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Chapter 4:
Applications in Sgr A* & LLLAGNs




4.1 Accretion onto Sgr A*




Why Sgr A* so interesting?

Best evidence for a BH (stellar otbits)

" M=4x10°Mg .
Largest BH on the sky (horizon = 8 p'"),
thus most detailed constraints on
ambient conditions around BH

m Direct observational determination

to the accretion rate

= Outer boundary conditions
Abundant observational data:

Detailed SED

polarization

X-ray & IR flares probe gas at ~ R
emission lines

Accretion physics at extreme low luminosity (L ~ 10 L;), useful and
unique laboratory for low-luminosity AGNs!
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Young cluster of massive stars Hot x-ray emitting gas
in the central ~ pc loses ~ 103 (T=1-2keV; n=100 cm'3)
Mo yr (=~ 2-10" from BH) produced via shocked
stellar winds




Outer Boundary Conditions at Bondi
RETUE

s Temperature: 2keV; Density: 130cm™-3

m Bondi radius: M
R, = ~1 ~10°R,

2
s

m Mass accretion rate estimation

M ~47R’pc. | =107 M, yr

R=~R

captured

this is roughly consistent with the numerical simulation of Cuadra et al. (20006,
MNRAS):

M =~ 3x107° M, yr™

m  Angular momentum: quite large, the circularization radius ~10™4 Rs, not a
spherical accretion (Cuadra et al. 20006)




Observational results for Sgr A* (I):
Spectrum

flat radio spectrum
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two X-ray states
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= quiescent: photon indx=2.2

= flare: phton index=1.3
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Total Luminosity ~ 1036 ergs s-1

~100 Ly ~ 10 L, ~ 106 M c?
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“Old” ADAF Model for Sgr A*

B The “old” ADAF (e.g., Ichimaru 1977; Rees et al. 1982; Narayan & Yi
1994;1995; Abramowicz et al. 1995...)

= Key idea: energy advection

m Accretion rate 1s constant of radius

m Success of this ADAF model (Narayan et al. 1995, Nature; Narayan et
al. 1998):

= low luminosity of Sgr A*;
= rough fitting of SED;

However:

m New radio polarization observations find strong LP (Aitken et al.
2001; Bower et al. 2003, 2005)

m Conflict with the prediction of ADAF:

= Due to strong Faraday depolarization effect




Aitken et al. 2001; Bower et al. 2003; 2005; Marrone et al. 2007...
m At cm wavelength: no LP but strong CP;

® at submm-bump:
= high LP: (5-10)% at 230 & 340 GHz; <2% at 112 GHz

m a strict constraint to density & B field:

RM (Faraday rotation measure) can not be too large:

RM =8.1x10° [ n, Berdr <2x10°rad m >

m Constraints on accretion rate at the innermost

region: .
5 2x107 M yr™' <M <2x107" M, yr™

So accretion rate decreases inward ---- see lecture on wind production




The Standard Thin Disk Ruled Out

log[E (keV)]

. inferred low efficiency

. Where is the expected

blackbody emission?

M gk <107 M yr™

. Observed gas on ~ 1" scales

is primarily hot & spherical,
not disk-like

. absence of stellar eclipses

argues against t >> 1 disk
(Cuadra et al. 2003)
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Yuan, Quataert & Narayan 2003

Total emission

Synchrotron emission (from
thermal electrons)

synchrotron emission (from
power-law electrons)

Comptonization (from thermal
electrons)

Bremsstrahlung




Black Hole Shadow: Evidence for
Strong Gravity

A shadow of ~5R_, size exits due to General Relativistic effect.

Black hole shadow!

But this is only evidence for strong gravity: any compact objects will look same!




Evidence for Black Hole: Existence of
Event Horizon

The event horizon is a one-way membrane
Event
Matter/energy can fall in, but nothing gets Horizon

out, not even light

The efficiency of accretion flow in Sgr A* is
very low because the gravitational energy is
stored in the gas and falls on to the event

horizon!

If there were no such horizon, the stored

Singularity

energy would be eventually dissipated and

observed!




4.2: Accretion in LILAGNs




Overview of LILAGNs

Ho 1999; 2008

43% ot nearby galaxies contain LLLAGNs

Seyferts are on average 10 times more luminous than

I.ILAGNs

I, bol/I, Edd ~ 10 {-5}—10"{-3}

Given the available accretion rates, the efficiency
should be 1-4 orders of magnitude lower than 0.1

Unusual SED (see next slide)
No broad iron line
Double-peaked iron line: R_in ~ 100-100 R_s
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SED of LLLAGNs
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Accretion geometry for LLAGNSs

Esin, McClintock &Narayan 1997; Yuan, Cui & Narayan 2005

» Jet: radio & IR

~30-1000Rs

/

—

Hot accretion flow?
Optical & UV
(synchrotron

Standard thin disk:
T~10%K—>optical&UV
Hot accretion flow (e.g., ADAF):

T ~ 1019K-> X-ray




Transition radius (I): the evaporation
model

85 legr 10

Fig. 3. Values of quantities at the mner edge r=r,, of the thin chsk for
various distances r (in cm). Rate of inward mass flow M (n g/s) in
the corona (= evaporation minus wind loss), maxinmum temperature in
the corona and h /r (h pressure scaleheight). solid lines. Dashed line:
virial temperature. Values of M and r are for a central mass of 6M .
scaling with Mgaq and rs 1s indicated.

From Meyer, Liu & Meyer-Hofmeister 2000, A&A




Transition radius (II): turbulent
energy transportation

Honma 1996, PASJ; Manmoto & Kato 2000, ApJ:

1 d
Qiten = — % ﬁ (2RHF ) , (8)

where F,, 1s the vertically averaged energy flux due to
turbulence:

) ds ar pcz dez2  2apc? dp
Fooo= —pKrT S _3(1 +¢ a @
wb = —PRT L p a9 0 R T 0. R

The above formula is similar to the convective energy flux.




Transition radius (II): turbulent
energy transportation

FiG. 1.—ADAF-SSD solution with R, = 80R; (s0lid line). The dotted lines correspond to the SSD solution. Left: Temperature, T. Middle: Density
Right : Specific angular momentum, /, in units of cRg. The dotted line in the right panel represents the Keplerian angular momentum.




Transition radius(III): “observation”
Yuan & Narayan 2004
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FiG. 1 —Lgft: Multicolor blackbody thin accretion dizk models for the optical-UV emission from M81 (dorred lines from top te bottom: m =107, 107, 3 x
107%, and 3 x 107" with r, = 3; solid line: m =3 x 107" and r,, = 100). Righr: Model for M8] in which a thin disk 15 tuncated at r,, = 100, mside of which

there 15 an ADAF. The solid line shows the total “disk + ADAF™ emission, while the dashed line shows the ADAF contnbution. The truncated disk produces
the optical UV emission, while the N-rays are produced m the ADAF.

From Quataert et al. 1999, ApJ




NGC 4579
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Fic. 2 —Left- Multicolor blackbody thin accretion dizk models for the optical-UV emission from NGC 4579 (dotted lines from top 1o bortom- m =3 x 1077,
107, and 107" with r,, = 3; solid line: m = 0.03 and r,, = 100). Righr: Model for NGC 4579 in which a thin disk is truncated at r,, = 100, inside of which there
15 an ADATF. The solid line shows the total “dizk + ADAF™ emission, while the dashed line shows the ADAF contmbution

From Quataert et al. 1999, ApJ




NGC 1097: one of the best example?

Double peaked iron line> R _tr=225, consistent with spectral fitting result!
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Fri. 4.—Models of the RIAF (short-dashed line), thin disk (long-dashed
line), jet (dotted line), and obscured starburst (dot-dashed line) compared to the
nuclear SED of NGC 1097, The sum of all components is also shown (salid
line). The thin disk is truncated at ry = 225, inside of which there isa RIAF; the
accretion rate decreases inward according to mir) = 6.4 x 10} (rirg )" (see
text). The starburst model includes the Fe o emission line.




-

Ll RAAAS RAAAN LARAS RALAS LAAAS RALES RAAAS RELAAS RARES RALA

“Source #1

log[vL (ergs )]

v

-
f—
-
-
-
-
—
-
—
-
=3
-
-
-
-
-
-
-
-
-
-
—

g

l]lll lllblIlJIllll]llllllltllltI.L-rlilllllljlllll
1 12 13 14 15 16 17 18 19
log(v(Hz)]

&

Fia. 1.—Spectral fit of the XBONG Source | (Severgnmini et al. 2003) with
an RIAF +thin disk model. The thick solid line shows the combined spectrum
predicted for an accretion flow consisting of a truncated thin disk for radii
R > R, = 60Rg (dot-dashed line) and an RIAF for R < R, (dashed line). The
mass accretion rate of the RIAF at R = R is My = 107 Myas, and it decreases
with radius according to eq. (1) with 5 = 0.3, The thin solid line shows the
result of another model (traditional ADAF), in which the accretion rate of the
RIAF is taken to be independent of mdius, with M = 10" *Mgas and Re
40R,. The three dotted lines show the emission from three standard thin ac-
cretion disks extending all the way down to R = 3R with ( from bottom to tap)
M/ Mgas = 5% 107%, 2% 1074, and 107, These latter models do not fit the
observations,
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Fii. 2.—Spectral fit of the XBONG source P} with an RIAF+thin disk
model. The thick solid line shows the combined spectrum predicted for an
accretion flow consisting of a truncated thin disk for mdii R > Ry = 60Rg (dot-
dashed line) and an RIAF for R < R, (dashed line). The mass acaretion rate of
the RIAF at R = R. is My = 1.3 x 107*Mpsy, and it decreases with mdius
according to eq. (1) with 5 = 0.3, The three dotted lines show the emission
from three standard thin accretion disks extending all the way downto R = 3Rg
with ( from battam to top) M/ Mg = 8x 107, 81074, and 1072 These
latter models do not fit the observations.,

NGC 5548 than in LLAGNSs. The thin sohd line in Figure 1

From Yuan & Narayan 2004, ApJ




The hard state of XTE J1118-480

Yuan, Cui & Narayan 2005

m R, ~300R: well
determined by the EUV XTE J1118+480
data

QPO of trequency 0.07---
0.15 Hz 1s detected

If we explain the QPO
as the p-mode
oscillation of the
ADAF, this QPO
frequency also suggests

R, ~ 300 R,
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Radiation from the truncated thin disk,
with R, = 300 R,




Accretion-jet model of XJTJ1118+480

Yuan, Cui & Narayan 2005

1. ~5% of the
accretion material is
transferred into the
jet

2. Such a coupled
accretion-jet system
is also required to
explain the
complicated timing
features of XTE
J1118

XTE J1118+480

log, [VF (erg s"cm )]
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Optically-thick synchrotron emission from the jet

Optically-thin synchrotron emission from the jet




4.3 Radio/X-ray correlation




Radio/X-ray correlation in all BHs:
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Merloni et al. 2003




Interpretation to Merloni et al.
(2003) correlation

Yuan & Cui 2005
mRadio emission:

always from jets

mX-ray emission: from

hot accretion flow

mRequire: Mjer /M gcc
satisfies some relation




Prediction at lower L
(Yuan & Cui 2005)

mThe optically-thin synchrotron from jet , while the

Comptonization from the hot accretion flow j Mz
(Heinz 2005; Yuan & Cui 2005)

sWith the decrease of M, the X-ray emission will be
dominated by the jet

mThus a change of the radio---X-ray correlation is expected

logL, =1.23log L, +0.25log(M ,,, / M )—13.45

and the critical luminosity is:

e
log[ Lo J =-53-0.17log [£
LEdd M_'




Radio-X-ray correlation and the
quiescent state
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The change of the radio—X-ray correlation from hard to quiescent states



Observational tests of the prediction

m Jonker et al. (2004) obtained nearly simultaneous radio and X-ray fluxes

of XTE J1908+094 during the decaying phase of an X-ray burst. The
correlation index obtained 1s 1.28 >> (.7

m The Chandra observation suggests that the X-ray emission of M87 1s
dominated by the jet (Wilson & Yang 2002). This 1s because the X-ray
luminosity of M87 L _~0.8L, .,

M31 Garcia et al. (2005) detected L = 1()35 . ergs T &21077L, i - Ihey

also estimated accretion rate M o~ 6x107° M e - An ADAF with

such a rate will underpredict the X-ray flux by 4 orders of magnitude;

on the other hand, to produce such a tlux with a jet, we only need:

Mjet ~ O.l%MBondi




Testing the prediction (II)

Wrobel et al. 2008, Ap]

PARAMETERS OF THE LLAGNSs

Parameter NGC 4621 er S NGC 4697

11.7
57
1.7
22
<8.4
l()fgz
17/12
1.7 £ 0.7
2.7
1.0
0.092 £ 0.017

2
Notes.—Row (1): Surface brightness fluctuation distance. Row (2): Scale. Row (3): Mass of black hole. Row (4): Eddington

luminosity of black hole. Row (5): Galactic plus intrinsic column density. Row (6): Photon index. Row (7): C-statistic (Cash 1979). Row
(8): 2-10 keV flux. Row (9): 210 keV luminosity. Row (10): Eddington ratio. Row (11): 8.5 GHz flux density. Row (12): Observed radio

luminosity. Row (13): Radio loudness. Row (14): Predicted radio luminosity.
REeFErENCES.— (1) Ravindranath et al. 2002; (2) Pellegrini 2005; (3) Tremaine et al. 2002; (4) this work; (5)
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Checking the prediction (I1I)

Yuan, Yu & Ho 2009
> 'The radio-X-ray correlation:

> We collect radio and X-ray data for sources with
[«<ILx .. and see their correlation

> 'The X-ray spectra:

» We model the sources with good X-ray spectral

data and Ly<Iy  , to see the spectrum can be
fited by jet or ADAF.




Checking the correlation

m For all the 22 sources,
the best correlation is

NGC1399
<0

0
M84

NGC 4278 M87

Yuan, Yu & Ho 2009
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Checking the spectrum

Yuan, Yu & Ho 2009
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