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Classes of  diagnostics

• Temperature
• Two excited energy levels well separated in energy (∆𝐸 ~ 𝑘𝑇)
• Emission lines reflect temperature-sensitive populations of  energy levels

• Density
• Two excited energy levels with nearly the same energy
• Emission lines reflect populations of  energy levels due to collisions

• Abundances
• Determine relative density of  some species relative to hydrogen

• Ionization source
• Distinguish between emission lines from H II regions and active galactic 

nuclei



Recap: Emission and level population
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• ‘radiative decay’ to lower energy level

Level populations (Boltzmann equation)
• Definition of  excitation temperature
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Rate of  collisional deexcitation
• ‘Collision strength’ Ω!" tabulated in
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Temperature diagnostic considerations
• Energy levels widely separated in energy (∆𝐸 ~ 𝑘𝑇)
• k (104 K) ~ 1 eV

• Levels must be ‘energetically accessible’
• Enough kinetic energy must present to 

collisional excite level
• Example: 5S2 level of  O III (E/k ~ 87,000 K)
• Guideline: E/k ⪅ 70,000 K

• Ion should be abundant
• O II → O III ionization energy: 35 eV
• O V → O VI ionization energy: 114 eV
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Ions with np2 and np4 have terms 3P (ground state) and 1D and 1S

• We can get these configurations for species with 6 or 14 electrons (np2) 
or 8 or 16 electrons (np4) 
• Primary ions of  interest in H II regions: 
• N II, O III, P II, and S III (np2) 
• O I, F II, Ne III, Cl II, Ar III, and K IV (np4)

• Transitions among terms (levels) can be 
described categorically (e.g., 1D → 3P)
• Line ratios of  1D → 3P and 1S → 3P

transitions related to temperature-
dependent level populations
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Figure 18.1 Energy levels for temperature diagnostic 2p2 ions N II and O III. Transi-
tions are labeled by vacuum wavelength (Å).

18.1 Temperature Diagnostics: Collisionally Excited Optical/UV Lines

18.1.1 np2 and np4 Ions

Atoms or ions with six electrons have 2p2 as their lowest configuration: the ground
state term is 3P, and the first two excited terms are 1D and 1S. If the 1S term is
at a low enough energy (E/k <∼ 70, 000K), so that the rate for collisional exci-
tation in gas with T ≈ 104 K is not prohibitively slow, and the abundance of the
ion itself is not too low, then the ion can produce observable line emission from
both the 1D and 1S levels. Because these levels are at very different energies, the
relative strengths of the emission lines will be very sensitive to the temperature; the
measured intensity ratio can be used to determine the temperature in the nebula.

Candidate 2p2 ions are C I, N II, O III, F IV, Ne V, and so on. C I is easily pho-
toionized, and will have very low abundance in an H II region. The ionization
potentials of F IV, Ne V, and so on exceed 54.4 eV, and we do not expect such high
ionization stages to be abundant in H II regions excited by main-sequence stars with
effective temperatures kTeff <∼ 5 eV. This leaves N II and O III as the only 2p2 ions
that will be available in normal H II regions.1

Systems with eight electrons will have 2p4 configurations that will also have 1D
and 1S as the first two excited terms. For O I, F II, and Ne III, the 1S term is at
E/k < 70, 000K.

1F IV and Ne V may be present in planetary nebulae and active galactic nuclei, where the ionizing
radiation is harder (with significant power above 54.4 eV).



‘Low-density limit’ (n ≪ ncrit)

• Recall, ncrit is defined for each transition
• Each excitation will be followed by an 

immediate radiative decay to ground state
• 𝑗 𝑢 → 𝑙 ∝ 𝑃 𝑢 → 𝑙
• Consider excited states of  2p2 ion

• Labeled 0, 1, 2, 3, 4 in energy diagram

• Possible transitions from 1S0 (3):
• 4 → 3
• 4 → 2
• 4 → 1

• ∆𝐽 = 2 disfavored transition
• Even ‘forbidden’ transitions subject 

quantum mechanical transition probabilities!
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‘Low-density limit’ (n ≪ ncrit)
• Consider only transitions from state 4 to 3 and 2

• 1S0 → 3P2 and 1S0 → 3P1 204 CHAPTER 18
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‘Collision strength’ Ω!" tabulated for each transition

• Take ne → 0:

The variables here are just good ol’ fashion atomic physics!
• Emissivity ratio just reduces to flux ratio in practice

• This we measure!



Line ratios and derived temperatures

Note that curves converge 
for densities << ncrit

(Relation is in general 
dependent on the density)Li
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Temperatures with np3 ions 

• Key ions 
• 7 electrons (2p3): O II, F III, Ne IV
• 15 electrons (3p3): S II, Cl III, Ar IV

• However, ncrit lower than np2 and np4 ions
• Need to know density through some other 

means if  not n > 102 cm-3



Temperatures with np3 ions 



Densities of  H II regions
• np3 useful here because of  multiplicity

in 2D terms
• First and second excited states
• 2D3/2 and 2D1/2 terms

• Leverage fact that E21 << kT and
E21 << E10

Low-density limit

High-density limit



Line ratios and density

High-density limit

Low-density limit
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Things to note – density diagnostics

• Other temperature diagnostics
• Fine-structure lines in far-IR (Draine 18.3)
• ‘Balmer jump’ ~ 3645 Å (Draine 18.4.1)
• Dielectronic recombination (Draine 18.4.2)

• Other density diagnostics
• Fine-structure lines in far-IR (Draine 18.3)
• ‘Balmer decrement’ (18.4.3)

• Line ratios: H⍺/Hβ, Hβ/Hɣ, etc.

• IMPORTANT: All of  these are subject to 
extinction from dust!



H II region abundances
• Ratios of  ‘metal’ lines to hydrogen lines can be used to 

determine abundances of  species relative to hydrogen
• Note: temperature-dependent!

Abundance of  O2+ relative H (low-density limit):

Collisional rate coefficient

Employ 𝛼 ∝ 𝑇#$%.'( for T4 ~ 1 and assume Ω03 indep. of  T 



Ionization and Excitation in H II regions
• Physics we have gone through above tell us how line ratios should

behave in H II regions
• Assumed typical radiation fields from O and B stars
• Assumed temperatures ~104 K

• Emission lines can also arrive from transitions excited by harder 
and higher intensity radiation from active galactic nuclei (AGN)
• Not only UV photons but X-rays as well

• AGN spectra exhibit different features
• Seyfert - strong emission from highly ionized species (e.g., C IV)
• LINER – ‘low ionization nuclear emission region’



Ionization and Excitation in H II regions
• Can use ratios of  lines with similar kT to ‘diagnose’ 

contributions from AGN in ionization and excitation

’BPT’ diagram 
(after Baldwin, Phillips, & Terlevich)

Theoretical tracks for H II region 
(vary ξ from 0 to 1):

Equation 18.14:



Empirical data (galaxies from SDSS DR8) 



Empirical data (galaxies from SDSS DR8) 
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BPT within single galaxy (from MaNGA)
A&A 639, A96 (2020)
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Fig. 2. Example of BPT diagrams for a galaxy with the circumnuclear
region classified as AGN type. Panel a: locations of the spaxels with the
AGN-like, H ii-region-like, and intermediate spectra on the image of the
MaNGA galaxy M-7495-12704 in sky coordinates (pixels, the physical
scale is 0.309 kpc pixel�1). The BPT type of the spectra is color-coded.
The spaxels with the intermediate spectra in the circumnuclear region
(center) and in the disc are shown by di↵erent colors. The circle marks
the kinematic center of the galaxy. Panel b: map of the observed (non
corrected for instrumental profile) gas velocity dispersion. The value of
gas velocity dispersion is color-coded. Panel c: BPT diagram for the
individual spaxels with AGN (black symbols) and intermediate (red
symbols) spectra classification in the circumnuclear region. The thick
solid line is the YBPT = aXBPT + b relation obtained for those data. Solid
and short-dashed curves mark the demarcation line between AGNs
and H ii regions defined by Kau↵mann et al. (2003) and Kewley et al.
(2001), respectively. The long-dashed line is the dividing line between
Seyfert galaxies and LINERs defined by Cid Fernandes et al. (2010).
The blue points are the H ii-region-like spectra in the galaxy. Panel d:
same as panel b but for the spaxels with the intermediate-type spectra
located in the disc.

on the determination of the R�gas , the median values of the�gas,obs
within rings with width of 1 spaxel are determined (panel a of
Fig. 4), and the broken line fit to those median values is obtained.

The gas velocity dispersion within the circumnuclear region
can be also specified by the maximum value of the gas velocity
dispersions. Again, to minimize the influence of errors in the H↵
line width measurements in the spectra of individual spaxels on
this parameter, we specify the gas velocity dispersion within the
circumnuclear region by the mean value of the gas velocity dis-
persions in five spaxels in the circumnuclear region with higher
�gas and will refer to this parameter as the central gas velocity
dispersion �gas,c. The median value of the observed (non cor-
rected for the instrumental profile) gas velocity dispersion for all
the spaxels of the H ii-region-like spectra, �median,HIIobs, is also
obtained for each galaxy.

The radial distribution of the observed stellar velocity dis-
persion �star,obs is also fitted by the broken line, and the break
radius is adopted as the R�star (panel b of Fig. 4). The uncertainty
in �star is much larger than that in �gas (panels a and b of Fig. 4).
There are no a plateaus in the �star–R diagrams, and the observed
stellar velocity dispersions are below the MaNGA instrumental
dispersion in many cases (Westfall et al. 2019). A reliable esti-
mation of the R�star value was not obtained for a several galaxies
in our sample.

The measured flux in the H↵ line per spaxel FH↵ in units
10�17 erg s cm�2/spaxel is converted into surface brightness in
the H↵ line ⌃H↵. The value of the surface brightness is corrected
for the galaxy inclination. The central surface brightness ⌃H↵,c
is specified by the mean values of ⌃H↵ for the same five spaxels
used for estimation of the �gas. The central surface brightness in
the [O iii]��4959,5007 lines is also determined adopting again
F[OIII]��4959,5007 = 1.3F[OIII]�5007.

Thus, the luminosities LAGN and LINT in the H↵ and
[O iii]��4959,5007 emission lines, the radii RAGN, RINT, R�gas ,
and R�star , the central gas velocity dispersion �gas,c, the cen-
tral surface brightnesses in the H↵ line ⌃H↵,c and in the
[O iii]��4959,5007 lines ⌃OIII,C, and the median value of the
observed (non corrected for the instrumental profile) gas veloc-
ity dispersions in all the spaxels for the H ii-region-like spectra
�median,HIIobs were determined for the circumnuclear regions of
the AGN type for our sample of MaNGA galaxies. The numbers
of the AGN-like and intermediate spectra within the circumnu-
clear regions and the total numbers of measured spectra in the
galaxies with the circumnuclear regions of the AGN type are
presented in Fig. 5.

3.2.2. AGN-SF mixing

The positions of the AGN-like and intermediate spectra of the
spaxels in the circumnuclear region occupy a rather narrow band
in the BPT diagram, see panel c in Fig. 2. This sequence on the
BPT diagram can be fitted by the linear relation

YBPT = a XBPT + b. (1)

Such relation (coe�cients a and b in Eq. (1)) was obtained for
all galaxies with the circumnuclear regions of the AGN type.
It should be emphasized that the spaxels with the intermediate
spectra in the disc (beyond the circumnuclear region) do not fol-
low this relation, see panel d in Fig. 2.

Kau↵mann & Heckman (2009) created a set of empirical
mixing line trajectories in the BPT diagram by averaging the
emission-line fluxes of star-forming galaxies and AGNs in dif-
ferent proportions. The decrease of the fraction of the luminosity
attributed to SF results in a shift from the locus of pure star-
forming galaxies in the BPT diagram. The greater the fraction of
the line emission excited by AGN activity, the further along the
mixing trajectory a spectrum will lie.

Davies et al. (2014a,b, 2016) found that spectra of individ-
ual spaxels of some AGN host galaxies form a tight sequence on
the BPT diagram, which is similar to the mixing line trajecto-
ries constructed by Kau↵mann & Heckman (2009) for “global”
spectra. The diagnostic line ratios in the spaxel spectra change
smoothly with radius, from AGN-like ratios in the spaxel spec-
tra at the galactic center, to H ii-like ratios in the spaxel spectra
at larger galactocentric distances. Davies et al. (2014a,b, 2016)
concluded that this provides strong evidence in favor of varia-
tions of diagnostic line ratios with radius being primarily driven
by variations in the fraction of the line emission excited by AGN
activity.

Panels c and d in Fig. 3 show the variations in the diag-
nostic line ratios [N ii]�6584/H↵ and [O iii]�5007/H� in the
spectra of spaxels from the circumnuclear region of the galaxy
M-7495-12704 as a function of galactocentric distance, respec-
tively. Inspection of panel b in Fig. 2 together with panels c and d
in Fig. 3, show clearly that the diagnostic line ratios of the spaxel
spectra change smoothly with radius, this is, the spaxel spectra of
the circumnuclear region lie along the mixing line trajectories of
the BPT diagram, where the fraction of the line emission excited
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Exercise: Fun with Marvin!

• http://www.sdss.org/dr15/manga/marvin
• Galaxy: 7960-6102
• Let’s calculate temperatures of  H II regions
• Then, approximate the abundance of  O III
• Then, identify AGN-like regions if  any





Energy level diagram for hydrogen
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Nomenclature for lines

• “Allowed” transitions
• Aul ~ 108 s-1

• “Semi-forbidden” transitions
• Aul ~ 102 s-1

• “Forbidden transitions
• Aul ~ 20 min lifetime

NII 1084Å 3P0 – 3D1

CIII] 1909Å 1S0 – 3P1

[NII] 6548Å 3P1 – 1D2


