 with a simple function of plasma-V parameter that can recover
the widely used '�V prescription in the suitable limits. In particular,
we adopt the new ansatz
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where : = 6, 8 and Vbr,: is what we refer to as the “the plasma-V
break”, i.e., a characteristic value of the V parameter where the tem-
perature ratio undergoes a sharp change (see below). Two important
remarks are needed at this point. First, Eqs. (19) seem to imply that
there are six new coe�cients '1�3,6 and '1�3,? ; in practice, how-
ever, only three are linearly independent since the other three can be
derived through relations that are simple to derive in the case of an
ideal-fluid equation of state, namely
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Second, note that the standard ' � V relation can be obtained by
setting '1,? = 'low, '2,? = 'high and '3 = 0, i.e.,
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The new functional form of the temperature ratios (19) is built on
the expectation that the electrons should be cooled by the thermal
synchrotron emission in the moderately magnetised region with V ⇠
1. In addition, the electrons should have a higher temperature in the
highly magnetised regions as a result of the strong turbulent heating.
Under these considerations, and for V ⌧ 1, the temperature ratios
reduce to )8/)4 ' '1 and )6/)4 ' '1. For larger values of V, and
depending on the heating and cooling processes, the ratio of the
temperatures may increase or decrease. However, for V � Vcr � 1,
the temperature ratios tend to reach constant values)8/)4 ' )6/)4 '
'2,? + '3,? , so that the standard value of 'high normally employed
in the standard ' � V relation (22) is actually given by 'high =
'2,? + '3,? .

In the various panels of Fig. 7 we show with a solid red line the
new ' � V relations (19) as obtained from the best-fit parameters
for the various models considered; for the ratio )8/)4 these best-fit
parameters '1�3,? are reported in Table 2 for the various models
considered, while for the )6/)4 ratio they can be obtained by using
expressions (21). In all of the panels of Fig. 7 we also show the value
of Vbr with a vertical blue dotted line. Note that the new '�V relation
broadly follows the trend of the ratio of the temperatures as a function
of the plasma-V of the fluid. For comparison, in Fig. 7, we also overlay
the standard '� V function with 'low = '1 and 'high = '2+'3 with
a green dashed line. As expected, the standard ' � V relation shows
a good agreement in the range V . 0.1 and V & 100 for all of the
models considered, in the range of 0.1 . V . 100, it does not provide
an accurate description of the thermodynamics of the accreting flow.
We note that these three di�erent regions in the plasma-V correspond
to spatially di�erent regions, namely, the funnel/shearing region (V .
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Distribution of temperature ratio for different scenarios.
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Parameters as a function of accretion rate:

Introduction: 

Conclusions: Find me:

1. Simple scaling relations for temperature ratio does not 
work for realistic accretion flow. 

2. Radiative cooling would be important for mass 
accretion rate  > 10-7 Eddington units.

1. In the accretion flow around the black hole 
electron-ion collision time-scale may be 
larger than that of the dynamical time-
scale.  

2. Flow can not maintain a single-
temperature, instead, a two-temperature 
accretion flow is preferred (Eardley+1975).  

3. Calculation of self-consistent temperature 
of radiating electrons as well as ions is 
require for reliable observational 
conclusions.   

4. We perform general-relativistic 
magnetohydrodynamics (GRMHD) 
simulations to study two-temperature 
accretion flow.


