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All efforts of RM analysis

𝑳 𝒗, 𝒕 =  𝜳(𝒗, 𝝉)𝑪𝟏+𝜸(𝒕 − 𝝉)𝒅𝝉

To obtain the transfer function/velocity-delay map from the integral eqaution

For small continuum variations,  the linearized equation is  

𝚫𝑳 𝒗, 𝒕 =  𝜳(𝒗, 𝝉)𝚫𝑪(𝒕 − 𝝉)𝒅𝝉

𝚫𝑳 𝒗, 𝒕 = 𝑳 𝒗, 𝒕 − 𝑳𝟎
𝚫𝑪 𝒕 = 𝑪 𝒕 − 𝑪𝟎



All efforts of RM analysis

𝑳 𝒗, 𝒕 =  𝜳(𝒗, 𝝉)𝑪𝟏+𝜸(𝒕 − 𝝉)𝒅𝝉

To obtain the transfer function/velocity-delay map from the integral equation

Methods:

 Fourier transformation: Blandford & McKee 1982

 Regularized linear inversion: Krolik & Done 1995; Skielboe+2015

 Maximum entropy technique: Horne 1994

 BLR dynamical modeling: Pancoast et al. 2011, 2014; Li et al. 2013, 2018



All efforts of RM analysis

𝑳 𝒗, 𝒕 =  𝜳(𝒗, 𝝉)𝑪𝟏+𝜸(𝒕 − 𝝉)𝒅𝝉

Dynamical modeling approach explores the best solution with 

input BLR models

BLR dynamical model



Early attempts: computing 𝜳(𝒗, 𝝉)

Perez et al. 1992, MNRAS, 256, 103

inclined disk edge-on disk bi-conical outflow



Early attempts: computing 𝜳(𝒗, 𝝉)

O’Brien et al. 1994, MNRAS, 268, 845

inclined diskoutflow



Bottorff et al. (1997): hydromagnetic wind model

BH mass estimated:
~3 × 107𝑀⨀



Kaspi & Netzer (1999): spherical BLRs

Photoionization included,
but velocity-unresolvedLyα

SED



Pancoast et al. (2011): modern version

• position: Gamma 
distribution

• Keplerian orbit

• disk-shape geometry
• opening angle
• inclination
• anisotropic emission

• Bayesian inference

• Sophisticated sampling 

algorithm

• Fully explore parameter space



posterior probability
Markov-Chain Monte Carlo

BLR model

Continuum light curve

Broad-line data

Reconstructed line

BH mass

BLR dynamical modeling: generic flowchart



Arp 151  (Brewer et al. 2011)

Mrk 50  (Pancoast et al. 2012)



Pancoast et al. (2014): further improvements

• Better velocity sampling of BLR clouds

• Inflow/outflows

• Improved anisotropic treatments

see Peter Williams’ talk

velocity sampling 

inflow

Keplerian orbit

outflow



Li et al. (2013, 2018): independent approach

Following Pancoast et al.’s work,  but include two additional points:

 Includes non-linear response of broad lines:  𝐿(𝑣, 𝑡) ∝ 𝐶1+𝛾(𝑡 − 𝜏)

Kilerci Eser et al. 2015 Li et al. 2013



Li et al. (2013, 2018): independent approach

Following Pancoast et al.’s work,  but include two additional points:

 Includes non-linear response of broad lines:  𝐿(𝑣, 𝑡) ∝ 𝐶1+𝛾(𝑡 − 𝜏)

 Long-term detrending

Denney et al. 2010



Li et al. (2013, 2018): independent approach

Following Pancoast et al.’s work,  but include two additional points:

 Includes non-linear response of broad lines:  𝐿(𝑣, 𝑡) ∝ 𝐶1+𝛾(𝑡 − 𝜏)

 Long-term detrending

3C 273

Zhang et al. 2019



Software：BRAINS 

BLR Reverberation-mapping Analysis Integrated with Nested Sampling

• C Language, MPI parallel interface

• Diffusive nested sampling

• Publicly available at https://github.com/LiyrAstroph/BRAINS



Our application to Mrk 142

• Mrk 142 is a narrow-line Seyfert I galaxy

• Monitored by SEAMBH project (Lijiang 2.4m Telescope) between 
2012-2013

• Dimensionless accretion rate  ℳ =  𝑀𝑐2/𝐿𝐸𝑑𝑑 ≈45

Hu et al. 2015



Our application to Mrk 142

• For super-Eddington accretion,  self-shadowing effect is important

Wang et al. 2014



Our application to Mrk 142

Three models

M1

M2

M3



Our application to Mrk 142

M1

M2

M3



Model comparison: M3 is the most probable



Our application to Mrk 142

FWHM of the mean spectrum
Consistent with the calibration of 
Ho & Kim 2014 for pseudo-bulges

log 𝑀●/𝑀⊙ = 6.23−0.45
+0.26 log 𝑓 = −0.36−0.54

+0.33



Our application to Mrk 142



Our application to NGC 3227

gas dynamics yields: 𝑀● = 2.0−0.4
+1.0 × 107𝑀⊙



Our application to NGC 3227

stellar dynamics yields: 𝑀● = (7 × 106 − 2 × 107)𝑀⊙



• monitored by MAHA project 
(WIRO 2.3m telescope) 
between 2016-2017

• see Mike Brotherton’s talk
and Jacob McLane’s talk

Our application to NGC 3227



Our application to NGC 3227



Our application to NGC 3227

Method
BH Mass

（106𝑀⊙）

Gas dynamics 20−4
+10

Stellar dynamics 7-20

BLR dynamical 
modeling

5.2−2.2
+4.5



Future improvements

• Systematic errors of BLR dynamical modeling

comparison with other independent methods

 Stellar/gas dynamics (NGC 3227, NGC 4151)

 Spectro-interferometry (3C 273)

see Yuyang Songsheng’s talk

• Compare with other BLR models (e.g, disk wind)

• Include photoionization processes



Summary

• We developed BLR dynamical code “BRAINS”, publicly 

available at https://github.com/LiyrAstroph/BRAINS

• Application to Mrk 142 shows a two-zone BLR

• Application to NGC 3227 shows a consistent BH mass 

measurement with other independent methods


