Echo Tomography of
Black Hole Accretion Flows in AGN

1: SDSS-RM: Composite Mean and RMS of 849 quasars
The RMS spectrum fits f,~ v/3
2: STORM on NGC 5548: Continuum delay maps
Disc inclination: i = 36°+/- 10°
7(A)=>Disc T (R) is steeper than expected T ~ R
Disc surface brightness is lower than expected
X-rays alone are not driving the UV /optical variations
3: STORM on NGC 5548: Emission-Line velocity-delay maps
BLR is Keplerian from 2 to 20 light days
Mgy =7x107 M ,. BLR inclination i = 45°
Sharp outer rim. Far side obscured. Barber-pole residuals.

Keith Horne, SUPA St Andrews Quasars in Crisis 2019 Aug 08



SDSS-RM (Reverberation Mapping)

PI: Yue Shen

SDSS spectroscopic monitoring of 849 quasars (0.12<z<4.3)
(plus ~100 comparison stars.)

SDSS-III (2014, 32 epochs/6mo)
SDSS-1IV (2015-2019+..., 12 epochs /6mo)
Bok+CFHT photometric (g,1) monitoring.

Primary Goals: Measure light travel time delays.
Emission-line lag vs continuum => black hole masses
Continuum lag vs wavelength => accretion disk T( r ) profiles.

Pilot for SDSS-V => Black Hole Mapper



PrepSpec Analysis : Fit Residuals
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PrepSpec : Mean and RMS spectra,
Line and Continuum Lightcurves
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AGN

Composite Mean and RMS Spectra
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Composite Mean and RMS Spectra

Variations isolate the Disc Spectrum:

Composite Mean Spectrum Composite RMS Spectrum
Composite AVG of 849 SDSS—RM quasars 2014 Composite RMS of 849 SDSS—RM quasars 2014
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2014 STORM Campaign : NGC 5548

STORM = Space Telescope and Optical Reverberation Mapping
Pl. Brad Peterson HST+Swift+Chandra+ground 180d in 2014.

Published :
| : HST-COS observations. — De Rosa+ (2015) ApJ 806:128
Il : Swift-HST continuum observations.— Edelson+ (2015) ApJ 806:129
lIl . Continuum interband lags, FUV+optical — Fausnaugh+ (2016) ApJ 821:56
IV : Anomalous behavior of UV emission lines — Goad+ (2016) ApJ 824:1
V . Optical emission line variations — Pei+ (2017) ApJ 837:131
VI : Accretion disk modeling — Starkey+ (2017) ApJ 835:65
VIl : Chandra X-ray observations — Mathur+ (2017) ApJ 846:55
In the pipeline :
VIII : Absorption line variations — Kriss+ (2019) ApJ, in press.
IX : Velocity-delay maps - Horne+ (2019) ApJ, in prep.
X : Photoionization modeling — Dehghanian+(2019) ApJ, in press.
Dynamical modeling — Pancoast+
NIR and Spitzer observations — TBD



STORM: UV, optical lightcurves

HST: 1/day SWIFT: 2 /day Ground-based > 600 epochs
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Continuum Echo Mapping :
T( R ) profiles of Accretion Discs

Measure the time delay spectrum (' 1)

To find the disk temperature profile T( R )

Test disc models: T ~ (M dM/dt )/4 R3/4 => ¢~ }#3
Measure Mass x Accretion Rate ( M dM/dt)

Distances ?
A A

Lamp post model :
Disc irradiated by

a point source just
above the disc centre.
(EUV+X-ray corona)
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Accretion Disk Reverberations
Assumptions:

Light travel time: Thermal Emission:  Flat geometry:

Rect T~ hc dW:ZdeRcosi
Sk 1 D?

_ Observables:

Disc Theory: Log T tu(MM)1/3 [
Log T A\
! . 2
. I F WL _cos(i)/ D
Tu(MM)1/4R'3’4: og H ()

Lu(Ma)" ol

Do these agree?
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NGC 5548 STORM : Swift Data
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Lightcurves f(A,t)=> CCF Lags t(1)
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Echo Tomography
Beyond CCF Time Lags

Light travel time delay t “slices up” the region
on iso-delay paraboloids. => micro-arcsec resolution.

Echo
Y (1)
t

Direct

delay ¢ t=2(1+cosg)
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Blackbody Disc Delay Maps
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CREAM : MCMC Lightcurve Fits

Driving Lightcurve X(t) Swift UV/OT Optical
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Model 1 L L B
Model 2

T( R ) Profile

steeper than expected.
T ~R1 rather than R34

T=T,(R/Ry)®
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Standard Disc Model Fails ®

Disc (1) =>T(R) steeper
than expected (T~ R1 vs R 34)
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How does the standard disc model fail?
Disk is too hot (or large).
T(R) is too steep.
Surface brightness is too dim.

Starkey, et al. 2017

Disc f, ( A ) is fainter than expected
(for L/Lgyg=0.1)

f, N (mJy)

flux spectrum

N [/ ggq=0L |

------ L/Ly44=0.1 (Standard)
| == L/Lgy;=0.1(Including f,)
t ¥ Mean
¥ ¥ Mean (de-reddened)
2000

Wavelength A

1000 5000 9000

Why does the disc model fail ?

Dust ? ( affects flux but not delay )
Wrong Mg,? ( higher / lower L yy)
Diffuse continuum from BLR ?
Patchy irradiation (shadows) ?
Tilted inner disc ?




Normalized Flux

X-rays
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Gardner & Done (2016) Model.
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Two-stage reprocessing ? ' '
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Warps/Waves/Ripples on the Disc ?

Wave crests see the lamp-post. Nealon, Price, Nixon
. 2015 MNRAS
Shadows fill the troughs. SN

Steepens T( R ) profile, lowers surface
brightness.

Starkey, Lin, .
Horne, in prep e e *

Tilted inner disc (aligning with BH spin).
Anisotropic irradiation, self-irradiation.
Precession (rotating structure) observable?

)~ b =
’”




2D : Velocity-Delay Maps Y(v, 1)

Simulation: Photo-ionised Keplerian
r disc with spiral density waves

velocity

t:£(1+sinicosq) V= /G—Msinisinq sky view:
C R RGB=La,CIV, Hell

Horne, et al. 2004



STORM : 172 Daily HST/COS Spectra
C IV Variations

le-13 HJD: 56690.62994
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CCF Lags => BLR size

AGN STORM
HST PROGRAM

Mean lags relative to

1367 A continuum
Lya 6.19 £ 0.27 days
SiIV 5.44 + 0.70 days
CIV 5.33 + 0.46 days
HeIl 2.50 + 0.33 days

Cross-correlation lags
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=> radius R of
emission-line region
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Flux

M-shaped Velocity-Delay Structure

5100A + HB lightcurves Velgcny resolved CCF delays
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Optical lines : Velocity-Delay Map
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Comparison with Toy Models
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HST (UV lines) Velocity-Delay Map

time delay 7 (day)
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“Barber-Pole” Residuals
Model : Lo Model AC,8, CIv

NGC5548 13348x171
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Echo Tomography of
Black Hole Accretion Flows in AGN

1: SDSS-RM: Composite Mean and RMS of 849 quasars
The RMS spectrum fits f,~ v/3
2: STORM on NGC 5548: Continuum delay maps
Disc inclination: i = 36°+/- 10°
7(A)=>Disc T (R) is steeper than expected T ~ R
Disc surface brightness is lower than expected
X-rays alone are not driving the UV /optical variations
3: STORM on NGC 5548: Emission-Line velocity-delay maps
BLR is Keplerian from 2 to 20 light days
Mgy =7x107 M ,. BLR inclination i = 45°
Sharp outer rim. Far side obscured. Barber-pole residuals.

Keith Horne, SUPA St Andrews Quasars in Crisis 2019 Aug 08



Thanks for Listening
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