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Figure 3. Several physical mechanisms can explain the properties of the ob-
served equatorial disc winds. Here the thermal winds scenario is sketched.
In soft states, associated with geometrically thin discs, the central source
does probably illuminate the outer disc and thus it might heat it, increas-
ing the thermal pressure that then drives away a wind, which is flattened
above the disc. Thus, only in high inclination sources our line of sight to
the central source crosses the wind, allowing us to detect it. In hard states a
geometrically thick and optically thin corona and the jet are present, while
no wind is observed.

of GRS1915+105, observe the ionisation parameter of the wind to
vary with the source luminosity, suggesting the importance of ion-
isation. Can an over-ionisation effect explain the disappearance of
the wind during hard states? If the absorber is in the form of ”static”
clouds with approximately constant density n and distance R from
the ionising source and assuming that the spectral shape changes
have a minor impact on the ionisation state of the wind, then the ab-
sorber ionisation parameter ξ will be directly related to the source
luminosity3: ξ = L/nR2. The left panel of Fig. 2 shows that at
the same luminosity the winds are present in the soft but not in hard
states (see also Lee et al. 2002; Miller et al. 2006b; Blum et al.
2010; Neilsen et al. 2011). Thus, the ”static absorber” interpreta-
tion may be unlikely.

Early works on accretion disc theory (Shakura & Sunyaev
1973) already predicted the formation of winds from the outer disc.
Compton heated winds (see Fig. 3) can be launched if the inner disc
is geometrically thin and thus the central source can illuminate and
heat the outer disc, creating a hot outflowing disc atmosphere with
temperature T ∼ TIC =

∫
∞

0
hνLνdν/4kL ∼ 107−8 K (Begel-

man et al. 1983a,b; Woods et al. 1996) whose ionisation parameter
is expected to be primarily linked to the Spectral Energy Distribu-
tion (characterised by TIC) of the illuminating source.

Assuming that the Fe XXV and Fe XXVI absorption lines are
unsaturated and on the linear part of the curve of growth, we can
estimate the Fe XXV and Fe XXVI ion abundance (see formula 1 of
Lee et al. 2002). Fig. 4 shows the Fe XXV and Fe XXVI ion abun-
dance ratio as a function of TIC for all the observations in which the
two lines are detected. For all sources we systematically observe
the lower ionisation states (Fe XXV) at low TIC with the ratio Fe

3 Where L has been computed as the integral of the disc emission (in the
0.001-100 keV band) plus the power law (1-100 keV) one.
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Figure 4. Fe XXV and Fe XXVI ion abundance ratio as a function of TIC.
For each source the Fe XXV/Fe XXVI ion abundance ratio is decreasing with
TIC (which is a tracer of the spectral hardness). This suggests that the wind
ionisation increases with spectral hardness, thus suggesting that ionisation
effects play an important role here. The solid lines show the expected rela-
tion between ion ratios and TIC assuming linear a relation between ξ and
TIC (ξ = Ξ × TIC/1.92 × 104, where Ξ = Fion/nkTc, Fion is the
ionising flux between 1 and 103 rydbergs; Krolik et al. 1981) and the ion
fraction vs. ξ as computed by Kallman & Bautista (2001; see their Fig. 8)
for an optically thin low density photo-ionised gas (Γ = 2).

XXV/Fe XXVI decreasing for harder spectral shapes (higher TIC),
as expected if the ionisation parameter (ξ) increases linearly with
TIC (see solid lines in Fig. 4). This result suggests that, during the
soft states, ionisation effects might play an important role in de-
termining the properties of the wind. However, this conclusion is
based on the ionisation balance for a low-density gas illuminated
by a Γ = 2 power law; in order to verify the disappearance of the
wind in hard states as due to over-ionisation, a detailed study of
the actual ionising spectra and wind densities would be required.
Although important, this is beyond the scope of this paper. Alter-
natively, the wind disappearance in the hard state might arise from
the fact that illumination of the outer disc is critical for the pro-
duction of Compton-heated winds or from some other phenomena
(e.g. organisation of magnetic field) which is related to the accre-
tion states. Irradiation only occurs when the outer disc subtends a
larger solid angle than the inner flow. Thus, the formation of ther-
mal winds might be prevented if harder states are associated with
thick discs that, even if optically thin at the centre, have an optically
thick region with H/R∼ 1 or have a significant optical depth as seen
from the outer disc (see also Neilsen et al. 2011b). Alternatively, if
the disc ionisation instability is at work in these transient sources,
the Compton radius of the wind might lie in a low-temperature, and
thus un-flared, part of the outer disc (Dubus et al. 2001).

5 DISCUSSION

How important are these winds for the accretion phenomenon? We
estimate the wind mass outflow rate using the equation:

Ṁwind = 4πR2nmpvout
Ω

4π
= 4πmpvout

LX

ξ
Ω

4π
; (1)
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Figure 3. Several physical mechanisms can explain the properties of the ob-
served equatorial disc winds. Here the thermal winds scenario is sketched.
In soft states, associated with geometrically thin discs, the central source
does probably illuminate the outer disc and thus it might heat it, increas-
ing the thermal pressure that then drives away a wind, which is flattened
above the disc. Thus, only in high inclination sources our line of sight to
the central source crosses the wind, allowing us to detect it. In hard states a
geometrically thick and optically thin corona and the jet are present, while
no wind is observed.

of GRS1915+105, observe the ionisation parameter of the wind to
vary with the source luminosity, suggesting the importance of ion-
isation. Can an over-ionisation effect explain the disappearance of
the wind during hard states? If the absorber is in the form of ”static”
clouds with approximately constant density n and distance R from
the ionising source and assuming that the spectral shape changes
have a minor impact on the ionisation state of the wind, then the ab-
sorber ionisation parameter ξ will be directly related to the source
luminosity3: ξ = L/nR2. The left panel of Fig. 2 shows that at
the same luminosity the winds are present in the soft but not in hard
states (see also Lee et al. 2002; Miller et al. 2006b; Blum et al.
2010; Neilsen et al. 2011). Thus, the ”static absorber” interpreta-
tion may be unlikely.

Early works on accretion disc theory (Shakura & Sunyaev
1973) already predicted the formation of winds from the outer disc.
Compton heated winds (see Fig. 3) can be launched if the inner disc
is geometrically thin and thus the central source can illuminate and
heat the outer disc, creating a hot outflowing disc atmosphere with
temperature T ∼ TIC =

∫
∞

0
hνLνdν/4kL ∼ 107−8 K (Begel-

man et al. 1983a,b; Woods et al. 1996) whose ionisation parameter
is expected to be primarily linked to the Spectral Energy Distribu-
tion (characterised by TIC) of the illuminating source.

Assuming that the Fe XXV and Fe XXVI absorption lines are
unsaturated and on the linear part of the curve of growth, we can
estimate the Fe XXV and Fe XXVI ion abundance (see formula 1 of
Lee et al. 2002). Fig. 4 shows the Fe XXV and Fe XXVI ion abun-
dance ratio as a function of TIC for all the observations in which the
two lines are detected. For all sources we systematically observe
the lower ionisation states (Fe XXV) at low TIC with the ratio Fe

3 Where L has been computed as the integral of the disc emission (in the
0.001-100 keV band) plus the power law (1-100 keV) one.
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Figure 4. Fe XXV and Fe XXVI ion abundance ratio as a function of TIC.
For each source the Fe XXV/Fe XXVI ion abundance ratio is decreasing with
TIC (which is a tracer of the spectral hardness). This suggests that the wind
ionisation increases with spectral hardness, thus suggesting that ionisation
effects play an important role here. The solid lines show the expected rela-
tion between ion ratios and TIC assuming linear a relation between ξ and
TIC (ξ = Ξ × TIC/1.92 × 104, where Ξ = Fion/nkTc, Fion is the
ionising flux between 1 and 103 rydbergs; Krolik et al. 1981) and the ion
fraction vs. ξ as computed by Kallman & Bautista (2001; see their Fig. 8)
for an optically thin low density photo-ionised gas (Γ = 2).

XXV/Fe XXVI decreasing for harder spectral shapes (higher TIC),
as expected if the ionisation parameter (ξ) increases linearly with
TIC (see solid lines in Fig. 4). This result suggests that, during the
soft states, ionisation effects might play an important role in de-
termining the properties of the wind. However, this conclusion is
based on the ionisation balance for a low-density gas illuminated
by a Γ = 2 power law; in order to verify the disappearance of the
wind in hard states as due to over-ionisation, a detailed study of
the actual ionising spectra and wind densities would be required.
Although important, this is beyond the scope of this paper. Alter-
natively, the wind disappearance in the hard state might arise from
the fact that illumination of the outer disc is critical for the pro-
duction of Compton-heated winds or from some other phenomena
(e.g. organisation of magnetic field) which is related to the accre-
tion states. Irradiation only occurs when the outer disc subtends a
larger solid angle than the inner flow. Thus, the formation of ther-
mal winds might be prevented if harder states are associated with
thick discs that, even if optically thin at the centre, have an optically
thick region with H/R∼ 1 or have a significant optical depth as seen
from the outer disc (see also Neilsen et al. 2011b). Alternatively, if
the disc ionisation instability is at work in these transient sources,
the Compton radius of the wind might lie in a low-temperature, and
thus un-flared, part of the outer disc (Dubus et al. 2001).

5 DISCUSSION

How important are these winds for the accretion phenomenon? We
estimate the wind mass outflow rate using the equation:

Ṁwind = 4πR2nmpvout
Ω

4π
= 4πmpvout

LX

ξ
Ω

4π
; (1)
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ブラックホール降着円盤からのアウトフロー；
最近の成果と今後の課題

After Ponti et al. 2012
BH

ジェット 円盤風
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今、なにが問題か？
(1)ブラックホールの質量獲得メカニズム

巨大ブラックホールはどう成長した
のか？

(2)フィードバックメカニズム

ブラックホールが成長する際、周囲
で何が起こるのか？



巨大BHの成長問題

巨大BHは宇宙誕生
の数億年後に既に

存在
→急速成長のメカ
ニズムは？

RESEARCH | LETTER

Figure 1. | Spectrum of ULAS J1120+0641 compared to a composite spectrum derived from lower-redshift quasars.

Blueward of 1.005 µm the spectrum was obtained with the FORS2 on the Very Large Telescope (VLT) Antu using a 1.000 wide longslit
and the 600z holographic grism, which has a resolution of 1390; the resultant dispersion was 1.6⇥10�4 µm per pixel and the spatial scale
was 0.0025 per pixel. The full FORS2 spectrum covers the wavelength range 0.75 µm  �  1.03 µm. Redward of 1.005 µm the data were
obtained using the GNIRS on the Gemini North Telecope. The GNIRS observations were made in cross-dispersed mode using a 32 lines
per mm grating and the short camera with a pixel scale of 0.0015 per pixel; with a 1.000 slit this provided a resolution of 500. The full
GNIRS spectrum covers the wavelength range 0.90 µm  �  2.48 µm. The data are binned by a factor of four and are shown in black;
the 1 � error spectrum is shown below the observed spectrum. The wavelengths of common emission lines, redshifted by z = 7.085, are
also indicated. The solid red curve shows a composite spectrum constructed by averaging the spectra of 169 SDSS quasars in the redshift
interval 2.3<⇠ z <⇠ 2.6 that exhibit large C iv emission line blueshifts. Absorption lines in the SDSS spectra were masked in forming the
composite. The composite is a strikingly good fit to the spectral shape of ULAS J1120+0641 and most of its emission lines, although it
was not possible to match the extreme C iv blueshift. The Ly↵ and C iv equivalent widths of the SDSS quasars are strongly correlated;
the fact that the equivalent width of C iv from the composite spectrum is similar to that of ULAS J1120+0641 implies that the Ly↵
line is also correctly modelled. The dashed red curve shows the power-law (F� / ��0.5) used to estimate the quasar’s ionizing flux and
the follow-up photometry of ULAS J1120+0641 is also listed.

of F⌫ = �0.08 ± 0.13 mJy in the Faint Images of the Ra-
dio Sky at Twenty-Centimeters (FIRST) survey17. Assum-
ing an unabsorbed continuum blueward of Ly↵ of the form
L� / ��0.5 (as appropriate for a radio-quiet quasar18) im-
plies ULAS J1120+0641 was emitting ionizing photons at a
rate of �ion = 1.3⇥ 1057 s�1.

Quasars are believed to be powered by accretion onto
their central black holes. The black hole’s mass can be
estimated from the quasar’s luminosity and its Mg ii line
width19. ULAS J1120+0641 has L� = (1.3 ± 0.1) ⇥
1040 W µm�1 at a rest-frame wavelength of � = 0.3 µm
and the Mg ii line has a full width at half-maximum of
3800 ± 200 km s�1, implying MBH = (2.0+1.5

�0.7) ⇥ 109MSun

(where the uncertainty is dominated by the empirical scat-
ter in the scaling relationship). The Eddington luminosity
for ULAS J1120+0641 is hence LEdd = (5.3+3.9

�1.8)⇥1013LSun,
which is comparable to the above bolometric luminosity
and implies an Eddington ratio of �Edd = 1.2+0.6

�0.5. As-
suming Eddington-limited accretion with an e�ciency of
✏ ' 0.1, a black hole’s mass would grow as20 MBH /
exp(t/(0.04 Gyr)); this implies that all other known high-
redshift quasars (for example, SDSS J1148+5251 at z =
6.42, with an estimated21 black hole mass of MBH ' 3 ⇥
109MSun) would have had MBH <⇠ 5 ⇥ 108MSun at 0.77 Gyr

after the Big Bang. The existence of ⇠109MSun black holes
at z ' 6 already placed strong limits on the possible mod-

els of black hole seed formation, accretion mechanisms and
merger histories20,22; the discovery that a 2⇥109MSun black
hole existed just 0.77 Gyr after the Big Bang makes these
restrictions even more severe.

Aside from its existence, the most striking aspect of
ULAS J1120+0641 is the almost complete lack of observed
flux blueward of its Ly↵ emission line, which can be at-
tributed to absorption by H i along the line of sight. The
transmission, T , was quantified by dividing the observed
spectrum of ULAS J1120+0641 by the power-law shown in
Fig. 1. Converting from observed wavelength to Ly↵ ab-
sorption redshift yields the transmission spectrum shown in
Fig. 2. The e↵ective optical depth, defined in the absence
of noise as ⌧e↵ ⌘ � ln(T ), was measured in redshift bins of
width �zabs,Ly↵ = 0.15 in the range 5.9<⇠ zabs,Ly↵<⇠ 7.1. In
all eight bins the 2� lower limit is ⌧e↵ > 5. The overall im-
plication is that the neutral hydrogren density at redshifts
of z >⇠ 6.5 was so high that it cannot be probed e↵ectively
using continuum Ly↵ absorption measurements.

The inability of Ly↵ forest absorption measurements
to probe high optical depths is generic, but quasars di↵er
from other high-redshift sources in that they have a strong
e↵ect on the intergalactic medium in their vicinity, ionizing
megaparsec-scale near zones around them. Ultraviolet pho-
tons can propagate freely through these ionized regions, re-
sulting in significant transmission just blueward of the Ly↵
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while the long arrows denote the 90% upper limits. It is
clearly noticed that the cutoff redshift increases with the
luminosity, and as a result the ratio of the peak spatial den-
sity to that of present day is much smaller for AGNs with
logLX < 44:5 than for more luminous AGNs. Note that
these results are based on the ‘‘ effective ’’ correction for the
sample incompleteness as described in x 2.4. To evaluate
maximal errors due to the incompleteness, we calculate the
same plot assuming that all the unidentified sources were
located in a specific redshift as done by Cowie et al. (2003).
We find that the incompleteness could affect any data points
below z < 2:3 only by a factor smaller than 2 except for
those at z > 1:2 in the logLX ¼ 43 44:5 range. The short
arrow shows the 90% upper limit on the average spatial
density at z ¼ 1:2 2:3, which still gives a tight constraint.

5.3. Comparison with Observational Constraints

Figure 13 shows the prediction of source counts (black
solid curves) from the best-fit HXLFmodel and theNH func-
tion in the four bands, 0.5–2, 2–10, 5–10, and 10–30 keV.
We also plot the source counts in the CDF-N survey by
Miyaji et al. (2000a) in the 0.5–2 and 2–10 keV bands, as
well as that of XMM-Newton in the Lockman Hole field by
Hasinger et al. (2001) in the 5–10 keV band. It is verified that
our model reproduces the observed 2–10 keV source counts
above the flux limit, 3:8" 10#15 ergs cm#2 s#1. The pre-
dicted curve is, however, slightly below the 90% error region
at the faintest fluxesd10#15 ergs cm#2 s#1. As we discuss in
x 6.3, this discrepancy could be partially explained by
Compton-thick AGNs with logNH ¼ 24 25. In the 5–10
keV band, the observed source counts are well reproduced
by our model. In the 0.5–2 keV band, on the other hand, the
predicted AGN contribution significantly underestimates
the result of fluctuation analysis at fluxes of 8" 10#18 to

8" 10#17 ergs cm#2 s#1 (0.5–2 keV). This situation does not
change even if we add a soft component with a relative nor-
malization of 5% to the continuum for every AGN. Such
discrepancy is also seen in the population synthesis model
by Gilli, Salvati, & Hasinger (2001). As discussed by Miyaji
& Griffiths (2002), this fact indicates the emergence of new
populations, which could be attributable to normal galaxies
(e.g., Ranalli, Comastri, & Setti 2003). They may contribute
to the faintest 2–10 keV source counts as well.

We confirm that our HXLFmodel can reproduce the red-
shift distribution of another hard-band–selected sample
containing other Chandra sources than used in the present
analysis. Figure 14 shows a comparison of the expected red-
shift distribution of AGNs (dashed histogram) with the
actual data (solid histogram) at a flux limit of 5" 10#15 ergs
cm#2 s#1 in the 2–10 keV band taken from Gilli (2003). He
compiled only spectroscopically identified sources in the
Chandra Deep Field–South (Giacconi et al. 2002), CDF-N,
Lockman Hole, Lynx field, and small selected area (SSA) 13
field. The identifications were highly complete at this flux
limit. He also excluded objects in certain redshift ranges
where there are density spikes due to the underlying
large-scale structure. The one-dimensional K-S test gives a
matching probability of 0.75, which is well acceptable.

Finally, we examine the consistency of our HXLF and
the NH function with the SXLF determined by ROSAT
data. We refer to the SXLF byMiyaji et al. (2000a), which is
calculated for all the soft X-ray–selected AGNs (except BL
Lac objects) without optical classification, as is in our case,
but given for a luminosity in the observer 0.5–2 keV frame
with no absorption correction. To make direct comparison,
we calculate an expected SXLF by integrating the contribu-
tion of AGNs with different intrinsic luminosities and
column densities from our HXLF and NH function. In this
step we first compute the ROSAT PSPC count rate in the
0.5–2 keV band and then convert it into an ‘‘ observed ’’
luminosity assuming ! ¼ 2, using the detector response.

Figure 15 shows the comparison between the observed
SXLF data (symbols with error bars) and the prediction
from the HXLF model (lines) in the redshift bins of
z ¼ 0:015 0:2, 0.2–0.4, 0.4–0.8, 0.8–1.6, and 1.6–2.3. The
data are taken from the numerical table of Miyaji et al.
(2001) for the same cosmological parameters,
ðH0;"m;"!Þ ¼ ð70; 0:3; 0:7Þ. In spite of the fact that they
are determined from completely independent surveys, we
can see good agreement between the two results: they match
within a factor of 2 or less than 2 " level. Because of k-
correction, more absorbed sources can fall into the soft
X-ray band in higher redshifts, making the evolution appear
to continue until a higher redshift than that of the HXLF.
The effect is more important in the lower luminosity range
because of the larger fraction of absorbed sources. This is
probably the reason why the ROSAT SXLF is well
described by the LDDE model with a constant cutoff
redshift.

We note that the HXLF model tends to overestimate the
SXLF at z ¼ 0:4 1:6 in the high-luminosity range above
logLX & 45. A major reason is because the HXLF form we
use is too simple, where a common two power-law form is
assumed over the whole redshift range. In reality the slope
#2 seems to be larger (and/or L* smaller) at these redshifts,
as indicated from the SXLF data (it is also implied from our
HXLF data; see Fig. 11). This can be connected to the fact
that the predicted source counts in the 0.5–2 keV band

Fig. 12.—Comoving spatial density of AGNs as a function of redshift in
three luminosity ranges, logLX ¼ 41:5 43 (upper black curve), 43–44.5
(middle red curve), and 44.5–48 (lower blue curve). The lines are calculated
from the best-fit model of the HXLF. The errors are 1 ", while the long
arrows denote the 90% upper limits (corresponding to 2.3 objects). The
short arrow (marked with a red filled square) corresponds to the 90% upper
limit on the average spatial density of AGNs with logLX ¼ 43 44:5 at
z ¼ 1:2 2:3 when all the unidentified sources are assumed to be in this
redshift bin.
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Ueda et al. 2003 Downsizing
質量の大きなBHほど

先に成長
↓

成長速度がBH質量に
依存するメカニズム

はなにか？

巨大BHの成長問題のつづき



フィードバックの問題
BH
質
量

銀河バルジ質量

謎の比例関係
→巨大BHが母銀河の進
化に影響を与えた！？

Gültekin et al. 2009

→巨大BHの最終質量は
母銀河によって制御され

ている！？



BHアウトフローの研究意義

①BH近傍での
高エネルギー現
象を知る鍵.

②BHの成長を
抑制する可能
性あり！

③母銀河の進化
に影響を与える
可能性あり！

4 G. Ponti et al.
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Figure 3. Several physical mechanisms can explain the properties of the ob-
served equatorial disc winds. Here the thermal winds scenario is sketched.
In soft states, associated with geometrically thin discs, the central source
does probably illuminate the outer disc and thus it might heat it, increas-
ing the thermal pressure that then drives away a wind, which is flattened
above the disc. Thus, only in high inclination sources our line of sight to
the central source crosses the wind, allowing us to detect it. In hard states a
geometrically thick and optically thin corona and the jet are present, while
no wind is observed.

of GRS1915+105, observe the ionisation parameter of the wind to
vary with the source luminosity, suggesting the importance of ion-
isation. Can an over-ionisation effect explain the disappearance of
the wind during hard states? If the absorber is in the form of ”static”
clouds with approximately constant density n and distance R from
the ionising source and assuming that the spectral shape changes
have a minor impact on the ionisation state of the wind, then the ab-
sorber ionisation parameter ξ will be directly related to the source
luminosity3: ξ = L/nR2. The left panel of Fig. 2 shows that at
the same luminosity the winds are present in the soft but not in hard
states (see also Lee et al. 2002; Miller et al. 2006b; Blum et al.
2010; Neilsen et al. 2011). Thus, the ”static absorber” interpreta-
tion may be unlikely.

Early works on accretion disc theory (Shakura & Sunyaev
1973) already predicted the formation of winds from the outer disc.
Compton heated winds (see Fig. 3) can be launched if the inner disc
is geometrically thin and thus the central source can illuminate and
heat the outer disc, creating a hot outflowing disc atmosphere with
temperature T ∼ TIC =

∫
∞

0
hνLνdν/4kL ∼ 107−8 K (Begel-

man et al. 1983a,b; Woods et al. 1996) whose ionisation parameter
is expected to be primarily linked to the Spectral Energy Distribu-
tion (characterised by TIC) of the illuminating source.

Assuming that the Fe XXV and Fe XXVI absorption lines are
unsaturated and on the linear part of the curve of growth, we can
estimate the Fe XXV and Fe XXVI ion abundance (see formula 1 of
Lee et al. 2002). Fig. 4 shows the Fe XXV and Fe XXVI ion abun-
dance ratio as a function of TIC for all the observations in which the
two lines are detected. For all sources we systematically observe
the lower ionisation states (Fe XXV) at low TIC with the ratio Fe

3 Where L has been computed as the integral of the disc emission (in the
0.001-100 keV band) plus the power law (1-100 keV) one.
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Figure 4. Fe XXV and Fe XXVI ion abundance ratio as a function of TIC.
For each source the Fe XXV/Fe XXVI ion abundance ratio is decreasing with
TIC (which is a tracer of the spectral hardness). This suggests that the wind
ionisation increases with spectral hardness, thus suggesting that ionisation
effects play an important role here. The solid lines show the expected rela-
tion between ion ratios and TIC assuming linear a relation between ξ and
TIC (ξ = Ξ × TIC/1.92 × 104, where Ξ = Fion/nkTc, Fion is the
ionising flux between 1 and 103 rydbergs; Krolik et al. 1981) and the ion
fraction vs. ξ as computed by Kallman & Bautista (2001; see their Fig. 8)
for an optically thin low density photo-ionised gas (Γ = 2).

XXV/Fe XXVI decreasing for harder spectral shapes (higher TIC),
as expected if the ionisation parameter (ξ) increases linearly with
TIC (see solid lines in Fig. 4). This result suggests that, during the
soft states, ionisation effects might play an important role in de-
termining the properties of the wind. However, this conclusion is
based on the ionisation balance for a low-density gas illuminated
by a Γ = 2 power law; in order to verify the disappearance of the
wind in hard states as due to over-ionisation, a detailed study of
the actual ionising spectra and wind densities would be required.
Although important, this is beyond the scope of this paper. Alter-
natively, the wind disappearance in the hard state might arise from
the fact that illumination of the outer disc is critical for the pro-
duction of Compton-heated winds or from some other phenomena
(e.g. organisation of magnetic field) which is related to the accre-
tion states. Irradiation only occurs when the outer disc subtends a
larger solid angle than the inner flow. Thus, the formation of ther-
mal winds might be prevented if harder states are associated with
thick discs that, even if optically thin at the centre, have an optically
thick region with H/R∼ 1 or have a significant optical depth as seen
from the outer disc (see also Neilsen et al. 2011b). Alternatively, if
the disc ionisation instability is at work in these transient sources,
the Compton radius of the wind might lie in a low-temperature, and
thus un-flared, part of the outer disc (Dubus et al. 2001).

5 DISCUSSION

How important are these winds for the accretion phenomenon? We
estimate the wind mass outflow rate using the equation:

Ṁwind = 4πR2nmpvout
Ω

4π
= 4πmpvout

LX

ξ
Ω

4π
; (1)
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Figure 3. Several physical mechanisms can explain the properties of the ob-
served equatorial disc winds. Here the thermal winds scenario is sketched.
In soft states, associated with geometrically thin discs, the central source
does probably illuminate the outer disc and thus it might heat it, increas-
ing the thermal pressure that then drives away a wind, which is flattened
above the disc. Thus, only in high inclination sources our line of sight to
the central source crosses the wind, allowing us to detect it. In hard states a
geometrically thick and optically thin corona and the jet are present, while
no wind is observed.

of GRS1915+105, observe the ionisation parameter of the wind to
vary with the source luminosity, suggesting the importance of ion-
isation. Can an over-ionisation effect explain the disappearance of
the wind during hard states? If the absorber is in the form of ”static”
clouds with approximately constant density n and distance R from
the ionising source and assuming that the spectral shape changes
have a minor impact on the ionisation state of the wind, then the ab-
sorber ionisation parameter ξ will be directly related to the source
luminosity3: ξ = L/nR2. The left panel of Fig. 2 shows that at
the same luminosity the winds are present in the soft but not in hard
states (see also Lee et al. 2002; Miller et al. 2006b; Blum et al.
2010; Neilsen et al. 2011). Thus, the ”static absorber” interpreta-
tion may be unlikely.

Early works on accretion disc theory (Shakura & Sunyaev
1973) already predicted the formation of winds from the outer disc.
Compton heated winds (see Fig. 3) can be launched if the inner disc
is geometrically thin and thus the central source can illuminate and
heat the outer disc, creating a hot outflowing disc atmosphere with
temperature T ∼ TIC =

∫
∞

0
hνLνdν/4kL ∼ 107−8 K (Begel-

man et al. 1983a,b; Woods et al. 1996) whose ionisation parameter
is expected to be primarily linked to the Spectral Energy Distribu-
tion (characterised by TIC) of the illuminating source.

Assuming that the Fe XXV and Fe XXVI absorption lines are
unsaturated and on the linear part of the curve of growth, we can
estimate the Fe XXV and Fe XXVI ion abundance (see formula 1 of
Lee et al. 2002). Fig. 4 shows the Fe XXV and Fe XXVI ion abun-
dance ratio as a function of TIC for all the observations in which the
two lines are detected. For all sources we systematically observe
the lower ionisation states (Fe XXV) at low TIC with the ratio Fe

3 Where L has been computed as the integral of the disc emission (in the
0.001-100 keV band) plus the power law (1-100 keV) one.
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For each source the Fe XXV/Fe XXVI ion abundance ratio is decreasing with
TIC (which is a tracer of the spectral hardness). This suggests that the wind
ionisation increases with spectral hardness, thus suggesting that ionisation
effects play an important role here. The solid lines show the expected rela-
tion between ion ratios and TIC assuming linear a relation between ξ and
TIC (ξ = Ξ × TIC/1.92 × 104, where Ξ = Fion/nkTc, Fion is the
ionising flux between 1 and 103 rydbergs; Krolik et al. 1981) and the ion
fraction vs. ξ as computed by Kallman & Bautista (2001; see their Fig. 8)
for an optically thin low density photo-ionised gas (Γ = 2).

XXV/Fe XXVI decreasing for harder spectral shapes (higher TIC),
as expected if the ionisation parameter (ξ) increases linearly with
TIC (see solid lines in Fig. 4). This result suggests that, during the
soft states, ionisation effects might play an important role in de-
termining the properties of the wind. However, this conclusion is
based on the ionisation balance for a low-density gas illuminated
by a Γ = 2 power law; in order to verify the disappearance of the
wind in hard states as due to over-ionisation, a detailed study of
the actual ionising spectra and wind densities would be required.
Although important, this is beyond the scope of this paper. Alter-
natively, the wind disappearance in the hard state might arise from
the fact that illumination of the outer disc is critical for the pro-
duction of Compton-heated winds or from some other phenomena
(e.g. organisation of magnetic field) which is related to the accre-
tion states. Irradiation only occurs when the outer disc subtends a
larger solid angle than the inner flow. Thus, the formation of ther-
mal winds might be prevented if harder states are associated with
thick discs that, even if optically thin at the centre, have an optically
thick region with H/R∼ 1 or have a significant optical depth as seen
from the outer disc (see also Neilsen et al. 2011b). Alternatively, if
the disc ionisation instability is at work in these transient sources,
the Compton radius of the wind might lie in a low-temperature, and
thus un-flared, part of the outer disc (Dubus et al. 2001).

5 DISCUSSION

How important are these winds for the accretion phenomenon? We
estimate the wind mass outflow rate using the equation:

Ṁwind = 4πR2nmpvout
Ω

4π
= 4πmpvout

LX

ξ
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; (1)
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Figure 5. Ṁwind/Ṁacc versus luminosity. Apart from the one observation
at the lowest luminosity, all detected winds carry away at least twice more
mass than the one accreted into the central object. This implies that these
winds are major players in the accretion phenomenon. The largest Ṁwind is
measured for the GRO J1655−40 observation during which a magnetically
driven wind was detected (Miller et al. 2006a, 2008; Kallman et al. 2009).
[Correction added after online publication 2012 April 4: figure colours fixed]

rates carried away by these winds are generally several times, up
to 10–20 times, higher than the mass accretion rates as found by
Neilsen et al. (2011a). This indicates that these winds are fundamen-
tal components in the balance between accretion and ejection, and
that disregarding such winds would mean overlooking the majority
of the mass involved in the accretion phenomenon. Such massive
winds suggest a higher mass transfer rate from the companion than
is generally assumed. This might imply, for example, more rapid
evolution of the binary orbit than we expect.

Such winds should have a major impact on the physics of the
inner accretion disc. For example, it is expected that the onset of the
wind would reduce the local accretion rate. After a viscous time,
this would modulate the accretion rate in the inner disc and, thus, the
source luminosity, ultimately producing oscillations (Shield et al.
1986; Melia et al. 1991). Interestingly, a Suzaku observation caught
GRS 1915+105 in transition from the hard (χ state) to the soft
state (Ueda et al. 2010, but see also Neilsen et al. 2011a) and,
in agreement with this interpretation, both the rise of the wind
and oscillations (θ state) are observed. We note that Compton-
heated winds are predicted to be powerful only at luminosities
higher than few per cent of the Eddington limit. This corresponds to
the only range of luminosities in which the soft states are observed,
suggesting a strong connection. We speculate that the wind might
have an effect in keeping the thin disc stable and the source firmly
in the soft state, basically preventing the transition back to the hard
state until the wind is not powerful anymore. This would lead to a
more or less constant luminosity for soft to hard state transitions,
which is observed (Maccarone 2002). It is critical to establish in the
future whether these winds really are driven by Compton heating
and what their influence is on the inner accretion flow, to better
understand how they are linked to the accretion state and/or the
formation/suppression of the jet.
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Ponti et al. 2012見込み角度の大きな
XRBに強い吸収あり
→赤道面方向のアウト
フローが存在

質量噴出率は降
着率を超える！
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Figure 2. Left-hand panel: HLD of the high-inclination (dipping) LMXBs studied and of all the low-inclination (non-dipping) LMXBs. Right-hand panel:
high-inclination (dipping) sources show Fe XXVI absorption every time they are in the soft state and upper limits in the hard states. In low-inclination (non-
dipping) LMXBs, the Fe XXVI absorption line is never detected. We interpret these as due to a ubiquitous equatorial disc wind associated with soft states only.
We note that high-inclination sources tend to show a more triangular HLD, while the low-inclination sources exhibit a boxy one.

population of sources which are close to edge-on. Fig. 2 (left-hand
panel) shows the HLD of all the high-inclination LMXBs and
reports the measured Fe XXVI absorption-line EW. These sources
show clear evidence for a high-ionization disc wind (vout ∼
102.5−3.5 km s−1) during all 30 observations in the soft state.1

On the other hand, whenever these sources are observed in the
hard X-ray state, they show only upper limits. We, in fact, observe
stringent upper limits for 16 out of 17 observations and just one
detection of a weak wind quasi-contemporaneous with a weak jet
(Lee et al. 2002; Neilsen & Lee 2009). This demonstrates that for
this set of sources, the presence of the disc wind is deeply linked to
the source state. In particular, the wind is present during spectrally
soft states, when the jet emission is strongly quenched.

The right-hand panel of Fig. 2 shows the HLD for the non-
dipping LMXBs, GX 339-4, XTE J1817−330, 4U 1957+115, XTE
J1650−500 and GRS 1758−258, which have accretion discs which
are inclined more face-on to the observer. None of these source has
a detection of a highly ionized wind in any state. Several spectra
have a signal-to-noise ratio good enough to measure upper limits
as small as a few eV, even during the soft state. For this reason, we
confidently state that these sources do not present the signatures of
highly ionized Fe K winds.2

This difference in behaviour can be easily understood if both the
high- and low-inclination sources have the same wind present in
soft states and absent in the hard states, but the wind is concentrated
in the plane of the disc; thus, our line of sight intercepts the wind
only in high-inclination sources. If this idea is correct, we expect
that deeper observations of low-inclination sources may reveal the

1 One observation of GRS 1915+105 with lower luminosity and Compton
temperature does not show any Fe XXVI but only Fe XXV absorption, thus
suggesting the importance of ionization effects.
2 The majority of the low-energy absorption lines detected in these LMXBs
(Miller et al. 2004) are consistent with being produced by the interstellar
medium (Juett et al. 2004; 2006; Nowak et al. 2008). Most of the remaining
structures are consistent with being at rest, thus unlikely associated with the
Fe K wind (Juett et al. 2006).

presence of the wind through the detection of weak ionized emission
lines.

Is it theoretically plausible for the disc winds to have a strong
angular dependence? Indirect evidence for an angular dependence
of the wind in GBH was already inferred from the lack of emission
lines associated with the X-ray absorption lines (Lee et al. 2002;
Miller et al. 2006b). This suggests that the wind subtends a small
fraction of 4π sr. Moreover, disc wind models and magnetohydro-
dynamic simulations predict a strong angular dependence of the
wind (Begelman et al. 1983a,b; Melia et al. 1991; 1992; Woods
et al. 1996; Proga et al. 2002; Luketic et al. 2010). In fact, if the
disc wind is produced by X-ray irradiation (i.e. Compton heating,
line driving), it is expected to be stronger in edge-on sources simply
because once the material is lifted from the disc, it will experi-
ence an asymmetric push from the radiation field of the central
source. Flattened disc winds have also been assumed to explain the
winds of broad absorption-line QSO and other AGN outflows (e.g.
Emmering et al. 1992; Murray et al. 1995; Elvis 2000).

4 IO N I Z ATI O N EF F E C T S

The strong connection between winds and source states requires
an explanation. Ueda et al. (2010), during oscillating X-ray states
of GRS 1915+105, observe the ionization parameter of the wind
to vary with the source luminosity, suggesting the importance of
ionization. Can an overionization effect explain the disappearance
of the wind during hard states? If the absorber is in the form of
‘static’ clouds with approximately constant density n and distance
R from the ionizing source and assuming that the spectral shape
changes have a minor impact on the ionization state of the wind,
then the absorber ionization parameter ξ will be directly related to
the source luminosity:3 ξ = L/nR2. The left-hand panel of Fig. 2
shows that at the same luminosity, the winds are present in the soft
but not in hard states (see also Lee et al. 2002; Miller et al. 2006b;

3 Where L has been computed as the integral of the disc emission (in the
0.001–100 keV band) plus the power law (1–100 keV) one.
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population of sources which are close to edge-on. Fig. 2 (left-hand
panel) shows the HLD of all the high-inclination LMXBs and
reports the measured Fe XXVI absorption-line EW. These sources
show clear evidence for a high-ionization disc wind (vout ∼
102.5−3.5 km s−1) during all 30 observations in the soft state.1

On the other hand, whenever these sources are observed in the
hard X-ray state, they show only upper limits. We, in fact, observe
stringent upper limits for 16 out of 17 observations and just one
detection of a weak wind quasi-contemporaneous with a weak jet
(Lee et al. 2002; Neilsen & Lee 2009). This demonstrates that for
this set of sources, the presence of the disc wind is deeply linked to
the source state. In particular, the wind is present during spectrally
soft states, when the jet emission is strongly quenched.

The right-hand panel of Fig. 2 shows the HLD for the non-
dipping LMXBs, GX 339-4, XTE J1817−330, 4U 1957+115, XTE
J1650−500 and GRS 1758−258, which have accretion discs which
are inclined more face-on to the observer. None of these source has
a detection of a highly ionized wind in any state. Several spectra
have a signal-to-noise ratio good enough to measure upper limits
as small as a few eV, even during the soft state. For this reason, we
confidently state that these sources do not present the signatures of
highly ionized Fe K winds.2

This difference in behaviour can be easily understood if both the
high- and low-inclination sources have the same wind present in
soft states and absent in the hard states, but the wind is concentrated
in the plane of the disc; thus, our line of sight intercepts the wind
only in high-inclination sources. If this idea is correct, we expect
that deeper observations of low-inclination sources may reveal the

1 One observation of GRS 1915+105 with lower luminosity and Compton
temperature does not show any Fe XXVI but only Fe XXV absorption, thus
suggesting the importance of ionization effects.
2 The majority of the low-energy absorption lines detected in these LMXBs
(Miller et al. 2004) are consistent with being produced by the interstellar
medium (Juett et al. 2004; 2006; Nowak et al. 2008). Most of the remaining
structures are consistent with being at rest, thus unlikely associated with the
Fe K wind (Juett et al. 2006).

presence of the wind through the detection of weak ionized emission
lines.

Is it theoretically plausible for the disc winds to have a strong
angular dependence? Indirect evidence for an angular dependence
of the wind in GBH was already inferred from the lack of emission
lines associated with the X-ray absorption lines (Lee et al. 2002;
Miller et al. 2006b). This suggests that the wind subtends a small
fraction of 4π sr. Moreover, disc wind models and magnetohydro-
dynamic simulations predict a strong angular dependence of the
wind (Begelman et al. 1983a,b; Melia et al. 1991; 1992; Woods
et al. 1996; Proga et al. 2002; Luketic et al. 2010). In fact, if the
disc wind is produced by X-ray irradiation (i.e. Compton heating,
line driving), it is expected to be stronger in edge-on sources simply
because once the material is lifted from the disc, it will experi-
ence an asymmetric push from the radiation field of the central
source. Flattened disc winds have also been assumed to explain the
winds of broad absorption-line QSO and other AGN outflows (e.g.
Emmering et al. 1992; Murray et al. 1995; Elvis 2000).

4 IO N I Z ATI O N EF F E C T S

The strong connection between winds and source states requires
an explanation. Ueda et al. (2010), during oscillating X-ray states
of GRS 1915+105, observe the ionization parameter of the wind
to vary with the source luminosity, suggesting the importance of
ionization. Can an overionization effect explain the disappearance
of the wind during hard states? If the absorber is in the form of
‘static’ clouds with approximately constant density n and distance
R from the ionizing source and assuming that the spectral shape
changes have a minor impact on the ionization state of the wind,
then the absorber ionization parameter ξ will be directly related to
the source luminosity:3 ξ = L/nR2. The left-hand panel of Fig. 2
shows that at the same luminosity, the winds are present in the soft
but not in hard states (see also Lee et al. 2002; Miller et al. 2006b;

3 Where L has been computed as the integral of the disc emission (in the
0.001–100 keV band) plus the power law (1–100 keV) one.
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40%のAGNで検出 → 細くはなく広角
距離は102-4Rs → 噴出源は降着円盤
PUFO~0.1L~Pjet → とてもパワフル

ジェットは別にパワフルな円盤風が存在！
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アウトフローのメカニズム

磁力線のばね効果：
ぐるぐる巻きになると
ビヨーンと伸びる

跳ねあげられたガスが
飛んでいく
荷電粒子は磁力線に
引っかかっているこ
とを忘れずに

磁場の力でジェットを加速

円盤
ブラックホール

磁力線

ェットを加速

ジェット
（ガスの流れ）
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円盤内でポロイダル磁場が
増幅され, その磁気圧で加速

磁気圧加速

Blandford-Znajek
BHのスピンのエネルギー
を磁場を介して利用

多次元MHD計算でMRIと同時に扱う研究が主流.  
GR-MHDでBZを取り入れた計算も盛ん. 
　→この後の高橋さん、水田さんの講演
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Radiation-MHD計算/GR Radiation-MHD計算が世界最先端
ラインフォース加速は今後の注目株！？→萩野さんの講演
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最近の成果; GR-RMHD

GR Radiation-MHD計算
超臨界円盤＋ジェット

(この計算ができるのは世界で我々と
Princetonのグループだけ)
H.R.Takahashi et al. in prep.
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Figure 2. Space-time diagram of density (top), gas temperature (middle) and azimuthal component of magnetic field (bottom) at r = 10rs
(left) and r = 20rs (right). Units for ρ, T and Bφ are ρ0, T0,

√
P0. The white lines at the top panels show the approximate locations of

electron scattering photosphere measured from the nearby surfaces of the disk.

Figure 3. Snapshot of disk structures for density (left) and radi-
ation energy density (right) at time 1.13 × 104ts. Units for ρ and
Er are ρ0 and arT 4

0 respectively.

Ṁz=

∫ r

0
2πvz(z = ±Lz/2)rρdr. (8)

Here, Ṁsum is the total mass flux through the cylinder
with radius r, Ṁin and Ṁout are the inward and out-
ward mass flux along the radial direction respectively,
Ṁz is the mass flux through the vertical direction. As
the time averaged value of Ṁsum is almost a constant
for different radii between time 10570ts and 12080ts up
to ∼ 20rs, this part of disk has reached inflow equilib-

rium and will be the focus of our analysis. Figure 4 also
shows that starting from ∼ 4rs, there is a significant out-
ward mass flux along the radial and vertical directions.
At 20rs, Ṁin = 3.01Ṁsum, Ṁout = −1.72Ṁsum while
Ṁz = −0.29Ṁsum.

Figure 4. Averaged radial profiles of mass flux between time
10570ts and 12080ts . The red line is the net mass flux (Ṁsum).
The solid and dashed black lines are the inward and outward mass
flux along radial directions (Ṁin and Ṁout), while the blue line is
the total mass flux along the vertical direction within each radius
(Ṁz). The dotted vertical line indicates the location of rISCO.

Figure 5 shows the time and azimuthally averaged dis-

2 Y.-F. Jiang et al.

a characteristic photon trapping radius rtrap (Begelman
1978), within which photon diffusion time is longer than
inflow time so that the photons are accreted towards the
black hole with the gas before they have time to leave
the system. Therefore, the model predicts that the total
luminosity emitted by the disk is close to LEdd and only
depends on the actual accretion rate logarithmically in
the super-Eddington regime (Shakura & Sunyaev 1973).
Therefore, the radiative efficiencies tend to be much
lower than standard thin disks.
Since the magneto-rotational instability (MRI)

(Balbus & Hawley 1991; Hawley et al. 1995;
Balbus & Hawley 1998) is now believed to be the
physical mechanism responsible for angular momentum
transfer, studying the accretion disk properties with
self-consistent MRI is the next step to significantly im-
prove our understanding of super-Eddington accretion
flows. Because photons control the dynamics in the ra-
diation pressure dominated flows, an accurate numerical
algorithm to solve the radiative transfer equation is also
another essential ingredient. Properties of the saturation
state of MRI in both gas pressure and radiation pressure
dominated regimes have been studied extensively with
local shearing box simulations (Stone et al. 1996; Turner
2004; Hirose et al. 2006, 2009b,a; Jiang et al. 2013b).
The magnetic field is not only able to provide the stress
we need to transfer angular momentum, but also gen-
erates an additional cooling mechanism (Turner 2004;
Hirose et al. 2009b,a; Blaes et al. 2011; Jiang et al.
2013a) and coronae above the disk (Jiang et al. 2014b).
Structures of accretion disks in the super-Eddington
regime have also been studied with global two (2D)
as well three (3D) dimensional magneto-hydrodynamic
(MHD) simulations, where radiative transfer equation is
solved with flux-limited diffusion (FLD) or M1 closure
(Ohsuga & Mineshige 2011; McKinney et al. 2014;
Sa̧dowski et al. 2014). These global simulations confirm
many properties of the slim disk model. Particularly,
strong radiation driven outflows are formed in these sim-
ulations (Watarai & Fukue 1999; Ohsuga & Mineshige
2013).
However, many questions remain to be answered. Be-

cause of the approximations made in FLD and M1, they
cannot accurately capture the angular distribution of
the photons near the photosphere (Jiang et al. 2014,
in preparation). Since we have developed a more ac-
curate numerical algorithm to solve the time dependent
radiative transfer equations directly (Jiang et al. 2012;
Davis et al. 2012; Jiang et al. 2014a), we repeat these
calculations without adopting previous approximations.
Although the slim disk model correctly determines that
advection along the radial direction is more rapid than
radiative diffusion along the vertical direction, advec-
tion in the vertical direction is not considered. Nor have
global numerical simulations identified vertical advection
as playing a significant role. In contrast, it has previously
been speculated that vertical energy advection associ-
ated with buoyant magnetic field may exceed transport
by photon diffusion (Socrates & Davis 2006) and such
transport has been demonstrated in local shearing box
simulations (Blaes et al. 2011; Jiang et al. 2013a). It is
also notable that the standard slim disk models have diffi-
culty fitting the spectra of ULXs (Gladstone et al. 2009),
although sophisticated calculations of radiation transfer

through global numerical simulations yield promising re-
sults (Kawashima et al. 2012).
The simulation we present in this paper is designed

to address these questions. We solve the full radiative
transfer equation in the Newtonian limit without adopt-
ing any FLD or M1 like approximations (Jiang et al.
2014a). Due to the large computational expense of
our calculations, we have only completed one simulation
with enough resolution to reach inflow equilibrium for
a small radial range. This limits our ability to make
detailed, quantitative predictions, but still allows us to
identify the physical mechanisms that govern the flow.
Our primary result is that magnetic buoyancy signifi-
cantly increases the vertical energy transport in these
super-Eddington flows. Therefore, they achieve radia-
tive efficiencies nearly as high as standard thin disks
(Shakura & Sunyaev 1973). A radiation driven outflow
along the rotation axis is observed, but we see no evi-
dence of photon bubbles (c.f. Begelman 2002) and beam-
ing of the emission is mild (c.f. King et al. 2001).

2. EQUATIONS

The ideal MHD equations coupled with the time
dependent radiative transfer equations we solve are
(Jiang et al. 2014a)

∂ρ

∂t
+∇ · (ρv)=0,

∂(ρv)

∂t
+∇ · (ρvv −BB + P

∗)=−Sr(P )− ρ∇φ,

∂E

∂t
+∇ · [(E + P ∗)v −B(B · v)]=−cSr(E)− ρv ·∇φ,

∂B

∂t
−∇ × (v ×B)=0. (1)

∂I

∂t
+ cn ·∇I = cσa

(

arT 4

4π
− I

)

+ cσs(J − I)

+3n · vσa

(

arT 4

4π
− J

)

+n · v(σa + σs) (I + 3J)− 2σsv ·H

− (σa − σs)
v · v

c
J − (σa − σs)

v · (v · K)

c
.

(2)

Sr(E)=σa

(

arT
4 − Er

)

+(σa − σs)
v

c2
· [F r − (vEr + v · Pr)] ,

Sr(P )=−
(σs + σa)

c
[F r − (vEr + v · Pr)]

+
v

c
σa

(

arT
4 − Er

)

. (3)

Here, ρ, B,v are density, magnetic field and flow veloc-
ity, P∗ ≡ (P + B2/2)I (with I the unit tensor), P is the
gas pressure, and the magnetic permeability µ = 1. The
total gas energy density is

E = Eg +
1

2
ρv2 +

B2

2
, (4)

Radiation-MHDの解
放はまだまだ発展の
余地がある.

 
輻射輸送方程式を直
接解く手法も行われ

つつある. 
Jiang et al. 2014



最近の成果; GR-MHD
McKinney, Tchekhovskoy, Blandford (2012)

強力なジェットが噴出し, また, 
激しい時間変動が起こる. 

Observational Evidence for a Correlation Between Jet Power and Black Hole Spin 3

at different radio frequencies ν for four of the five transient BHBs
in our sample. The radio light curves of these four systems were
monitored with good time resolution, allowing us to obtain rea-
sonably accurate estimates of the peak fluxes. The top left panel
shows data for two separate outbursts of GRS 1915+105 (the solid
and open circles correspond respectively to the outbursts studied
by Rodriguez et al. 1995 and Fender et al. 1999). The two lines are
fits to the respective data and have a slope of 0.59; writing the spec-
trum as Sν ∝ να, the fit corresponds to α = −0.41. The top right
panel combines the observations of Hjellming & Rupen (1995) and
Hannikainen et al. (2000) during an outburst of GRO J1655–40.
The best-fit line corresponds to α = −0.66.2 The lower two
panels show data for XTE J1550–564 (Hannikainen et al. 2009,
α = −0.18) and A0620–00 (Kuulkers et al. 1999). For the latter
source, we do not have enough data points to determine the slope;
the line in the plot corresponds to α = −0.4, the average spectral
index of the other three BHBs. In order to enable a fair comparison
of the different objects, we use the fitted lines in the four panels to
estimate the peak fluxes (Sν)max at a standard frequency of 5 GHz.
These 5-GHz peak flux values are listed in Table 1.

While each of the above four objects was densely observed
in radio during one or more transient outbursts, 4U 1543–47 was
unfortunately not monitored well at radio frequencies during any
of its several outbursts. The only radio data we know of when the
source was bright are those for the 2002 outburst summarized in
Park et al. (2004). The strongest radio flux was 0.022 Jy at 1.02675
GHz. Assuming α = −0.4, this gives a flux of 0.0116 Jy at 5 GHz
(or only 0.00043 Jy if one corrects for beaming with γjet = 2). We
list this result separately in Table 1 and plot it as a lower limit in
Figs 2 and 3 because of the sparse radio coverage. In addition, there
was an anomaly in the 2002 X-ray outburst of this source.

The anomalous behaviour of 4U 1543–47 is apparent by an
inspection of figs 4–9 in Remillard & McClintock (2006), which
summarize in detail the behaviour of six BH transients scrutinized
by RXTE. In panel b of these figures, which displays light curves
of the PCA model flux coded by X-ray state, one sees that only
4U 1543–47 failed to enter the SPL state (green triangles) near the
peak of its outburst, i.e. at the time of the radio coverage reported
by Park et al. Rather, it remained locked in the thermal state (red
crosses) after its rise out of the hard state. This behaviour contrasts
sharply with the behaviour of the other five transients which dis-
played the strongly-Comptonized SPL state during both the late
phase of their rise to maximum and during their early decay phase.
Thus, because of (1) the sparse radio coverage of 4U 1543–47, and
(2) the failure of the source to transition out of the jet-quenched
thermal state (Gallo et al. 2003) to the SPL state (which is closely
associated with the launching of ballistic jets), we treat the maxi-
mum observed flux of 0.022 Jy as a lower limit. Finally, in sharp
contrast to our finding, we note that figs 5 and 6 in Fender et al.
(2004) indicate a very high jet power for 4U 1543–47. We are un-
sure how they arrived at their result, but suspect it was based on
infrared data and their equipartition model (see Section 4). If so, an
extension of the present work to infrared data might be worthwhile.

To measure jet power, we scale the 5-GHz peak flux of each
BHB by the square of the distance to the source D. We also divide
by the BH mass M since we expect the power to be proportional
to M (this scaling is not important since the range of masses is

2 In the case of GRO J1655–40, the 22-GHz observations did not cover the
peak of the light curve. Hence this point is shown as a lower limit. Similarly,
in A0620–00, the peak was not observed at 0.962 and 1.14 GHz.

Figure 2. Plot of the jet power Pjet as estimated from the maximum radio
flux of ballistic jets (equation 1) vs the measured spin parameter of the BH
a∗ for the transient BHBs in our sample. Solid circles correspond to the first
four objects listed in Table 1, which have high quality radio data, and the
open circle corresponds to 4U 1543–47, which has only a lower limit on the
jet power. The dashed line corresponds to Pjet ∝ a2∗ , the theoretical scaling
derived by Blandford & Znajek (1977). The data suggest that ballistic jets
derive their power from the spin of the central BH.

only a factor ∼ 2). We thus obtain from the radio observations the
following quantity, which we treat as a proxy for the jet power:

Pjet ≡ D2(νSν)max,5GHz/M. (1)

It is hard to assess the uncertainty in the estimated values of Pjet.
There is some uncertainty in the values of D andM , but these are
not large. Potentially more serious, the radio flux may not track
jet power accurately. For instance, the properties of the ISM in the
vicinity of the BHB may play a role and are likely to vary from
one object to another. Also, the energy released in these roughly
Eddington-limited events will vary (e.g. see GRS 1915+105 in
Fig. 1). Below, we arbitrarily assume that the uncertainty in Pjet

is 0.3 in the log, i.e. a factor of 2 each way.

3 JET POWER VS BH SPIN

Fig. 2 shows jet power Pjet plotted against BH spin parameter a∗

for the five transient BHBs in our sample. The data are taken from
Table 1. The dashed line has a slope of 2, motivated by the theoreti-
cal scaling, Pjet ∝ a2

∗, derived by Blandford & Znajek (1977). The
data points agree remarkably well with this theoretical prediction.

Blandford & Znajek (1977) assumed a slowly spinning BH:
a∗ % 1. Tchekhovskoy et al. (2010) obtained a more accurate
theoretical scaling which works up to spins fairly close to unity:
Pjet ∝ Ω2

H , where ΩH is the angular frequency of the BH hori-
zon, ΩH = a∗(c

3/2GM)/(1 +
√

1− a2
∗). Fig. 3 shows a plot of

Pjet vs ΩH , with the dashed line corresponding to a slope of 2. The
agreement is again very good.

Narayan & McClintock 2012

観測的にもBZ効果が重
要という示唆もある？
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Figure 1. Initial conditions and time-evolution of our fiducial models, A�0.9f (left column) and A0.9f (right column). See Supporting Information for movies.
[Panels a,f] A vertical slice through the initial conditions. Colour shows fluid frame rest-mass energy density (see colour bar) and thin black lines show levels
of constancy of enclosed magnetic flux, h�i, which represent field lines in the image plane. Magnetic field is axisymmetric, with B' = 0 everywhere and
Bz > 0 out to few ⇥ 100rg. Only the magnetic flux enclosed by the thick solid field line eventually falls into the BH. [Panels b,g] Show t- and '-average of
the magnetically-arrested state of the simulation. Solid lines show the same contours of h�i as in panels (a) and (f). Accretion accumulates so much flux in
the centre that the inner disc is able to push only a fraction of the flux, enclosed by the thick line, into the BH. [Panels c-e,h-j] From top to bottom: rest-mass
energy accretion rate, Ṁc2, dimensionless BH magnetic flux, �BH, and energy outflow e�ciency, ⌘. Both �BH and ⌘ saturate ar t & 6000rg/c, beyond which
the accretion flow is magnetically arrested. Dashed lines show time-averages: a prograde BH has a larger e�ciency, ⌘ = 102%, than a retrograde BH, ⌘ = 34%.

values, Prm ⇠ 1, thin discs do not produce centrally-concentrated
magnetic fields, which suggests that thin discs produce weak or no
jets (Lubow et al. 1994; but see Spruit & Uzdensky 2005; Rothstein
& Lovelace 2008). To include general-relativistic (GR) e↵ects of
the innermost stable circular orbit (ISCO) on field dragging in thin
discs, Reynolds et al. (2006) proposed that gas and fields plunge
into the BH inside the ISCO, so no magnetic flux passes through
the “gap” between the BH horizon and the ISCO. Based on a GR-
version of this flux-trapping “gap” model, formally applicable only
to thin discs, Garofalo (2009); Garofalo et al. (2010) concluded that
jets from retrograde BHs, a = �0.9, are & 10⇥ more powerful than
from prograde BHs, a = 0.9, both for thin and thick discs (see §2).

Geometrically thick discs can e�ciently drag large-scale
fields inward even for Prm ⇠ 1 (Cao 2011), and time-dependent
simulations of McKinney & Gammie (2004); McKinney (2005);
Hawley & Krolik (2006) show that thick accretion discs (h/r '
0.2�0.3) can produce powerful jets. However, the simulated values
of jet e�ciency have a high degree of scatter, e.g., jet e�ciency
from retrograde BHs ranges in these works from 10% to 50% of
the corresponding e�ciency for prograde BHs at the same absolute
value of spin. A major uncertainty in such studies is the depen-
dence of jet e�ciency on the value of large-scale vertical magnetic
flux initially present in the disc, which is a free modeling parameter
with no obvious natural value. Changes in the flux can significantly
a↵ect simulated jet e�ciencies (McKinney & Gammie 2004; McK-
inney 2005; Beckwith et al. 2008) and render them unreliable.

Is it at all possible to obtain a well-defined value of jet ef-
ficiency, free from the uncertainties in large-scale magnetic flux

content of the initial simulation setup? Tchekhovskoy et al. (2011,
TNM11 hereafter) showed that a promising approach is to start with
a large vertical magnetic flux in the disc, more than the accreting
gas can push into the BH. The excess flux remains outside, impedes
the accretion, and leads to a magnetically-arrested disc (MAD,
Bisnovatyi-Kogan & Ruzmaikin 1974; Narayan et al. 2003; Igu-
menshchev et al. 2003; Igumenshchev 2008; TNM11). Estimates
show that many astrophysical systems contain enough large-scale
magnetic flux to naturally form MADs (Narayan et al. 2003; McK-
inney et al. 2012). The inner disc properties of MADs are shown to
be independent of the initial value of large-scale magnetic flux. So,
we can reliably determine ⌘ for prograde and retrograde BHs and
thereby test the flux-trapping “gap” model. In §2 we describe our
numerical method and present our results and in §3 we conclude.

2 NUMERICAL METHOD AND RESULTS

We carried out time-dependent 3D general relativistic non-radiative
MHD simulations using a high-order version of Godunov-type
shock-capturing code HARM (Gammie et al. 2003; McKinney
& Gammie 2004; Tchekhovskoy et al. 2007, 2009; McKinney &
Blandford 2009) in modified spherical polar coordinates. We use
logarithmically spaced radial grid, dr/r = constant, for r . rbr

(see Table 1 for rbr values). For r & rbr, the grid becomes progres-
sively sparser, dr/r = 4(log r)3/4, with a smooth transition at rbr. We
choose grid inner radius, Rin, such that there are at least 9 grid cells
between the inner radial boundary and the BH horizon and place
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of constancy of enclosed magnetic flux, h�i, which represent field lines in the image plane. Magnetic field is axisymmetric, with B' = 0 everywhere and
Bz > 0 out to few ⇥ 100rg. Only the magnetic flux enclosed by the thick solid field line eventually falls into the BH. [Panels b,g] Show t- and '-average of
the magnetically-arrested state of the simulation. Solid lines show the same contours of h�i as in panels (a) and (f). Accretion accumulates so much flux in
the centre that the inner disc is able to push only a fraction of the flux, enclosed by the thick line, into the BH. [Panels c-e,h-j] From top to bottom: rest-mass
energy accretion rate, Ṁc2, dimensionless BH magnetic flux, �BH, and energy outflow e�ciency, ⌘. Both �BH and ⌘ saturate ar t & 6000rg/c, beyond which
the accretion flow is magnetically arrested. Dashed lines show time-averages: a prograde BH has a larger e�ciency, ⌘ = 102%, than a retrograde BH, ⌘ = 34%.

values, Prm ⇠ 1, thin discs do not produce centrally-concentrated
magnetic fields, which suggests that thin discs produce weak or no
jets (Lubow et al. 1994; but see Spruit & Uzdensky 2005; Rothstein
& Lovelace 2008). To include general-relativistic (GR) e↵ects of
the innermost stable circular orbit (ISCO) on field dragging in thin
discs, Reynolds et al. (2006) proposed that gas and fields plunge
into the BH inside the ISCO, so no magnetic flux passes through
the “gap” between the BH horizon and the ISCO. Based on a GR-
version of this flux-trapping “gap” model, formally applicable only
to thin discs, Garofalo (2009); Garofalo et al. (2010) concluded that
jets from retrograde BHs, a = �0.9, are & 10⇥ more powerful than
from prograde BHs, a = 0.9, both for thin and thick discs (see §2).

Geometrically thick discs can e�ciently drag large-scale
fields inward even for Prm ⇠ 1 (Cao 2011), and time-dependent
simulations of McKinney & Gammie (2004); McKinney (2005);
Hawley & Krolik (2006) show that thick accretion discs (h/r '
0.2�0.3) can produce powerful jets. However, the simulated values
of jet e�ciency have a high degree of scatter, e.g., jet e�ciency
from retrograde BHs ranges in these works from 10% to 50% of
the corresponding e�ciency for prograde BHs at the same absolute
value of spin. A major uncertainty in such studies is the depen-
dence of jet e�ciency on the value of large-scale vertical magnetic
flux initially present in the disc, which is a free modeling parameter
with no obvious natural value. Changes in the flux can significantly
a↵ect simulated jet e�ciencies (McKinney & Gammie 2004; McK-
inney 2005; Beckwith et al. 2008) and render them unreliable.

Is it at all possible to obtain a well-defined value of jet ef-
ficiency, free from the uncertainties in large-scale magnetic flux

content of the initial simulation setup? Tchekhovskoy et al. (2011,
TNM11 hereafter) showed that a promising approach is to start with
a large vertical magnetic flux in the disc, more than the accreting
gas can push into the BH. The excess flux remains outside, impedes
the accretion, and leads to a magnetically-arrested disc (MAD,
Bisnovatyi-Kogan & Ruzmaikin 1974; Narayan et al. 2003; Igu-
menshchev et al. 2003; Igumenshchev 2008; TNM11). Estimates
show that many astrophysical systems contain enough large-scale
magnetic flux to naturally form MADs (Narayan et al. 2003; McK-
inney et al. 2012). The inner disc properties of MADs are shown to
be independent of the initial value of large-scale magnetic flux. So,
we can reliably determine ⌘ for prograde and retrograde BHs and
thereby test the flux-trapping “gap” model. In §2 we describe our
numerical method and present our results and in §3 we conclude.

2 NUMERICAL METHOD AND RESULTS

We carried out time-dependent 3D general relativistic non-radiative
MHD simulations using a high-order version of Godunov-type
shock-capturing code HARM (Gammie et al. 2003; McKinney
& Gammie 2004; Tchekhovskoy et al. 2007, 2009; McKinney &
Blandford 2009) in modified spherical polar coordinates. We use
logarithmically spaced radial grid, dr/r = constant, for r . rbr

(see Table 1 for rbr values). For r & rbr, the grid becomes progres-
sively sparser, dr/r = 4(log r)3/4, with a smooth transition at rbr. We
choose grid inner radius, Rin, such that there are at least 9 grid cells
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Figure 1. Poloidal plane of the grid used in the simulations, shown at two zoom levels.

Figure 2. Initial configuration of the ADAF/SANE simulation. The top two panels show the mid-plane density and the magnetic flux threading the equatorial
plane as a function of radius. Note the extended size of the initial torus, which is required for the extremely long duration of this simulation. Note also the
multiple oscillations in the magnetic flux, which prevents the accreting gas from reaching the MAD state. The lower two panels show the logarithm of the
density ρ and the gas-to-magnetic pressure ratio β of the initial torus in the poloidal plane.

Simulations of Magnetized Advection Dominated Accretion 5

Figure 3. Similar to Fig. 2 but for the ADAF/MAD simulation. The main difference is that here the torus has a single loop of field centered at radius r = 300.
As a result, accretion causes magnetic flux of one sign to accumulate around the BH, leading to the MAD state.

over the course of the simulation. The normalization of the mag-
netic field is adjusted such that the gas-to-magnetic pressure ratio,
β, in the equatorial plane has a minimum value ∼ 100 for each of
the eight loops. Instead of using multiple poloidal loops, another
way of setting up an ADAF/SANE simulation is to use a toroidal
initial field (e.g., Model A in Igumenshchev et al. 2003 and Model
A0.0BtN10 in McKinney et al. 2012).

The initial magnetic field of the ADAF/MAD run forms a sin-
gle poloidal loop centered at r = 300 (Fig. 3). The gas accreted by
the BH in this simulation has the same orientation of the poloidal
magnetic field throughout the run, so the accretion flow is main-
tained in the MAD state. The minimum value of β in the initial
torus is ∼ 50.

The magnetic field construction is described in detail in
Penna et al. (2012).3

2.3 Preliminary Discussion of the Simulations

The two panels in Fig. 4 show snapshots from the end of the
ADAF/SANE and ADAF/MAD simulation. In each panel, the
black and white streaks and red arrows show velocity streamlines

3 In the notation of Penna et al. (2012), the ADAF/SANE magnetic field
has rstart = 25M , rend = 550M , and λB = 2.5. The ADAF/MAD
magnetic field has rstart = 25M , rend = 810M , and λB = 25.

in the poloidal plane at azimuthal angle φ = 0, and the dashed
lines correspond to one density scale height. The main difference
between the two simulations is that the SANE run exhibits more
turbulence compared to the MAD run.

Following Penna et al. (2010), we define the mass accretion
rate Ṁ , the accreted specific energy e, and the accreted specific
angular momentum j, at radius r and time t, as follows:

Ṁ(r, t) = −
∫

θ

∫

φ

ρur dAθφ, (1)

e(r, t) =
Ė(r, t)

Ṁ(r, t)
=

1

Ṁ(r, t)

∫

θ

∫

φ

T r
t dAθφ, (2)

j(r, t) =
J̇(r, t)

Ṁ(r, t)
= − 1

Ṁ(r, t)

∫

θ

∫

φ

T r
φ dAθφ, (3)

where dAθφ =
√
−gdθdφ is an area element in the θ-φ plane,

ρ is rest mass density, uµ is the four-velocity, and T r
t and T r

φ are
components of the stress-energy tensor describing the radial flux of
energy and angular momentum, respectively,

T r
t = (ρ+ Γu+ b2)urut − brbt, (4)

T r
φ = (ρ+ Γu+ b2)uruφ − brbφ. (5)

The quantity u is the internal energy of the gas, Γ is its adiabatic
index which is set to 5/3 in both simulations, and bµ is a four-vector
which describes the fluid frame magnetic field (see Gammie et al.

Narayan et al. 2012
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Figure 4. Left: Snapshot of the ADAF/SANE simulation at t = 200, 000. Black and white streaks as well as red arrows represent flow streamlines. Note the
turbulent eddies. The blue dashed lines indicate the density scale height. Right: Snapshot of the ADAF/MAD simulation at t = 100, 000M . There is much
less turbulence.

2003 for details). In equations (1)–(3), the integrals are over the en-
tire sphere (θ = 0 to π, φ = 0 to 2π), and the signs are chosen
such that Ṁ , Ė, J̇ are positive for gas accreting inward. More use-
ful than e is the quantity (1− e), which is the “binding energy” of
the accreting gas relative to infinity.

In addition, we define φBH to be the normalized and averaged
magnetic flux threading each hemisphere of the BH horizon (see
Tchekhovskoy et al. 2011),

φBH(t) =
1

2
√

Ṁ

∫

θ

∫

φ

|Br(rH, t)| dAθφ, (6)

where Br is the radial component of the magnetic field and rH
is the radius of the horizon. The integral is again over the whole
sphere, and the factor of 1/2 is to convert the result to one hemi-
sphere. An accretion flow transitions to the MAD state once φBH

crosses a critical value ∼ 50 (Tchekhovskoy et al. 2011, 2012).
Thus, by monitoring this quantity, we can evaluate whether a par-
ticular simulation is in the SANE or MAD state.

Figure 5 shows the time evolution of Ṁ , j, (1−e) and φBH as
a function of time for the ADAF/SANE and ADAF/MAD simula-
tions. The first three quantities are measured at r = 10,4 while the
fourth is (by definition) evaluated at the horizon r = rH. We see
that the magnetization parameter φBH behaves very differently in
the two simulations. In the ADAF/SANE simulation, φBH remains
small, except for one spike at time t ∼ 140, 000. In contrast, the
magnetization quickly rises to a value ∼ 50 in the ADAF/MAD
simulation and remains at this high value for the rest of the run. As
explained in Tchekhovskoy et al. (2011), the plateau in φBH cor-
responds to the MAD state where the BH has accepted as much
magnetic flux as it can hold for the given mass accretion rate. Any

4 The reason for choosing r = 10 rather than r = rH is to avoid small
deviations that sometimes arise near the horizon because of the activation
of floors in the HARM code. Since r = 10 is well inside the inflow equi-
librium zone at all times of interest, it is a safe choice.
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Figure 5. Variations of Ṁ , j and (1 − e) at r = 10, and φBH at r = rH,
as a function of time. Solid lines correspond to the ADAF/SANE simula-
tion and dotted lines to the ADAF/MAD simulation. Note the very different
behaviors of the two simulations. The decrease of Ṁ with increasing time
is explained in Fig. 6 and the text.

additional flux brought in by the accreting gas remains outside the
horizon, where it “arrests” the accretion flow.

Corresponding to the dramatic difference in φBH in the two
simulations, there are related differences in both the binding energy
flux (1−e) and the specific angular momentum flux j. The quantity
(1 − e) is about two to three times larger in the MAD simulation,
which indicates that the MAD system has more energy flowing out
to infinity compared to the SANE simulation. Coincident with the
spike in φBH in the ADAF/SANE simulation at t ∼ 140, 000, there
is a corresponding spike in (1− e). During this period, the SANE

初期磁場
シングルループ

初期磁場
マルチループ

アウトフロー
が顕著

対流が顕著

アウトフローは初期
磁場に依存している
かもしれない！？



Takeuchi et al. 2013

最近の成果；広角アウトフロー
計算ボックスを拡大し
てアウトフローの大局

構造を計算

→軸方向のジェットに
加え, 広角に広がる

Clumpy outflowが発生



BH

wide-angle

vr>vesc

vr<vesc

BH近傍(<100Rs)では
軸付近だけに高速

ジェット

遠方領域(>3,000Rs)で
は, ほぼ全方向で脱出速

度を超える. 

輻射加速で徐々に加速

Hashizume, Ohsuga, Tanaka, 
Kawashima, 2015



The upper panel of Fig.5 shows the r-dependent mass escape rate split into an angular

range of 15◦,

Ṁesc,r15 = 2π
∫ θ+7.5◦

θ−7.5◦
r2ρ





vr for vr ≥ vesc
0 for vr < vesc




sinθdθ, (16)

for r = 100rS (gray), 500rS (light green), 2000rS (light magenta), and 4000rS (blue). Here, this

rate is time-averaged in the elapsed time between t= 70 sec and 200 sec.

We find in this panel that the velocity of outflow is larger than the escape velocity near

the rotation axis in the vicinity of the black hole. The angular size of high-velocity outflow tends

to broaden with an increase of the radius. In particular, although the high-velocity outflow

appears only in the direction of θ <∼ 35◦ at r = 100rS, the angular size of the high-velocity

outflow extends up to ∼ 20◦ and ∼ 50◦ at r = 500rS and 2000rS. Eventually, the matter is

blown away with speed of > vesc in the wide angle, 0− 85◦ (see r = 4000rS). We find that

Ṁesc,r15 at r = 4000rS is not so sensitive to the angle. It is slightly small near the rotation

axis and equatorial plane and slightly enhanced around 20◦. Note that mass flux via the high-

velocity is mildly collimated (compare with sine curve [solid line]). We conclude that the mass

is blown away with speed of > vesc towards all direction somewhat focusing around 20◦.

Fig. 5. Upper panel: mass transported outwards per unit time via the high-velocity out-

flow as a function of angle for 100rS (gray), 500rS (light green), 2000rS (light magenta), and

4000rS (blue). Lower panel: kinetic energy transported outwards via the high-velocity outflow

per unit time as a function of the angle (red). The radiation flux integrated with respect

to each 15◦ is also plotted (green). All values are time-averaged over 130sec (70 − 200 sec).

In the lower panel of Fig.5, we plot kinetic power and photon luminosity split into an

angular range of 15◦,
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Kathmandu 2013

A recently discovered ULX bubble in NGC 5585
(Pakull, Soria, Grise’ & Motch in prep.)

Hα + [ N II ] Chandra 0.3-7 keV

Pmech ~ LX ~ 5E39 erg/s

color: Hα
contour: 5GHz

ULX bubbles; 
Lkin~3-5x1039erg/s のoutflow
が引き起こすと考えられる
shock-excited bubble !

NGC5585

Pakull et al. in prep.

Cseh et al. 2012

アウトフローは広角に広がり, そのKinetic 
Powerは ~ several 1039erg/sで光度と同程度

→ ULX bubbleの観測と合致！



Nomura et al. submitted
see also Proga et al. 2000, 2004

最近の成果；ラインフォース駆動型円盤風

0.1c程度の速度で, 
funnel型のアウトフ
ローが噴出. 

中間電離状態の重元素
を含む → 青方偏移した
吸収線を作る！
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by taking account of blue shift. 

X-ray observation

Yoshida et al. in prep.
see also Schurch et al. 09, Sim et al. 10, 

Higginbottom et al. 14

Feの吸収線を詳細観測し, 円盤風の構造を解明できるはず！
ASTRO-Hの最重要ターゲットのひとつ.

Preliminary



BHから銀河スケールへ
The Astrophysical Journal, 758:66 (10pp), 2012 October 10 Wada

Figure 4. Gas density in the quasi-steady state of two models: (top) LAGN/LE = 0.1 at t = 4.55 Myr and (bottom) LAGN/LE = 0.01 at t = 4.59 Myr. The vertical
slices indicate the x–z planes.
(A color version of this figure is available in the online journal.)

∂(ρv)/∂t + (v · ∇)v + ∇p = − ρ
(
∇Φ + f r

rad

)
, (2)

∂(ρE)/∂t + ∇ · [(ρE + p)v] − ρv · ∇Φ = ρΓUV(G0)
+ ρΓX − ρ2Λ(Tgas, fH2 ,G0), (3)

∇2Φsg = 4πGρ, (4)

where Φ(x) ≡ Φext(r) + ΦBH(r) + Φsg(x); ρ, p, and v denote
the density, pressure, and velocity of the gas, and the specific
total energy E ≡ |v|2/2 + p/(γ − 1)ρ, with γ = 5/3.
We assume a time-independent external potential Φext(r) ≡
−(27/4)1/2[v2

1/(r2+a2
1)1/2+v2

2/(r2+a2
2)1/2], where a1 = 100 pc,

a2 = 2.5 kpc, v1 = 147 km s−1, v2 = 147 km s−1, and
ΦBH(r) ≡ −GMBH/(r2 + b2)1/2, where MBH = 1.3 × 107 M%
(see Figure 1 in Wada et al. 2009 for the rotation curve). The
potential caused by the BH is smoothed within r ∼ b = 4δ,
where δ denotes the minimum grid size (= 0.25 pc), in order
to avoid too small time steps around the BH. In the central grid
cells at r < 2δ, physical quantities remain constant.

We solve the hydrodynamic part of the basic equations using
the advection upstream splitting method (Liou & Steffen 1993).
We use 2563 grid points. The uniform Cartesian grid covers
a 643 pc 3 region around the galactic center (i.e., the spatial

resolution is 0.25 pc). The Poisson equation, Equation (4), is
solved to calculate the self-gravity of the gas using the fast
Fourier transform and the convolution method with 5123 grid
points along with a periodic Green’s function. We solve the
non-equilibrium chemistry of hydrogen molecules along with
the hydrodynamic equations (Wada et al. 2009).

We consider the radial component of the radiation pressure:

f r
rad =

∫
χν Fr

ν

c
dν, (5)

where χν denotes the total mass extinction coefficient due to
dust absorption and Thomson scattering, i.e., χν ≡ χdust,ν + χT .
The radial component of the flux at the radius r, Fr

ν is

Fr
ν ≡ Lν(θ )e−τν

4πr2
er , (6)

where τν =
∫

χνρds.
The only explicit radiation source used here is an accretion

disk whose size is five orders of magnitude smaller than the
grid size in the present calculations. Therefore, we assumed
that radiation is emitted from a point source. However, the ra-
diation flux originating from the accretion disk is not neces-
sarily spherically symmetric (e.g., Netzer 1987). In our study,
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Wada 2012
BH近傍からの輻射でTorusが形成

The Astrophysical Journal Letters, 763:L18 (5pp), 2013 January 20 Wagner, Umemura, & Bicknell

Figure 2. Same as Figure 1, but for a two-phase ISM with spherically distributed clouds (Run B).
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 1, but for a two-phase ISM with clouds distributed in a quasi-Keplerian disk (Run C).
(A color version of this figure is available in the online journal.)

the clouds, primarily driving them radially outward in long,
cometary filaments. The diffuse warm filaments reach speeds
of 1000 km s−1 while the colder cores are accelerated up to
200 km s−1. The results from run B are similar to those reported
by Saxton et al. (2005) and WBU12 for AGN jet feedback.

Because of the higher densities and filling factors along the
galactic plane in run C, the secondary UFO streams do not
disperse the clouds at large disk radii. As the UFO breaks out
through the center of the disk carrying with it an appreciable
mass of dense cloud material, it inflates an orbed energy bubble
above the disk, which sweeps back down over the clouds in
the outer regions of the disk. These clouds are compressed and
accelerated toward the galactic plane and central BH by the
turbulent, ram-pressure-dominated backflow in the bubble. The
results of this run are similar to those of the simulations by SB07
and Gaibler et al. (2012) for AGN jets interacting with a dense
galactic disk.

Runs B and C demonstrate that the feedback on the warm
phase of the ISM depends strongly on the spatial distribution of
clouds. In all runs, however, the UFO-blown bubble remains in
the energy-driven regime, despite radiative cooling in the clouds.
This is consistent with the predictions of recent analytic models
by Faucher-Giguère & Quataert (2012), which also justify our
neglect of inverse-Compton cooling.

In the following, we use the four quantities to measure the
efficiency of feedback by the UFO: the mean radial velocity, the
velocity dispersion, the mechanical advantage, and the kinetic
energy of the clouds.

We define the density-weighted mean radial outflow velocity
of the warm phase, 〈vr,w〉 =

∑
φwρwv · r̂/

∑
φwρw (Wagner &

Bicknell 2011). The evolution of this quantity and its outward
only (positive) component are plotted together with the total
velocity dispersion, σtot, and the (45◦) line-of-sight velocity
dispersion, σlos,45, as a function of time in Figure 4(a). We see
that for the case of a bulge-like cloud distribution (run B), the
velocities of the warm phase reach several 100 km s−1, and keep

increasing for the duration of the simulation. At late stages of
the evolution, the clouds are predominantly accelerated outward
(〈vr,w〉 ≈ 〈vr,w,out〉), although their radial speed never quite
reaches the escape velocity of this system, which is ∼450 km s−1

at 0.5 kpc. The velocity dispersions, however, reach values
beyond those predicted by the M–σ relation, which, for the
simulated galaxy using the relations by Graham (2012) and a
black hole mass of 6 × 107 M(, is ∼170 km s−1. The values
of 〈vr,w〉 and σ are comparable to those found in analogous
simulations of AGN jet feedback (cf. WBU12).

In run C, the feedback in terms of radially outward directed
cloud acceleration and cloud velocity dispersions is noticeably
less efficient. The radial outflow velocity peaks early (after
50 kyr) as bulk cloud material is pushed out of the galactic
disk and then drops throughout the rest of the simulation as
the energy of the UFO is primarily channeled into inflating
the bubble beyond. Infall brought about by the surrounding
overpressure and turbulent backflow dominates the dense gas
motions after 200 kyr resulting in net accretion. The velocity
dispersions also saturate well below 150 km s−1 and do not reach
the value predicted by the M–σ relation for this galaxy.

For a given kinetic power, the ratio of the mass outflow rate
of the UFO to that of the jet is ṀUFO/Ṁjet ∼ 2(Γ − 1)/β2

UFO !
1000, where Γ is the jet Lorentz factor and β = v/c. The
momentum delivered by the UFO is consequently larger by a
factor ∼2(Γ − 1)/ΓβjetβUFO ! 50. In an expanding wind, the
momentum transfer leading to the acceleration of embedded
clouds in all directions is provided by the sum of the ram
pressure and thermal pressure integrated over the surface of the
clouds. Because the surface area increases over time, this system
exhibits a mechanical advantage greater than unity, and care is
required when assessing momentum budgets: the net (scalar,
not vector) momentum may be larger than that injected by the
UFO over a given time. Panel (b) in Figure 4 shows that the
mechanical advantage with respect to the clouds, defined here
as the ratio of the total radial momentum of the warm-phase at
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BHと銀河の中間スケー
ルの研究は, 今後重要に

なるだろう！



まとめと展望
BHアウトフロー（ジェット and/or 円盤風）の問題は, BHの質量獲得
史や母銀河へのフィードバックに直結する宇宙物理学の最重要課題のひ
とつである.

いくつかの加速メカニズムが有力視され, 精力的に調べられている. 
　①輻射（電子散乱）加速・・・超高L/LEdd天体[ULX, NLS1]
　②輻射（ライン）加速・・・高L/LEdd天体[Sy, NLS1]
　③磁場加速・・・低L/LEdd天体[LLAGN, LH-state of XRB]
　④BZ効果・・・BHがスピンしてればいつでも？

数値シミュレーションがめざましい成果を出しているが, まだまだ未解
明な問題が山積している.



BH近傍(disk-jet領域)
GRを入れたシミュレーション（ひとつのゴール）が可能に. 次なる課題は
①Radiation-MHDでは振動数依存型の計算, コンプトン散乱の導入
②MHDでは二温度プラズマの扱い, 比熱的電子の扱い, 熱伝導の導入

ちょっと外側(disk wind領域)
簡易的なラインフォースを使った円盤風の計算は成功. 次なる課題は
①輻射輸送計算法の改良し, ライントランスファーを扱う
②流体計算とXSTARやCLOUDYを結合できるか１？

もっと外側(AGNトーラス～銀河バルジ)
中心エンジンを（おおざっぱに）モデル化した研究しかない. 
①physically motivatedな中心エンジンモデルを導入し, 星間ガスの進化
や中心部へのガス供給率を計算
②BH近傍領域との相互フィーフォバックを導入した自己矛盾の無い理論
の構築


