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Starburst/AGN Diagnos5cs: Detec5on 

•  How reliable are OIR diagnos4cs? 
–  In dusty systems?                                                                              

(what are the many op4cal composites among ULIRGs?) 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the 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•  What about MIR? 

– What is the cause of the (oOen) low (MIR line/FIR) ra4os in many 
ULIRGs and some IR‐bright QSOs?  

– Density, radia4on field, covering factor?  



Results 
  Strong correla4ons with op4cal 

spectral types! 
  AGN% increases along merger 

sequence, but substan4al 
stochas4c varia4ons 

(SV, Rupke, et al. 2009a)   

Method 
  6 diagnos4cs: [O IV]/[Ne II], [Ne 

V]/[Ne II], EW(PAH), L(MIR)/L(FIR), 
15/5 μm ra4o, 30/15 μm ra4o…  

  All agree to within ±10‐15% on 
average 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vs XDR    



CO Ladder: PDR vs XDR 

(van der Werf et al. 2010)   

2. Observations, data reduction and results

Mrk 231 was observed in staring mode with the SPIRE
FTS on December 9, 2010, as part of the Herschel Science
Demonstration Program. The high spectral resolution mode was
used, resulting in an unapodized spectral resolution of 0.04 cm−1

over both observing bands: the long wavelength (LW) band cov-
ering 14.9−− 33.0 cm−1 (λ = 671−303 µm, ν = 467−989 GHz)
and the short wavelength (SW) band covering 32.0 − 51.5 cm−1

(λ = 313−194 µm, ν = 959−1544 GHz). In total 50 repetitions
(100 FTS scans) were carried out, yielding an on-source integra-
tion time of 6660 s. The data were processed and calibrated as
described in Swinyard et al. (2010), using a dark comprised of
120 repetitions to subtract the sky, and the asteroid Vesta for cal-
ibration. Since the CO extent of Mrk 231 is at most 2′′ (Downes
& Solomon 1998), calibration procedures appropriate for a pure
point source were adopted, and no corrections for wavelength-
dependent beam coupling factors were necessary. Because of the
excellent match in the overlap region of the two spectrometer
bands (32−33 cm−1), the spectrometer bands were simply aver-
aged in this wavelength range.

The full SPIRE FTS spectrum of Mrk 231 is shown in Fig. 1.
It shows a total of 25 well detected lines. The full CO ladder is
detected with 9 lines from CO J = 5−4 to J = 13−12. In addi-
tion, 7 rotational lines of H2O are detected, as well as a feature
that could plausibly be assigned to H182 O, but given its low S/N
ratio this assignment must be regarded as uncertain. We also de-
tect the two [C ] fine structure lines and the [N ] fine structure
line and rotational transitions of CH+ and HF. Very surprising is
the detection of luminous emission from OH+ and H2O

+; this is
the first astronomical detection of these species except in comets.

The lines are detected superposed on a continuum which
rises towards the SW side, and represents the Rayleigh-Jeans
tail of the dust emission in Mrk 231. The moderate rise in the
continuum at the LW side is an artefact resulting from a small
temperature differences of the telescope between the source and
reference measurements, which will disappear with future data
reductions, as the calibration database becomes more populated.
Since this feature is additive, spectral line fluxes are not affected.
For these early observations, no matching observations with the
SPIRE photometer, to measure the continuum levels, were car-
ried out. Pending this, quantitative analysis of the continuum is
premature and in this Letter we restrict ourselves purely to the
spectral lines.

Emission line fluxes were recovered from the unapodized,
calibrated spectrum using an IDL-based tool. We first subtracted
the continuum emission using either a grey-body or polyno-
mial fit made to the underlying spectral energy distribution.
Any remaining large-scale ripples were removed using a choice
of polynomial or sinusoid functions. Emission lines were ex-
tracted from this baseline-subtracted spectrum by fitting a sinc-
convolved Gaussian line profile using the MPFIT IDL function.
The strongest line wes fitted first, then subtracted, with the pro-
cess repeated until no line wes found above a pre-set discrimi-
nation level. A two-stage process was used to fit line features:
a first discrimination level (∼ 20 Jy) was used to identify and
remove the strongest features in the spectrum; a second, lower
level (∼ 3 Jy) was then used to extract weaker lines. The in-
tegrated intensities for the individual lines are calculated by in-
tegrating under the fits to the lines. We make the simplifying
assumption that the error in the fit to the area of the Gaussian
line profile is unchanged during convolution, and so take the un-
certainty in the sinc function fit to determine the error in the fit
to the integrated line flux. On top of these random fitting errors,

Fig. 2. Luminosities of CO lines from Mrk 231. Filled symbols repre-
sent measurements from the SPIRE FTS spectrum, while ground-based
measurements are denoted with filled symbols. Coloured lines indicate
two model PDR components (red and green lines) and an XDR com-
ponent (blue line). The sum of these three components is indicated by
the black line and fits the CO measurements. The XDR dominates up-
wards from J = 10. In the legend, n denotes the H2 number density,
G0 denotes the incident UV flux in units of the Habing (1968) standard
interstellar radiation field for the PDRs, and FX the incident X-ray flux
for the XDR. The legend also indicates the relative emitting areas of the
three components.

there is an additional, systematic uncertainty in the flux scale for
the lines, which is 20−30% over the 21−52 cm−1 waveband, but
significantly higher below 21 cm−1 (which will improve when
brighter calibration sources become available). We note that the
RMS fluctuations in the spectrum is higher than the true ther-
mal noise, as there is a systematic ripple present, the removal of
which is the subject of ongoing work.

In the rest of this Letter, we restrict ourselves to analysis of
the CO rotational ladder. In a companion paper, the H2O emis-
sion is analysed (González-Alfonso et al., this volume). A more
comprehensive discussion and modeling of the full dataset, as
well other available data onMrk 231, will be presented in a forth-
coming paper (Meijerink et al., in prep.).

3. Discussion

3.1. CO excitation

We combine the CO line fluxes from the spectrum shown in
Fig. 1 with ground-based measurements of the lower lines
(Papadopoulos et al. 2007, and references therein) in order to
construct the CO rotational excitation diagram shown in Fig. 2.
It is seen that an approximately flat luminosity distribution is
obtained for the lines from J = 5 upwards. Note that the CO
J = 10−9 line is blended with the H2O 31,2−22,1 line which is
expected to have some flux (González-Alfonso et al., 2010), and
this may account for the somewhat high flux measured for CO
J = 10−9. The total luminosity measured in the CO lines up to
J = 13−12 is (2.5 ± 0.9) · 108 L$. The total cooling by CO lines
should be somewhat higher since this number does not account
for higher lines outside the SPIRE range.

The approximately flat distribution of CO line luminosity
with rotational level indicates that several excitation components
must be present, since individual components always produce a

3



Starburst/AGN Diagnos5cs: Detec5on 
•  How reliable are OIR diagnos4cs? 
–  In dusty systems?                                                                                

(what are the many op4cal composites among ULIRGs?) 

•  What about MIR? 

– What is the cause of the low (line/FIR) ra4os?  
– Density, radia4on field, covering factor?  

•  Can FIR‐Submm‐mm help?             

–  CO ladder PDR vs XDR    

•  How useful is the radio (if there’s no jet)? 
– Minor bolometric contributor, free‐free absorp4on,  
–  Is monitoring essen4al? 

•  How useful are the hard X‐rays? 
–  Sensi4ve to absorp4on/scafering along line of sight to nucleus 



Chandra/XMM/Suzaku 
Results 

  <AGN%> ~ L(2‐10 keV)/LBOL 
  Generally good agreement with 

Spitzer results: 
– Strong correla4ons with op4cal 

spectral types 
– AGN% increases along merger 

sequence, but with substan4al 
stochas4c varia4ons 

(Teng & SV 2010, submiAed) 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Fig. 15.— A comparison of the 2–10 keV to bolometric luminosity ratio (our proxy for
fractional AGN contribution to the bolometric luminosity; left) and the X-ray determined

log (L2−10keV /LEdd) (right) with some of the key physical properties of the U/LIRGs and

PG QSOs: 25-to-60 µ dust temperature (top), optical spectral type (middle), and interaction

class (bottom). The symbols for the PG QSOs are the same as those in Figure 2 for the

SED and the symbols for the U/LIRGs are the same as those in Figure 4. In the bottom two

rows, the line connects the median values for each type/class of objects. The infrared-warmer
objects have distinctly higher hard X-ray to bolometric luminosity ratios. The more Seyfert-

like ULIRGs and the more advanced mergers (IVb and V) also tend to have a stronger AGN

component, and the PG QSOs extend these trends. These trends are similar to those found

in the analysis of the Spitzer data by V09a.

Op4cal Spectral Type 



Starburst/AGN Diagnos5cs: Quan5ta5ve 

•  L[O III] as an indicator of dM/dt(BH)?  

•  SB contamina4on… 

•  Dust ex4nc4on 
•  MIR: [O IV], [Ne V]… 
•  How useful are the hard X‐rays? 
–  Absorp4on/scafering correc4on 
–  Bolometric correc4on 

•  How useful is the radio? (SB vs radio‐quiet AGN) 
–  Large bolometric correc4on 
–  Free‐free absorp4on 



(Wild et al. 2010; LaMassa et al. 2010)   



(Winter et al. 2010) 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Fig. 14.— Plotted is the relationship between observed (top) and reddening corrected (bottom)

[OIII] 5007Å luminosities and the 14–195 keV Swift BAT luminosities (left) and the ratio of these

luminosities versus the Swift BAT luminosity (right). In the plots, broad line sources are indicated

with red triangles, while the narrow line sources are indicated with blue circles. As the left plots

show, L[OIII] is not well correlated with the hard X-ray luminosity. The lines indicate the weak

correlations seen for the Seyfert 1s ((corrected) R2 = 0.35) and narrow line sources ((corrected)

R2 = 0.38). In the right-hand plots, it is clear that there is a great deal of scatter in the optical/X-

ray ratio for a given X-ray luminosity.



AGN – Starburst Connec5on 

•  AGN – SB connec4on or AGN – SF connec4on? 
•  Selec4on effects: bimodal distribu4ons of SFH 

•  Use of fundamental plane / what do latest results imply? 

•  What are the observa4onal/theore4cal prospects of understanding 
inner ~100 pc?  

–  Bar‐within‐bar, nuclear spirals, stochas4c process? 
–  Feeding the AGN with 0.1% of SB material, AGB winds? 

–  Stellar popula4on = f(LAGN)??? 
–  AGN = f(SB)??? 


