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Outline 

• How to study super-massive black 
holes in quasars 
 

• Reverberation mapping broad lines 
– Current state of the art 
– Limitations 
– New ways forwards 
– Opportunities with Euclid/SKA 

 
• What we can do with all this 



Quasars and broad lines 



Reverberation mapping 
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Reverberation mapping 
results: Line stratification 

Ionising continuum 
source 

Broad 
Line 
Region 

Strong continuum 
High-ionisation lines 
CIV, HeII… 

Weaker continuum 
Low-ionisation lines 
Hβ, MgII… 

Solid lines give 
 𝒗𝟐 ∝ 𝝉−𝟏 ∝ 𝒓−𝟏 
 

𝑴𝑩𝑯 =
𝒓𝒗𝟐

𝑮
 



Reverberation mapping 
results: The r—L relation 



Standard reverberation 
mapping 

• Cross correlate continuum and 
emission line light curves. 

 

• Requires 10s to 100s of observational 
epochs to build up the light curves. 

 

• Extremely observationally expensive. 

 

• For brighter objects the situation is 
worse since they have longer 
timescales and vary less. 

 

• To date essentially no reverberation 
mapping has been performed at z>0.1, 
M<-24 or with UV lines. 



Standard vs Stacked 
Reverberation Mapping 
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Standard vs Stacked 
Reverberation Mapping 
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First results: 
MgII and CIV 



First results: 
CIV r-L relation 



First results: 
CIV r-L relation 



Why do all this? 



Galaxy Evolution 



The radius-luminosity relation 

Cosmology 

𝜏 ∝ 𝑟 ∝ 𝐿0.5 Single-epoch SMBH 
mass estimators  

Standard 
candle? 



The radius-luminosity relation 

Cosmology 

𝜏 ∝ 𝑟 ∝ 𝐿0.5 

Quasar Hubble 
diagram 



Summary 

• Euclid offers a unique opportunity for 
reverberation mapping at high redshift 
 

• Results would give insights into the 
growth of black holes, AGN feedback 
and galaxy evolution 
 

• High fidelity results would also give 
independent constraints on the 
expansion of the Universe 



MANY THANKS! 



 



Stacked reverberation 
mapping 

IV) A new hope: 
Current time-resolved optical 
photometric surveys (e.g. Pan-
STARRS) and multi-object 
spectrographs (e.g. Hectospec) 
may offer a new approach to cut 
down the observing time 
necessary for reverberation 
mapping. 
 
Essentially the plan is to `stack’ 
cross correlations of poorly 
sampled light curves to build up 
signal. 

continuum 

emission line 



Comparing simulated results 

Single object with 60 spectra 

30 objects with two spectra 
=
1

𝑛
 (𝐶𝑖−𝐶 )(𝐿𝑗 − 𝐿 ) 

𝑡𝑖−𝑡𝑗∈[𝜏,𝜏+𝛿𝜏]

𝑖,𝑗

 

Peak heights change 

Kink in stacked covariance 



Simulated results for 
500 objects 



What is a quasar? 

This is not a quasar 



Broad lines and quasars 



SMBH mass estimation 

Reverberation mapping 

• Assume the broad-line 
region is virialised 
 

• The width of an 
emission line gives 𝑣𝐵𝐿𝑅 
 

• 𝑟𝐵𝐿𝑅 is given by the time 
lag between continuum 
and emission line flux 
variations 

𝑀𝐵𝐻 =
𝑟𝑣2

𝐺
 



SMBH mass estimation 
Without reverberation 
mapping (single-epoch) 

• Assume the broad-line 
region is virialised 
 

• The width of an 
emission line gives 𝑣𝐵𝐿𝑅 
 

• The radius-luminosity 
relation can be used to 
get an empirical 
estimate of 𝑟𝐵𝐿𝑅  

𝑀𝐵𝐻 =
𝑟𝑣2

𝐺
 



SMBH mass estimation: 
extending to high z 

Can’t we do any better? 



SMBH mass estimation 

𝑀𝐵𝐻 =
𝑟𝑣2

𝐺
 

For a virialised system: 



Cosmology 



Stacked reverberation 
mapping 

continuum 

emission line 



Reverberation mapping 
results: Line stratification 
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Reverberation mapping 
results: Velocity structure 

Solid lines give 𝑣2 ∝ 𝜏−1 ∝ 𝑟−1 



Black hole mass estimation 

𝑀𝐵𝐻 =
𝑟𝑣2

𝐺
 

For a virialised 
system: 



A first attempt 

• Repeat MMT Hectospec 
spectroscopy of 368 
quasars in a Pan-STARRS 
field that is monitored 
photometricaly ~weekly 
 

• 100/75 of these have a 
good MgII/CIV line in 
their spectrum. 
 

• Is this enough to do some 
reverberation mapping? 



Why do all this 

1) Galaxy Evolution 

 

2) Cosmology 


