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Motivating questions 
Unusually high (extreme) Lyα/HeII in some AGN 
Lyα halos 

�  e.g. z>2 radio galaxy halos:   Villar-Martín et 
al. (2007) Lyα / HeII > 30 

�  e.g. Borisova et al. (2016) Lyα/HeII ~100 or 
more in some high-z quasar halos 

�  Compared to Lyα/HeII ~ 20 for Solar 
metallicity gas ionized by a powerlaw at 
moderate to high ionization parameter 
 

Mechanisms to “enhance Lyα” above Case B 
recombination values (AGN) 
�  Collisional excitation e.g. Villar-Martin et al. (2007) 
�  Resonant scattering e.g. Cantalupo et al. (2014) 
�  Ionizing SED shape e.g. Humphrey et al. (2008), 

Arrigoni Battaia et al. (2015) 
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Figure 1. (a) Spatial profile of continuum-subtracted Lyα emission along the slit (continuous curve; left axis), with the Lyα polarization measurements (points A–D;
right axis; aperture definition given in Table 1). The spatial zero is the peak of the UV continuum. (b) The spectral region around Lyα in Aperture A, with Lyα
polarization measurements in two spectral apertures.
(A color version of this figure is available in the online journal.)

2. OBSERVATIONS

TXS 0211−122 was observed using the Low Resolution
Imaging Spectrometer (Oke et al. 1995) in polarimetry mode
(Goodrich et al. 1995), in subarcsecond seeing at the Keck II
telescope, during 1997 December 24–26. The 300 line mm−1

grating and 1′′ wide slit resulted in an instrumental profile (IP)
of 10 Å, a dispersion of 2.4 Å pixel−1, and a spectral range of
∼3900–9000 Å (∼1200–2700 Å in the rest frame). The 24′′ long
slit was oriented approximately along the major axis of the radio
source (P.A. = 104◦, north through east), to maximize signal to
noise (S/N) for extended emission. The total on-object exposure
time was 28,580 s, split into four sets of integrations, each with
four integrations with the half-wave plate successively at P.A. =
0◦, 45◦, 22.◦5, 67.◦5. Full details are given by Vernet et al. (2001,
V01 hereinafter).

The target was also observed using ISAAC (Moorwood et al.
1998) in long-slit mode at the Very Large Telescope, on 1999
November 27–28. The lines [O ii] λ3727, [O iii] λλ4959, 5007,
and Hα lie in relatively transparent regions of the J, H, and
K bands, and integration times were 5200 s, 7200 s, and 7200 s,
respectively. The low-resolution grating was used with a 1′′ slit
to give an IP of ∼30 Å in J and H bands, and ∼50 Å in the
K band. The slit P.A. was also 104◦. Complete details of the
ISAAC data are given by Humphrey et al. (2008b).

3. A POLARIZED Lyα NEBULA

As previously discussed by van Ojik et al. (1994) and Villar-
Martı́n et al. (2003), TXS 0211−122 is associated with an
extended Lyα, C iv λ1549 and He ii λ1640 nebula, which shows
a total Lyα extent along the slit of ∼13′′, or ∼110 kpc. Its
He ii velocity curve displays kinematics that overall are very
quiescent (Villar-Martı́n et al. 2003), consistent with infall
(Humphrey et al. 2007), although near the galactic nucleus
an excess of emission in the blue wing of He ii suggests the
presence of outflowing gas in addition (Humphrey et al. 2006).
At least in the bright, central few tens of kpc, the nebula is
ionized predominantly by the radiation field of the AGN, and has
approximately solar metallicity (V01; Humphrey et al. 2008b).
The spatial distribution of the Lyα emission along the slit is

strikingly asymmetrical compared to the continuum and the
other emission lines (Figures 1 and 2), suggesting that the Lyα
emission is either strongly absorbed, or is powered by a different
mechanism than the other lines (see also van Ojik et al. 1994;
Villar-Martı́n et al. 2003; Humphrey et al. 2007).

The polarization of the Lyα emission line can provide useful
constraints on which excitation process powers the giant Lyα
nebula (e.g., Dijkstra & Loeb 2008; Dijkstra & Kramer 2012).
To this end, we have taken polarization measurements of the Lyα
emission at different spatial positions along the slit. Wavelength
intervals were defined as the contiguous range of dispersion
pixels with Lyα detected at S/N ! 2 pixel−1. Sky-subtraction
was performed using a line- and continuum-free spatial bin
covering an identical spectral range. Unbiased values of the
percentage polarization were estimated according to Simmons
& Stewart (1985), and uncertainties were determined using a
Monte Carlo method considering detector noise and background
polarization (Vernet 2000). Throughout this analysis we adopt
the spatial peak of the UV continuum (and Hα emission) along
the slit as our fiducial position of the galactic nucleus of the
radio galaxy. Table 1 and Figure 1 give the results of our Lyα
polarization measurements. All upper or lower limits quoted in
this Letter are 3σ .

We detect polarized Lyα emission, with P = 16.4% ±
4.6% (S/N = 3.6) and a P.A. of 154◦ ± 8◦, in a region
1.′′50–5.′′35 east of the nucleus (Aperture A in Table 1 and
Figure 1). The wavelength range covered by this aperture
(4046–4081 Å) was chosen to cover the full extent in wavelength
space of the Lyα emission, which has an integrated S/N of
32. Weak continuum emission is also present at this position,
with P = 15.3% ± 3.3% and P.A. = 194◦ ± 6◦ measured
in a wide bin covering the relatively line-free continuum region
between the wavelengths of the N v and C iv lines. Thus, we have
repeated the Lyα polarization measurement after subtracting the
continuum emission that lies immediately redward of Lyα (and
N v) at 4090–4140 Å, resulting in the noisier but nonetheless
consistent measurement P = 23.1% ± 7.1% with P.A. =
143◦ ± 8◦. The core of Lyα emission (4067–4074 Å), however,
does not show significant polarization at this spatial position
(P " 6.8%). In the same spatial aperture, the emission lines

2

Highly polarized (P=16.4%) extended 
Lyα emission around a z=2.3 AGN  

(Humphrey et al. 2013) 

Motivating questions: 
à Can these effects work together to produce “extreme” Lyα ratios? 
à Required range of parameters/conditions? 
 



The MAPPINGS 1e 
Photoionization model grid 

�  MAPPINGS 1e code (Luc Binette) 

�  Single-slab, ionization-bounded 

�  nH=1 or 100 cm-3 

�  Varied parameters: 
�  log U = -5 to +0.25 
�  Ionizing power-law α=-1.0,-1.5,-2.0 

�  Sv ∝ vα	


�  Or α=-1.5 powerlaw filtered by optically thin screen (Fesc = 0.90, 0.74, 
0.50, 0.28) 

�  Gas metallicity 0.01, 0.1 or 1.0 x solar 
�  κ-distributed electron energies or Maxwell-Boltzmann  

 à κ=20 … future paper to look in detail at the impact of  κ in AGN 



Enhanced Lyα /HeII : 
Low U, low metallicity, and κ	

Gas metallicity, ionization 
parameter U, and choice of  
electron energy distribution 
all make a difference to Lyα/
HeII 

à  Lower metallicity results 
in higher Lyα/HeII flux 
ratios 

à  Lower U results in higher 
Lyα/HeII 

à  κ-distribution may 
enhance or decrease 
Lyα/HeII depending on 
position in U and 
metallicity-space 

à  Lyα/HeII up to ~200 
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Fig. 2. Selected sequences in U plotted for Lyα/HeII vs. Lyα/Hβ, Lyα/Hα, Hα/Hβ, or [OIII] λ5007 / Hβ. Each sequence represents a progression
in U, for each of the three values of Z. Also shown are sequences in U using κ=20 for Z/Z!=0.01 and 1.0 (dotted curves). All models in this figure
use power index α =-1.5. The lower two panels show Lyα/HeII vs. U (left) and the ratio of Lyα photons to ionizing photons (ηLyα; right) for the
same model sequences. The model loci cover the range of ionization parameter -5<log U<0.25.
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Gas metallicity, ionization 
parameter U, and choice of  
electron energy distribution 
all make a difference to Lyα/
HeII 

à  Lower metallicity results 
in higher Lyα/HeII flux 
ratios 

à  Lower U results in higher 
Lyα/HeII 

à  κ-distribution may 
enhance or decrease 
Lyα/HeII depending on 
position in U and 
metallicity-space 

à  Lyα/HeII up to ~200 



Enhanced Lyα production: 
Low U, low metallicity, and κ 

At low gas metallicity, the 
higher Te results in more 
collisional excitation of  
Lyα	


Likewise, κ-distribution 
enhances Lyα at high 
metallicity (~solar) 

I.e., more Lyα photons 
produced per incident 
ionizing photon 

ηLyα = ratio of  incident 
ionizing photons to Lyα 
photons 

ηLyα up to ~1.5 (collisional 
excitation dominated) 
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Fig. 2. Selected sequences in U plotted for Lyα/HeII vs. Lyα/Hβ, Lyα/Hα, Hα/Hβ, or [OIII] λ5007 / Hβ. Each sequence represents a progression
in U, for each of the three values of Z. Also shown are sequences in U using κ=20 for Z/Z!=0.01 and 1.0 (dotted curves). All models in this figure
use power index α =-1.5. The lower two panels show Lyα/HeII vs. U (left) and the ratio of Lyα photons to ionizing photons (ηLyα; right) for the
same model sequences. The model loci cover the range of ionization parameter -5<log U<0.25.
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Enhanced Lyα emission: 
Low U, low metallicity, and κ 
Hα/Hβ ratio confirms 
increased effect of  
collisional excitation 

à at lower metallicity 

à with κ-distribution 

A&A proofs: manuscript no. extreme_LAE_AGN_rev2

Fig. 2. Selected sequences in U plotted for Lyα/HeII vs. Lyα/Hβ, Lyα/Hα, Hα/Hβ, or [OIII] λ5007 / Hβ. Each sequence represents a progression
in U, for each of the three values of Z. Also shown are sequences in U using κ=20 for Z/Z!=0.01 and 1.0 (dotted curves). All models in this figure
use power index α =-1.5. The lower two panels show Lyα/HeII vs. U (left) and the ratio of Lyα photons to ionizing photons (ηLyα; right) for the
same model sequences. The model loci cover the range of ionization parameter -5<log U<0.25.
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Powerlaw index α	

�  Softer SED (e.g. α= –2) 

results in higher Lyα/HeII 
�  due to lower He++ / H+ 

�  … but harder SED (e.g. α=-1) 
results in more Lyα photons 
per incident ionizing photon 
�  extra collisional excitation 

due to higher Te and higher 
H neutral fraction  

A&A proofs: manuscript no. extreme_LAE_AGN_rev2

Fig. 3. The impact of the powerlaw index of the ionizing spectrum on
Lyα/HeII, Lyα/Hβ and ηLyα. The model loci cover the range of ioniza-
tion parameter -5<log U<0.25.

Fig. 4. The impact of viewing angle on the observed Lyα/HeII, Lyα/Hβ
and ηLyα values. The green curve shows the locus of our sequence in U
using Z/Z!=0.01, α=-2.0 and the ‘front view’, to illustrate the combined
effect of low U, low gas metallicity, a relatively soft ionizing continuum,
and a ‘back-mirror’. The model loci cover the range of ionization pa-
rameter -5<log U<0.25.
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Powerlaw pre-filtered by a 
Lyman-leaking screen  

Less efficient photoionization of  H 
à  higher neutral fraction 
à  higher temperature 
à  more collisional excitation of  Lyα	


Change in He++ / H+ ratio  

Lyα/HeII up to ~25000 and ηLyα up to ~2.7	
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Fig. 1. Filtered AGN spectral energy distributions described in Sect. 3.8. These correspond to escape fractions of 0.28 (solid black line), 0.50
(solid red line), 0.74 (solid blue line) and 0.90 (solid cyan line). For comparison, we also show the emergent distribution from a typical ionization-
bounded model (dashed black line): the UV part of the spectrum has been completely absorbed, while some X-rays still escape through the
cloud. The vertical axis (normalised flux density or S ν) gives the power per unit area per unit frequency in arbitrary units. Note that the escape
fractions are in photon number flux, while the SEDs are plotted in energy flux per unit frequency (S ν).

ment in the number of Lyα photons per incident ionizing photon.
In addition, we explore possible diagnostic diagrams to distin-
guish between photoionization by an AGN and photoionization
by PopIII-like stars.

2. Defining ‘extreme’ Lyα flux ratios

This study was motivated in part by the recent discovery by
Borisova et al. (2016) of Lyα halos around a number of quasars
at z∼3.5, with Lyα λ1216 /HeII λ1640 flux ratios that are typi-
cally significantly higher than those measured from the spatially
integrated spectra of powerful radio galaxies at z> 2 (e.g., Vernet
et al. 2001; Villar-Martín et al. 2007).

Following Villar-Martín et al. 2007, we consider Lyα/HeII
λ1640 > 15 (1.18 in log) to be an ‘extreme’ ratio. This is above
the normal range of values shown by high-z radio galaxies (see
also De Breuck et al. 2000; Vernet et al. 2001), and above the
range of values produced by ionization-bounded photoionization
models that are able to reproduce the UV line ratios of z∼2 ra-

dio galaxies (see, e.g., Villar-Martín, Tadhunter & Clark 1997,
Villar-Martín et al. 2007).

3. Photoionization modeling

In order to examine how various physical conditions and the na-
ture of the ionizing source can affect the emergent emission line
spectrum of a photoionized nebula, we have computed a grid of
photoionization models using the multi-purpose modeling code
MAPPINGS 1e (Binette, Dopita & Tuohy 1985; Ferruit et al.
1997; Binette et al. 2012).

Some regions of parameter space we investigate here have
also been explored previously (e.g., Villar-Martín, Binette &
Fosbury 1996; Villar-Martín et al. 2007; Arrigoni-Battaia et al.
2015a,b). Here we build on existing work by considering a wider
range of parameter space, additional parameters, and previously
unexplored combinations of parameters.
Note that 2-photon emission is present in all our models,

due to the modeled plasma being in the low-density regime.
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Humphrey et al.: Quasar Lyα and PopIII diagnostics

Fig. 5. The impact of using a filtered ionizing continuum instead of
a simple powerlaw on the observed values of Lyα/HeII, Lyα/Hβ and
ηLyα. U-sequences using a filtered ionizing continuum are labeled with
their value of Fesc . U-sequence loci which use our default powerlaw of
α=-1.5 are labeled ’1.0’ because the input SED is unfiltered. The dot-
dashed curve (on the right of the upper panel) shows the locus of our
sequence in U that uses Fesc=0.28, Z/Z!=0.01, α=-1.5 and the ‘front
view’, to illustrate the combined effect of low U, low gas metallicity,
a heavily filtered ionizing continuum, and a ‘back-mirror’. For each
combination of U and Z/Z!, a lower Fesc results in lower Lyα/HeII
and higher ηLyα. In Fig. A.1 we show an alternate version of this
Figure, plotted with U scaled by 1/Fesc to aid comparison with our
other models.

Fig. 6. The impact of gas density on the observed Lyα/HeII, Lyα/Hβ
and ηLyα values. The model loci cover the range of ionization parameter
-5<log U<0.25.
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Cloud viewing angle: reflection 
by HI at rear of  cloud 

‘front’ view increases 
observed Lyα flux by 
factor of  ~2 

à mimics Lyα/HeII of  
much lower gas 
metallicity 

à … or a softer SED 

Caveat: this is not the 
ONLY possible Lyα 
scattering geometry 

 

A&A proofs: manuscript no. extreme_LAE_AGN_rev2

Fig. 3. The impact of the powerlaw index of the ionizing spectrum on
Lyα/HeII, Lyα/Hβ and ηLyα. The model loci cover the range of ioniza-
tion parameter -5<log U<0.25.

Fig. 4. The impact of viewing angle on the observed Lyα/HeII, Lyα/Hβ
and ηLyα values. The green curve shows the locus of our sequence in U
using Z/Z!=0.01, α=-2.0 and the ‘front view’, to illustrate the combined
effect of low U, low gas metallicity, a relatively soft ionizing continuum,
and a ‘back-mirror’. The model loci cover the range of ionization pa-
rameter -5<log U<0.25.
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Cloud viewing angle: reflection 
by HI at rear of  cloud 
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‘front’ view increases 
observed Lyα flux by 
factor of  ~2 

à mimics Lyα/HeII of  
much lower gas 
metallicity 

à … or a softer SED 

Caveat: this is not the 
ONLY possible Lyα 
scattering geometry 



Some possible implications 
�  Does this lead to biases in surveys for high-z Lyα 

nebulae? 
à It should be easier to detect Lyα nebulae with higher 

rates of  collisional excitation of  Lyα. E.g., low 
metallicity halos, harder ionizing SED, etc.  

�  Lyα escape fraction in high-z galaxies 
à Case B values are not always appropriate. 
Enhancement of  Lyα via collisional excitation needs to 
be taken into account, particularly if  the gas metallicity 
is low and/or the ionizing SED is hard. 



Can OV] 1213.8,1218.3 and 
HeII 1215.1 contaminate Lyα ? 

�  Highly-ionized, optically-thin BLR clouds (Shields et al. 
1995) 
�  OV] / Lyα up to ~1  

�  HeII 1215.1 / Lyα up to ~0.2  

�  What about in low density NLR / Lyα halos? 



Pop III vs low metallicity AGN 
Pop III models 

�  TBB = 67200 K (equivalent to Teff  = 80,000 K) 
�  log U = -5 to +0.25 
�  Z/Z⊙ = 0.01 

AGN models 
�  4 AGN SEDs 

�  α=-1, -1.5, -2 
�  or filtered Fesc=0.5 

�  2 viewing angles 
�  ‘side’ or ‘front’ view 

�  Other parameters 
�  log U = -5 to +0.25 
�  Z/Z⊙ = 0.01 

Humphrey et al.: Quasar Lyα and PopIII diagnostics

Fig. 7. Diagnostic diagrams comparing Pop III (heavy orange line) and several AGN photoionization models. The AGNmodel U-sequences shown
here are: α=-1.5 (thick black line); α=-2.0 (thin black line); α=-1.5 with ‘front view’ (‘back-mirror’) (dot-dashed line); photoionization by our
Fesc filtered AGN continuum (dashed line). All models shown in this figure use Z/Z!=0.01. See main text for further details. The model loci cover
the full range of ionization parameter in our model grid, i.e., -5.55<log U<0.25.

parameter, r (cm) is the distance of the cloud from the ion-
izing source, ηLyα is the ratio of emitted Lyα photons to inci-
dent ionizing photons (see Sect. 4.2), and Ω is the solid angle
(in sr) of the central source covered by the ionized gas7. The
factor 0.5 arises from the multiplication of the constants 4π,
hνLyα, c, and 1/4π sr. Due to the expected uncertainty in the
values of nH, fc and ηLyα, we expect uncertainties in resulting
estimates of LLyα to be at least a factor of ∼10. Throughout
this work, we assume that the ionizing radiation of the AGN
is beamed into a bicone covering a solid angle of Ω = 3.7
sr, corresponding to a pair of ionization cones, each with an
opening angle of 90◦.

Taking one of the most ‘extreme’ cases from Borisova et al.
(2016), Q0042-2627 (z=3.3), its Lyα/HeII ratio >67 (1.8 in log)
would require log U <∼ -4.2 in our Solar metallicity, α=-1.5 pow-

7 The solid angle of an ionization cone with its apex at the position of
the central ionizing source is given by Ω = 2π (1 − cosβ) sr, where β is
the half opening angle of the cone.

erlaw model sequence, corresponding to ηLyα ∼0.66 (deter-
mined fromFig. 2). Although there is likely to be some radial
evolution in one ormore ofU, nH , and fc, the exact behaviour
of these parameters in a real halo is far from clear. Thus,
we adopt constant but characteristic values for each of them.
Adopting nH=100 cm−3 and fc∼0.1 estimated from radio-loud,
type 2 quasars at z>∼2 (e.g., McCarthy 1993; Villar-Martín et al.
2003), assuming Ω = 3.7 sr, and using the maximum observed
radius of Lyα emission r =4.9×1023 cm (160 kpc) fromBorisova
et al. (2016), we estimate LLyα<∼1.8×1044 erg s−1 - consistent
with the observed luminosity LLyα =1.7×1044 erg s−1 in Table
2 of Borisova et al. (2016). The resulting ionizing luminosity of
the AGN would be Q <∼6×1056 s−1. Note that the values of LLyα
and Q we have derived are both upper limits because our es-
timate of U, from which both are derived, is also an upper
limit.

Using instead our model sequence with Z/Z! =0.1 and α=-
1.5, we find log U <∼ -3.8 and ηLyα <∼ 1.25 from Fig. 2. Leaving
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Lyα. HeII and Hβ together 
separate Pop III and AGN 
powerlaw models 
 

A degeneracy between Pop III 
and filtered AGN SED 



(HeII 1215.1 + OV]) / Lyα as a 
function of  U and metallicity	


�  MAPPINGS 1e AGN photoionization models 
�  log U from –5 to 0 
�  gas metallicity (Z/Z⊙) from 0.01 to 3.0 x Solar 
�  ionizing powerlaw α = –1.0 (similar results for other powerlaws) 
�  gas density nH = 100 cm-3 (similar results for other densities, i.e. 1 or 104 cm-3) 

4 Humphrey et al.

Figure 1. Cross-cuts through our grid of ionization-bounded (optically-thick) photoioniation model grid, showing HeII+OV] / Lyα vs
U curves for different fixed values of gas metallicity, α and nH .

c© 2011 RAS, MNRAS 000, 1–??
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Figure 3. Cross-cuts through our grid of matter-bounded (optically-thin) photoioniation model grid, showing HeII+OV] / Lyα vs U
curves for different fixed values of gas metallicity, α and nH .

c© 2011 RAS, MNRAS 000, 1–??

     Optically thick models   Optically thin models  
              (95% escape fraction) 
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Figure 3. Cross-cuts through our grid of matter-bounded (optically-thin) photoioniation model grid, showing HeII+OV] / Lyα vs U
curves for different fixed values of gas metallicity, α and nH .

c© 2011 RAS, MNRAS 000, 1–??

HeII+OV] / Lya ~ 0.2 HeII+OV] / Lya ~ 0.6 

increase in He++ / H+ 

HeII 1215.1 >> OV]     
OV] bump appears for 
moderate/high metallicity 



A candidate OV] + HeII dominated object 

Observed: 
 
Lyα/NV = 0.6                     ß 
Lyα/CIV = 0.3                    ß 
Lyα/HeII 1640 = 0.6          ß  
 

Theoretical (T=20,000K): 
 

Ionization model 
(U=0.03, α=-1.0, 3 x Solar) 
OV]/NV = 0.5 
OV]/CIV = 0.3 
OV]/HeII 1640 = 0.7  
 

HeII 1215.1/HeII 1640 = 0.33 
 
 

 Radio-loud type 2 quasar TXS 0211-122 (z=2.34) from Vernet et al. (2001) 
 

Lyα	
 NV	

UV continuum polarization 
of  19 % implies dusty ISM 
 
Line ratios consistent with 
dust-quenched Lyα  
 
Dominant OV] + HeII ? 
 
 TXS 0211-122 (z=2.34) 



Summary and Conclusions 
�  We have explored mechanisms to produce extremely high Lyα/HeII flux 

ratios, or to enhance the observed number of  Lyα photons per incident 
ionizing photon, in extended AGN-photoionized nebulae at high-z  

�  High Lyα/HeII: 
�  low gas metallicity (higher Te à more collisional excitation of  Lyα)  
�  low ionization parameter (higher HII / HeIII abundance ratio) 
�  soft ionizing SED (higher HII / HeIII abundance ratio) 
�  filtered ionizing SED (higher Te + higher HI fraction + higher HI / HeIII) 
�  κ-distributed electron energies (collisional excitation of  Lyα) 

�  High ηLyα (ratio of Lyα to incident ionizing photons): 
�  low gas metallicity (collisional excitation of  Lyα) 
�  filtered ionizing SED SED (higher Te + higher HI fraction + higher HI / HeIII) 
�  κ-distributed electron energies (collisional excitation of  Lyα) 

�  Combining multiple effects can produce large enhancements  

�  OV] 1213.8,1218.3 doublet expected to significantly contaminate Lyα 
flux when the gas has high metallicity, high U and/or low optical depth 


