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1. what/why black holes?

(1) primeval; (2) stellar, (3) (super-)massive black holes


Penrose_D20201016/MW.mp4
Penrose_D20201016/MW.mp4

1. What are black holes?

O F&:“WUF ETFHESE, £h45KREH”
B Einstein: geometrodynamics
physical para. & law

* events: “points” in space-time

« Riemannian geometry

* Einstein’s Eq.

« Hawking-Penrose’s singularity
theorems:

* Dblack holes and the big bang

@ primeval black holes?



1. What are black holes?

prehistoric astronomy: “R@&ETF, £ L o8’



astronomical models of the “universe”

Pythagoras (582 - 500 BC)
Plato (428 - 347 BC)
Aristotle (384 - 322 BC):
“physics”
Euclid (330 — 275 BC): “

Hipparchus (190 - 120 BC); Copernicus (1473-1543)
Tycho (1546-1601), Kepler (1571-1630)
Newton (1642-1727):

o 14
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(R. Penrose)
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stars - galaxies € universe; 2. Why BH inflows?

stellar structure: simple observational facts 2
HR diagram = Vogt-Rusell conjecture

big bang cosmology < geometric cosmology

. . 1 8mG
< Einstein: R, — SRGw — Mgy = 1T,

ct "HY

Almost all galaxies have experienced/
are going through AGN episodes !
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p=p(p,T,Z),
k =x(p,T,7Z),

e=¢€e(p,T,Z2);

dp(r) _ GM(@)p(r)
dr 72 ’
LICHP
dT(r)  3L(r)k()p(r)
dr ~ 4nr?-4acT3(r)’
dL(r)
dr

= 4ttr?p(r)e(r).

anlaxies < stellar evolution < cosmic ecology
nonlinear regime < linear regime
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AnatO my Of the AG N in NGC 5548 1. A global model for the broadband spectral energy distribution (Mehdipour, M. et al. 2015)

Anatomy of the AGN in NGC 5548. Il. The spatial, temporal, and physical nature of the outflow from HST/COS Observations (Arav, N. et al. 2015)
Anatomy of the AGN in NGC 5548. . The high-energy view with NuSTAR and INTEGRAL (Ursini, F. et al. 2015)

Anatomy of the AGN in NGC 5548. V. The short-term variability of the outflows (Di Gesu, L. et al. 2015)

Anatomy of the AGN in NGC 5548. V. A clear view of the X-ray narrow emission lines (Whewell, M. et al. 2015)

Anatomy of the AGN in NGC 5548. VI. Long-term variability of the warm absorber (Ebrero, J. et al. 2016)

Anatomy of the AGN in NGC 5548. VII. Swift study of obscuration and broadband continuum variability (Mehdipour, M. et al. 2016)

Anatomy of the AGN in NGC 5548. VIIl. XMM-Newton's EPIC detailed view of an unexpected variable multilayer absorber (Cappi, M. et al. 2015)

AnatO my Of the AG N in N G C 5548- IX. Photoionized emission features in the soft X-ray spectra (Mao, Junjie et al. 2018)



main analysis tools:
e jonic column-density extraction techniques;
 photoionization models;
* collisional excitation simulations.

=

Krolik (1999):
“Note in particular the several orders of
magnitude outside the accretion disk that are
unlabeled. Because we have yet to identify
any photons as coming from this range of
radii, there is very little we can say about it.”




accretion flows in quasars

* |ISM inflows = galactic nuclear region (headstreamv/ )
* disk feeding inflows ( )
e disk inflows (endv’)



3. how to track black hole accretion flows?

\ (1). EM or other(s)?
\ ( J (2). lines or continuum?
(3). absorption or emission lines?

Bulian dontoey effect 7




(3). absorption or emission lines?



Radiative Transfer and Absorption Lines

Consider an incoming signal of a specific intensity, I(v),
passing through a gaseous slab, the intensity equals to photons
gained and photons removed:

dl = dljosstdl ggin = —aldl + jdl.

Define the absorption coefficient a = %, and consider only

absorption, we have dI = —Idr.
Here 7 is optical depth, which means the fraction of photons
lost when the light passes a distance 1. Solving the radiative

transfer equation, dI = —Idt, we obtain If)% = for dz,i.e.,

I = Iye™*. For a homogeneous medium,t « [ < Ny, whereNg
IS the slab “thickness” parameterized as the total hydrogen
(H = HI + HII) column density. I « F, for parallel light.

Assuming that the absorber is unsaturated and covers 100% of the emission
region, we may calculate the column density of any ions by integration
across the absorption—line profile (Savage & Sembach 1991) :

3.77x101% cm—2
Ny = [t(v)dv = o [t(v)dv.

mec
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(4). H/He or metal absorption lines?

] ]




schematic energy levels of a hydrogen atom

or ground state of H?



home works (introduction for astrophysics)

1. For a uniform cloud of pure hydrogen with temperature T and density ny, determine the
. . . n = .
fraction of hydrogen atoms in the 15t excited state % as a function of temperature T
i i HI
and plot this function.
- - - - n
2. For the same cloud, determine the fraction of all hydrogen atoms that are ionized ni as
HI+HII
a function of T and ny = ny;4py, and plot this function for ny = 102 and 1010cm"%.
. n = -
3. Forng = 10% — 102¢m ™3, determine and plot % as a function of T.
H
Solution:
1. The ratio is determined by the Boltzmann equation, if LTE holds, i.e.,
NHI(n=2) _ g2 _AE(n:1<—>n=2)] 222 [_ (1-1/22)13.6eV ]_4 [_ 11.83 ]
ngr 91 €Xp kgT T 2012 8.62x10~5eVK~1T| T/10*K
2. According to the Sahar equation, it = 2Ussr (2mmekpT\*/ oo AByy o 4q g 11 _(T/10%K)2 _ 1877
. ccording to the Sahar equation, e = ol ( 7 ) exp( m)— . (/100 D) T10°K|
3 NHI(n=2) _ NHI(n=2) x nyr

ng nyj NHI+HII



the 1st excited state of HI




Grotrian diagram for a helium atom



Physics of Hel™ absorption line multiplets

In equilibrium, the population of the 2 3S is determined by the balance of arrivals from
recombination to all triplet levels versus departures mainly due to collisional transition to
other levels. Under most conditions all recombinations to the triplet levels end up in the
2 3S level, the total recombination coefficient is a; ~ a (He® 2 3S) + o (He® 2 3P?);
and

Nyet+ *Ne * AT = N5 34 [AZI + ne(qct + qcz) + va 41tr2hv dvl,

where ny,+ is the number density of He*ions, n, is the electron number density, ay is the
total recombination coefficient to all triplet levels, n, 3¢ is the number density of neutral
helium in the 2 3S level, A4 is the Einstein A-coefficient for the forbidden transition (625
A) from the 2 3S level to the ground level ( 1 1S), g, is the rate of collisional transfer to all
singlet level (which is dominated by collisions to the 2 1S and 2 1P levels), q; is the
collisional ionization rate which becomes important above 20,000 K (Clegg 1987), «,, is
the photoionization cross section for 2 38, L., is the spectral luminosity and r is the
distance to the emitting source, h is Planck’s constant, and v is the threshold frequency
for ionizing the 2 3S level (4.77 eV or 2600 A).
Including radiative transition to the ground level but neglecting photoionization, we may
have a good approximation of (for 8 x 103 < T < 2 x 10%; Clegg 1987):

n,3s  58x10767;11°

= —4—=—, Where T, is the temperature in units of 10* K.
N+  1+3.11x103T;%51n;




Physics of Hel™ absorption line multiplets

If n, > 3 x 103cm™3(the critical density), the effects of photoionization, collisional
ionization and radiative transition to the ground level, can be neglected, we only need to
consider recombination and the collisional transfer to the singlet level, and thus can further

simplify the ratio as

n

2% — At _ 6% 1076
I:He-i-z aT 14 2
3.77xX10* cm™ 3.77xX10* cm™
[t(v)dv ~
Aofik 3889.74-0.064

Ny.+~2 x 1029721 ¢m=2, Assuming solar abundances this estimate yields a minimal H II
column density of Ny+> 2 x 1021722 ¢m~2, Higher order Hel* absorption lines can
probe ~2 — 3 orders of magnitude higher column densities (up to Compton thick).

] 103—4~1015—16cm—2’

Typically, Ny 0,36 =

Jietal. 2015



lonization structure of quasar intrinsic absorbers

Liu et al. 2015




diagnosability of H Balmer and Hel* absorption lines

1 —-10 Mpyr *~M =4mr-Q-p-my Ny -v - Ny~10*3"2cm™1
(for in/outflows with O~10%, v~3,000 km s ~%; r ~0.1-1pc)



prep. works

Zhang et al. 2010, Low-z Mg Il Broad Absorption-line Quasars from SDSS

Jietal. 2012, Discovery of Balmer broad absorption lines in the quasar LBQS 1206+1052

Ji et al. 2013, Balmer Absorption Line Spectrum of Quasar SDSS J2220+0109

Liu et al. 2015, Prevalence of Hel* Absorption Line Multiplets in Mg Il Low-ionization Objects
Zhang et al. 2015, Discovery of Extremely Broad Balmer Absorption Lines in SDSS J1523+3914
Shi et al. 2016, Broad Balmer Absorption Line Variability

Jiang et al. 2016, Strong Lya Emission in the Proximate Damped Lya Absorption Trough

Shi et al. 2016, Redshifted Hydrogen Balmer and Metastable Hel* Absorption Line System
9. Panetal. 2017, Intrinsic Dusty Absorber with a Metal-rich Damped Lya Absorption Line System
10. Sun et al. 2017, Variability in Balmer Absorption Line Quasar

11. Shi et al. 2017, Variable Hydrogen Balmer Absorption Lines with Inverse Decrement

12. Zhang et al. 2018, Ultra-dense Broad-line Region Scale Outflow

13. Pan et al. 2018, Scattered Continuum in the Lyman Limit Absorption Edge

O NOoOGRWNRE

« Tian et al. 2019, Galactic-scale Broad Absorption Line Outflow
« Panetal. 2019, Metastable He I* A10830 Absorption and Very Narrow Paschen o Emission Lines
» Lietal. 2020, Ultradense Gas at the Dusty Torus Scale in a Partially Obscured Quasar

France Bacon:  the enipple but not (oot can sanpase the people who walk
dact but in a wnong noad,



4. a case study of J1035+1422
XIFR: “DRABREE”

meta-stable Hel*

HI* Balmer

EQ IR

Doppler redshift up to 5,000 km/s =2 r < 7,200 1y




Inflow distance constrained by the simple physics of gravity

finally > r < 1,000,



J1035+1422: isolated BALSs in velocity space



Ho optical depth and covering fraction



anomalous metal absorption lines



distance constrained by photoionization models of HI* and Hel*



distance by HI, Hel* and metal BALs



“the last piece of the
puzzle falls in place”




AA Tauri (“&4” V =0m.8)

Bouvier et al. 2007, A&A 463, 1017-1028

Cox et al. 2013

accretion from the circumstellar disk (or
occultation of the star by material in the disk)

revealed by redshifted Ha and Hf
absorption lines.



lonization structure and metallicities



5. J1035+1422°s analogues



5. the last piece of the puzzle?

© IS inflous =D galactic nuclear negion (tleadstrcanV ? )
e disk feeding inflows (DFI ¢/ )
* disk inflows (end V/ 7 )

? HI, OH,CO,HCN ...

(HI*& Hel*)

v

? OVII,FeXXVI...






curtain remains open: NGC 2617/






previous detections In the X-rays

CXOC J100043. 1+020637 Civano et al. 2010). NGC 2617 (Giustini et al. 2018)

The redshifted absorber can be ascribed to a failed
wind/aborted jets component, to gravitational
redshift effects, and/or to






the end of BH accretion flows (EP)

% B &



of accretion flows in the radio

A hyperfine transition exists for hydrogen atoms in the ground state 1 251/2: Depending

on the relative spins of the proton and the electron, there is a very small difference in the
energy of the ground state AE = 5.87 peV ~ 1.4 GHz ~ 21 cm.

Ny _ Gu hv \ _ 3,
e = G g (— ) ~ %
n gi Bls

Tp(v) = CrTee ™™ + [1 — C|T, + [1 — e7*®)];
AT(v) = Tg(v) — T¢ = [Ts — CT¢]|1 — ™™™,

Line emission (Tg — C¢T¢>0):
NHI
Tg(v) = T(V)Ty X —
T

Ny; = 1.82 x 108[cm™2] [ Tg(V) [K]dV[km - s~1].

Ts;

Line absorption (Tg — ;T < 0,7 K 1):
Ny, = 1.82 X 1018[cm—2]CL; [AT(V) [K]dVkm - s~1] (for T < 1).
fTc



headstream in the radio ¢/ (?)

HST and VLBI image of NGC 4261 (Langevelde et al. 2000)




headstream in the radio ¢/ (?)

(Morganti & Oosterloo 2018)



headstream in the infrared ¢/(?)

Aalto et al. 2019



model & observation of stellar mass black holes



theories & observations of accretion flows

o continuum

(ras Disk

T
Ny =1.82x 1018 jAT(V) dv
C/Te




H AR 1 &5
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6. What next

Penrose 1969

Mirabel & Rodriguez 1998 . Blandford & Payne 1982
Blandford & Znajek 1977 Fukumura et al. 2018
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V. F. Hess

H. Bethe | H. Alfven || M. Ryle

A.Penzias, R.Wilson || S. Chandrasekhar

W. Fowler

1936

1967 1970

1983

R. Davis, M. Koshiba

[

R. Giacconi

J. Mather, G. Smoot
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thanks !



