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THE PUZZLE OF THE LYMAN CONTINUUM POLARIZATION OF QSOSGregory A. Shields,1 Eri
 Agol,2 and Omer Blaes3RESUMENMediante espe
tropolarimetr��a re
iente de 
uasares se ha en
ontrado un sor-prendente in
remento en la polariza
i�on del 
ont��nuo de Lyman en varios objetos.Dis
utimos algunos intentos re
ientes para expli
ar este he
ho, que in
luyen el papelde la absor
i�on de Lyman en PG 1222+228. Presentamos nuevos resultados te�ori
osque involu
ran dispersi�on por ele
trones en una 
orona 
aliente o en un viento poren
ima de un dis
o de a
re
i�on, y la polariza
i�on que resulta del efe
to relativista dela radia
i�on que regresa. Poten
ialemente estos me
anismos pueden al
anzar nivelesde polariza
i�on observables en longitudes de onda 
ortas, pero ninguno logra ex-pli
ar 
uantitativamente los in
rementos en la polariza
i�on del 
ont��nuo de Lyman.Se requiere urgentemente mayor 
apa
idad para llevar a 
abo espe
tropolarimetr��aen el ultravioleta desde sat�elites para es
lare
er este fen�omeno.ABSTRACTRe
ent spe
tropolarimetry of QSOs has revealed a surprising rise in polar-ization in the Lyman 
ontinuum of several obje
ts. We dis
uss several re
ent at-tempts to interpret this feature, in
luding the role of Lyman limit absorption inPG 1222+228. We present new theoreti
al results involving ele
tron s
attering in ahot 
orona or wind above an a

retion disk, and polarization resulting from the rel-ativisti
 returning radiation. These me
hanisms 
an lead to potentially observablepolarization at short wavelengths, but neither has quantitative su

ess in �tting theobserved Lyman 
ontinuum polarization rises. A renewed 
apability for ultravioletspe
tropolarimetry from spa
e is urgently needed to provide further 
lues to thenature of this phenomenon.Key Words: ACCRETION, ACCRETION DISKS | BLACK HOLEPHYSICS | GALAXIES:ACTIVE | POLARIZATION |QUASARS:GENERAL1. INTRODUCTIONA

retion onto bla
k holes is widely believed to power a
tive gala
ti
 nu
lei (AGN). The a

retion 
owlikely takes the form of an orbiting disk, whi
h gives eÆ
ient energy produ
tion and de�nes a natural axis forjets and double radio sour
es. Spe
i�
 observational 
on�rmation of the presen
e of disks in AGN has, however,been elusive.Disks in AGN are de�ned by the bla
k hole's mass, M , its dimensionless angular momentum, a�, andthe a

retion rate, _M . For mu
h of the relevant range of parameters, the disk should be geometri
ally thinand opti
ally thi
k. In this 
ase, the disk may emit mu
h of its power as thermal emission in the opti
aland ultraviolet. Observations of QSOs indeed show a strong, broad 
ontinuum 
omponent, 
alled the \BigBlue Bump", that is suggestive of disk emission (e.g., Shields 1978; Malkan 1983). Mu
h e�ort has gone intoobservations at infrared to X{ray wavelengths, polarization studies, and related theory, in an attempt to 
on�rmthat this emission does indeed 
ome from a thermally emitting disk (see review by Koratkar & Blaes 1999).The 
ase today remains in
on
lusive.1Department of Astronomy, University of Texas at Austin.2Department of Astronomy, Johns Hopkins University.3Department of Physi
s, University of California, Santa Barbara. 87
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88 G. A. SHIELDS ET AL.One reason for the diÆ
ulty of proving the presen
e of disks in AGN is the high orbital velo
ity of thematerial in the emitting zone. This tends to mask spe
tral features of a disk that might have diagnosti
 value.The bulk of the thermal 
ontinuum should 
ome from dimensionless radii r� � R=Rg � 10; where Rg = GM=
2is the gravitational radius. The 
orresponding orbital velo
ity is � 0:3
. Dete
tion of highly broadened Fe K�emission has been 
ited as an argument for a relativisti
 disk (Tanaka et al. 1995), but spe
tral features inthe opti
al and ultraviolet have not been identi�ed. One potential feature is the Lyman edge of hydrogen, atrest wavelength 912 �A. Depending on the parameters, this feature may be in emission or absorption or absent.It seems likely to be present in some fashion at least in some obje
ts, albeit highly broadened by Dopplerbroadening and relativisti
 e�e
ts (
f. Koratkar & Blaes 1999). In fa
t, only a small fra
tion of QSOs, theso-
alled \Lyman edge 
andidate QSOs", show indi
ations of a broadened Lyman edge in absorption (e.g.,Antonu

i, Kinney & Ford 1989; Koratkar, Kinney & Bohlin 1992).The hot, low density gases in the atmosphere of an AGN disk should be highly ionized. Ele
tron s
atteringshould then give signi�
ant plane polarization. A drop in polarization in the Lyman 
ontinuum was predi
tedby Laor, Netzer & Piran (1990) be
ause of the in
reased absorption opa
ity from photoionization of hydrogen.With this motivation, spe
tropolarimetry was obtained with the Faint Obje
t Spe
trograph on the Hubble Spa
eTeles
ope (HST ) for a number of QSOs (Impey et al. 1995; Koratkar et al. 1995). For several 
andidate Lymanedge QSOs, a surprising rise in polarization was found. From values of only � 1%, the polarization rises rathersteeply around rest wavelength � 750 �A, rea
hing � 5% in PG 1222+228 and � 20% in PG 1630+377. Weakerpolarization rises at a similar wavelength were found in several other QSOs. Until re
ently, these polarizationrises appeared to be asso
iated only with 
andidate Lyman edge QSOs (Koratkar et al. 1998).Lyman 
ontinuum polarization rises in QSOs have generated 
onsiderable theoreti
al interest. An interestingstellar atmosphere e�e
t was proposed by Blaes & Agol (1996), in whi
h the 
ombined e�e
ts of ele
trons
attering and photoionization opa
ity give a polarization rise somewhat to the short wavelength side of theLyman edge. This o

urs for just the range of disk e�e
tive temperatures, Teff , that should give a Lymanedge in absorption in the total 
ux. This pro
ess did not give polarizations as high as 20%, however. Moreover,Shields, Wobus & Husfeld (1998, SWH) found that relativisti
 e�e
ts 
aused an additional blueshift of thepolarization rise, relative to the wavelength in the rest frame of the orbiting gas. The observed polarizationrise then would o

ur at a wavelength too short to �t the observations. SWH noted that if the polarizationrises abruptly at the Lyman edge in the rest frame of the gas, relativisti
 e�e
ts give a good �t to the observedwavelength dependen
e of the polarization rise in PG 1630+377. The �t provides a possible measure of the bla
khole spin. However, no physi
al reason for the postulated polarization rise is known. Re
ently, Beloborodov& Poutanen (1999, BP) have o�ered an explanation for the polarization rises in terms of ele
tron s
atteringin a 
orona or wind above the disk. In a di�erent approa
h, Lee & Blandford (1997) dis
ussed s
attering byresonan
e lines of heavy elements as a possible 
ause of the Lyman 
ontinuum polarization rises. However,they did not give a quantitative model of the observed polarization rises.We report here theoreti
al investigations of several aspe
ts of Lyman 
ontinuum polarization rises in QSOs.In x2, we summarize re
ent results on PG 1222+228, 
on
erning the apparent 
oin
iden
e of its polarization risewith an intervening Lyman limit system (LLS). In x3, we present new results for ele
tron s
attering winds and
oronae. In x4, we dis
uss the relevan
e of relativisti
 returning radiation to the Lyman 
ontinuum polarizationrises. Our 
on
lusions are summarized in x5.2. THE STRANGE CASE OF PG 1222+228PG 1222+228 is a radio quiet QSO of apparent magnitude B � 15:5 (S
hmidt & Green 1983). Impeyet al. (1995) observed a polarization rise at � � 750 �A that 
oin
ides with a sharp drop in 
ux (Figure 1).They suggested that this was a 
oin
idental LLS, 
orresponding to an observed narrow absorption line system atz = 1.486. Shields (2000) 
onsidered the possibility that the agreement in wavelength between the polarizationrise and the absorption feature was not a 
oin
iden
e. Broad absorption line (BAL) QSOs often show a risein polarization in the BAL troughs (S
hmidt & Hines 1999; Ogle et al. 1999; and referen
es therein), rea
hingvalues as high as � 8 to 10 per
ent from � 1 outside the troughs. This is explained by a geometry in whi
hthe polarized 
ux results from a s
attering sour
e (perhaps an ele
tron s
attering wind) that is larger thanthe 
ontinuum sour
e. The out
owing gas produ
ing the absorption troughs blo
ks the line of sight to the
ontinuum sour
e but not the s
attering sour
e. In the troughs, one sees mainly the less luminous, but highly
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LYMAN CONTINUUM POLARIZATION OF QSOS 89
1222 obs

1630 obs

1222 corr

Fig. 1. HST spe
trum of PG 1222+228 (Impey et al. 1995) �t with a model involving several Lyman limit sys-tems. See text and Shields (2000) for details. Reprodu
ed from Shields (2000). Copyright 2000, Astronomi
alSo
iety of the Pa
i�
; reprodu
ed with permission.Fig. 2. Polarized 
ux of PG 1222 
orre
ted for Lyman limit absorption. Note rise in polarized 
ux in theLyman 
ontinuum, resembling the 
ase of PG 1630+377 (Koratkar et al. 1995). Adapted from Shields (2000).Copyright 2000, Astronomi
al So
iety of the Pa
i�
; reprodu
ed with permission. See Shields (2000) forreferen
es to observations.polarized s
attering sour
e. Could a similar geometry explain the polarization rise in PG 1222+228?The 
ux drop in PG 1222+228 is 
lose to the wavelength of Ne VIII �775, observed in some BAL QSOs(e.g., Arav et al. 1999). However, the feature in PG 1222+228 does not re
over with de
reasing wavelengthwithin a normal velo
ity range. Expe
ted BALs su
h as C IV and N V are not present, and the soft X{rayemission of PG 1222+228 is stronger than is typi
al for BAL QSOs (Shields 2000). Alternatively, Shields(2000) 
onsidered the possibility of an intrinsi
, high velo
ity LLS. Su
h a feature would be unpre
edented.However, Ri
hards et al. (1999) argue that a large fra
tion of the narrow, high velo
ity absorption line systemsin luminous QSOs, usually assumed to be intervening, are in fa
t intrinsi
. In order to obs
ure the 
ontinuumsour
e but not the s
attering sour
e, the out
owing gas would be quite 
lose to the 
entral sour
e. In this 
ase,the la
k of measurable 
hange in velo
ities in the asso
iated narrow lines, over a period of seven years, arguesagainst this pi
ture.Reverting to the intervening LLS interpretation, Shields (2000) showed that a good �t to the 
ux dropin PG 1222+228 was given by LLS asso
iated with observed absorption line systems at z= 1.486 and 1.524(see Figure 1). The �t is supported by the re
overy of the 
ontinuum below the edge in a manner 
onsistentwith the ��3 dependen
e of the opti
al depth and a typi
al intrinsi
 power-law 
ontinuum L� � ��1:8: Twoadditional LLS o

ur at z = 1.174 and 1.938. The quality of the �t and the straightforward nature of thisexplanation support the 
on
lusion that the Lyman 
ontinuum polarization rise in this QSO is a 
oin
identalfeature that happens to agree in wavelength with the LLS at z = 1.486, 1.524.This result implies that the observed, polarized 
ux should be 
orre
ted for the intervening absorption.Figure 2 shows the 
orre
ted Stokes 
ux, Q0�, rotated to the mean position angle of 168 degrees. (Q0 has theadvantage of avoiding the positive bias of the polarization in data with low signal{to{noise, as dis
ussed byKoratkar et al. 1995.) This quantity rises strongly with de
reasing wavelength in the region of the polarizationrise. This behavior resembles the 
ase of PG 1630+377, and it poses espe
ially severe demands on theoreti
almodels. The harder ultraviolet 
ux after 
orre
tion for absorption requires a higher e�e
tive temperature for
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90 G. A. SHIELDS ET AL.the a

retion disk atmosphere. Shields (2000) found a reasonable �t for a� = 0:5;M9 = 8:8; and _M0 = 86.These parameters give a luminosity L = 0:36LEdd; barely 
ompatible with a geometri
ally thin disk.A 
onsequen
e of this analysis is that PG 1222+228 may not be a true Lyman edge quasar. All knownpolarization rise QSOs have heretofore been asso
iated with 
andidate Lyman edge QSOs (Koratkar et al.1998). Correspondingly, the presen
e of a Lyman edge in absorption in the disk 
ontinuum has been a featureof several proposed models for the Lyman 
ontinuum polarization rises. The existen
e of a polarization riseQSO without a Lyman edge in the total 
ux would be a 
hallenge for su
h models.3. WINDS AND CORONAEBP have investigated an explanation for the Lyman 
ontinuum polarization rises that involves a hot 
oronaor wind overlying the a

retion disk. Coronae above AGN disks have been 
onsidered before in various 
ontexts,although the heating me
hanism is un
ertain (e.g., Haardt & Maras
hi 1991). In the 
ase of a stati
 
orona,BP assume a plane parallel geometry with an underlying photosphere that emits a bla
k body 
ontinuum atkT = 3 eV and a sharp Lyman edge in absorption. For a Thomson opti
al depth �T = 1, a substantial numberof photons undergo more than one s
attering before es
aping from the top of the 
orona. The polarizationof a s
attered photon depends on its dire
tion going into the last s
attering. For photons s
attered twi
e ormore, the sour
e of the photons for the last s
attering is the 
orona itself. Therefore, the sour
e is e�e
tivelylimb brightened. This results in a substantial degree of polarization, parallel to the disk axis (positive in our
onvention). For frequen
ies below the Lyman edge, the 
ux is dominated by the primary emission togetherwith singly s
attered photons, and the polarization is essentially the perpendi
ular (negative) polarization ofan ele
tron s
attering atmosphere (Chandrasekhar 1960). Just above the Lyman edge, the s
attered 
ux isdominated by singly s
attered photons. At frequen
ies substantially above the Lyman limit, however, mostof the observed 
ux 
onsists of multiply s
attered photons, and this leads to an in
reasing, parallel polariza-tion. This model naturally gives an in
rease in polarization in the Lyman 
ontinuum, rising toward shorterwavelengths.The observed 
ux drop and polarization rise be
ome more gradual as the 
oronal temperature in
reases(BP's Figure 1). Indeed, Hsu & Blaes (1998) 
al
ulated the polarization in a similar geometry with kT � 100keV, and found a gradual in
rease in polarization to values � 10 � 15% at photon energies above 1 keV. BP�nd a polarization rise to nearly 20% at 600 �A, resembling the observed polarization rise in PG 1630+377.We have made independent 
al
ulations of the polarization in the BP model, using a 
ode based on theiterative s
attering method of Poutanen & Svensson (1996). Our results 
on�rm the behavior of the 
ux andpolarization found by BP for their assumed parameters. However, a plot of the polarized 
ux is revealing(Figure 3). Following Koratkar et al. (1995), we give the observed, polarized 
ux in terms of the rotatedStokes 
ux, Q0: The observed polarized 
ux is essentially zero redward of the Lyman limit, and rises steeply atabout 750 �A. The model's polarized 
ux shows a more gradual rise. Redward of the Lyman limit, the modelpolarization is perpendi
ular to the disk axis, as noted by BP. Just below the Lyman edge, it 
rosses intopositive (parallel) values, and rises rather gradually before a
tually dropping at wavelengths below �750 �A.This is rather di�erent from the observed behavior. Con
eivably, some additional polarization pro
ess, su
has s
attering by material at larger radius, just o�sets the negative polarization at longer wavelengths. InFigure 3, we also show the resulting polarization if a wavelength independent polarization of 2.5% is addedto the model, resulting in zero polarization at longer wavelengths. The polarized 
ux is 
omputed from theresulting polarization and the total 
ux. The polarized 
ux rise is still too gradual and fails to rea
h theobserved values at the shortest wavelengths.BP reje
t the stati
 
orona model on the basis of the 
hange in sign of polarization around the Lymanlimit, whi
h is not observed. They also note that in this model, a strong Lyman edge in absorption would beseen for relatively fa
e on viewing angles, and su
h edges are rarely if ever in observed in QSOs. Our resultsfor the polarized 
ux further strengthen the 
ase against a stati
 
orona as a 
ause of the Lyman 
ontinuumpolarization rise in PG 1630+377 and similar obje
ts.BP �nd more promise in a model involving a 
orona with a mildly relativisti
 out
ow velo
ity. Be-loborodov (1998) showed that, for an out
ow velo
ity � � v=
 = 0:45 (as might o

ur for an e� plasmaa

elerated by the radiation pressure of the disk emission), the s
attered radiation 
an be strongly polarizedparallel to the disk axis. This results from the fa
t that the disk emission is e�e
tively limb brightened by
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LYMAN CONTINUUM POLARIZATION OF QSOS 91

Fig. 3. Polarization versus wavelength in stati
 
orona overlying a

retion disk. Solid line shows model results;dashed 
urve shows model results plus an added wavelength independent polarization of 2.5%. See text fordetails. Observations from Koratkar et al. (1995).Fig. 4. Polarization versus wavelength in ele
tron s
attering wind overlying a

retion disk. See text for details.relativisti
 aberration in the rest frame of the s
attering material. BP performed single{s
attering, frequen
ydependent 
al
ulations with allowan
e for a high wind temperature and resulting shift of the frequen
ies ofs
attered photons. For the primary disk 
ontinuum, BP assumed a toy 
ontinuum that simulates a Lymanedge in absorption smeared out by relativisti
 e�e
ts near the bla
k hole. For a wind opti
al depth of �T= 0.23 and kT = 50 to 100 keV, the polarization rises in a way resembling that observed in PG 1630+377.The polarization rise largely results from the dropping 
ux below the Lyman edge, whereas the polarized 
ux,resulting from the hot, moving 
orona, does not show the Lyman edge.We have modi�ed our iterative s
attering 
ode to reprodu
e the wind model of BP. Consider a plane parallel,verti
al wind with 
onstant Lorentz fa
tor 
 = (1 � �2)�1=2. The radiation �eld is time independent in thelab frame, but spatial gradients in this frame will mean that it will not be time independent in the 
omovingframe. Using standard Lorentz invariants (e.g. Mihalas & Mihalas 1984) we may write the lab frame radiativetransfer equation in terms of 
omoving frame quantities, viz.� �I���T = (1� ��) ��CS(�
)�T I� � 1
3(1� ��)3S
� : (1)Here I� is the lab frame spe
i�
 intensity Stokes ve
tor; �CS(�
) is the thermal Compton s
attering 
rossse
tion, evaluated at the 
omoving frame frequen
y �
 = 
(1� ��)�; and S
 is the 
omoving frame polarizedsour
e fun
tion, evaluated from the 
omoving frame intensity at the 
omoving frame frequen
y and dire
tion
osine �
 = (�� �)=(1� ��). Expressions for �CS and S
 may be found in Poutanen & Svensson (1996).We iteratively solved the lab frame transfer equation in the same way as in the stati
 
orona model. For� = 0:45; kT = 50 keV, and �T = 0:23, we obtained good agreement with BP's predi
ted 
ux and polarization asa fun
tion of wavelength (Figure 4). (BP used a single s
attering approximation, whi
h is a good approximationat these wavelengths and low opti
al depths. We follow BP in using a plane parallel wind trun
ated at someopti
al depth, �T, as a 
rude approximation to a wind that presumably diverges at some height 
omparablewith the radius, above whi
h there is little further opti
al depth.) On
e again, however, the polarized 
uxseems to provide a more vivid test of agreement with observation. Figure 4 shows that the polarized 
ux risesmu
h more gradually, with de
reasing wavelength, than is observed. The model thus appears to have diÆ
ulty
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92 G. A. SHIELDS ET AL.giving a quantitative �t to the data for PG 1630+377. In retrospe
t, this 
on
lusion may seem unsurprising.The polarized 
ux is a dire
t measure of the s
attered radiation, and sin
e the ele
tron s
attering 
ross se
tiondoes not 
hange a
ross the Lyman edge, neither should the polarized 
ux 
hange.Both the stati
 
orona and wind models rely on the presen
e of a deep Lyman edge in absorption to give arise in polarization in the Lyman 
ontinuum. The results des
ribed above for PG 1222+228 suggest that thisobje
t may not be a Lyman edge quasar, on
e 
orre
tion is made for the intervening LLS absorption. In this
ase, 
oronal s
attering models may fa
e a further diÆ
ulty.4. RETURNING RADIATIONRadiation leaving the surfa
e of a disk near a bla
k hole will su�er various relativisti
 e�e
ts as it propagatesaway from the point of emission. These in
lude the relativisti
 Doppler e�e
t, the gravitational redshift, therelativisti
 aberration, and general relativisti
 bending of the light path. The bending 
auses some light, mainlyfrom the innermost parts of the disk, to return to the equatorial plane and strike the disk, often at a largerradius. This \returning radiation" is minor for disks around nonrotating bla
k holes but 
an be substantial forrapidly rotating holes (Cunningham 1976). This is true be
ause a larger bla
k hole angular momentum givesa smaller value of the radius rms of the innermost stable 
ir
ular orbit, usually taken to be the inner edge ofthe disk. For prograde disks around rapidly rotating bla
k holes with a� = 0:9978, the returning radiation 
ux
an amount to some 20% of the lo
ally generated 
ux at larger radii (Cunningham 1976). Be
ause polarizationof light emitted from a s
attering atmosphere depends strongly on the dire
tionality of the radiation goinginto the last s
attering, the returning radiation might have a substantial e�e
t on the polarization of the totalradiation from the disk.This pro
ess has been 
onsidered re
ently by Agol & Krolik (2000) in the 
ontext of the inner boundary
onditions for disks around bla
k holes. Krolik (1999) and Gammie (1999) have dis
ussed the possibility thatplunging material inside rms exerts a magneti
 torque on the material just outside rms, 
ausing an in
rease inthe angular momentum 
ow outwards through the disk and the asso
iated lo
al dissipation of energy. Agol &Krolik dis
uss several impli
ations of this pro
ess, in
luding the equilibrium bla
k hole spin, the disk energydistribution, and polarization. They parametrize the e�e
t of the inner torque in terms of ��, the in
rease ineÆ
ien
y of energy produ
tion per unit mass a

reted, where � � L= _M
2, 
ompared with zero inner torque.They tra
e the traje
tory of the emitted photons using a numeri
al method des
ribed by Agol (1997). Thee�e
t of a strong inner torque is to in
rease dramati
ally the 
ux emitted by the innermost radii in the disk,just outside rms. This radiation is strongly a�e
ted by gravitational bending; and it 
an in
rease greatly theamount of returning 
ux striking the disk at larger radii. For a� near unity, a large fra
tion (up to 58%) of theextra 
ux resulting from the inner torque returns to the disk. Agol & Krolik (2000) raised the possibility thatthe polarization resulting from returning radiation might be relevant to the Lyman 
ontinuum polarizationrises.We 
onsider here this possibility in the 
ontext of the toy model des
ribed by SWH. In their model, agiven point on the disk emits a bla
k body 
ontinuum at the lo
al e�e
tive temperature for � < �H ; for higherfrequen
ies, it emits as a bla
k body at T = 0:8409Teff . This 
rudely simulates a Lyman edge in an LTEatmosphere with a large Lyman 
ontinuum opa
ity. However, whereas SWH postulated a sharp in
rease inpolarization at the Lyman edge, we assume here that the emitted radiation has the polarization of an ele
trons
attering atmosphere at all frequen
ies. Our purpose is to explore whether relativisti
 returning radiation 
angive a polarization rise at the Lyman edge in the radiation observed from the disk as a whole. This mighto

ur be
ause the drop in brightness temperature in the Lyman 
ontinuum will 
ause the Lyman 
ontinuumto be emitted from smaller radii in the disk than the radiation just redward of the Lyman limit. The radiationobserved will have a larger 
ontribution of s
attered, returning radiation in the Lyman 
ontinuum than atlonger wavelengths. The s
attered returning radiation, be
oming more important just at the Lyman limit,
ould give an abrupt rise in polarization.SWH gave a model for PG 1630+377 with a� = 0:5, M9 �M=109 M� = 5, and _M0 � _M=1 M� yr�1 = 27,giving a maximum disk e�e
tive temperature of 38; 000 K. Using the numeri
al method of Agol (1997), we
omputed the polarization, in
luding s
attering of the returning radiation a

ording to the di�use re
e
tionlaw of Chandrasekhar (1960). Figure 5 shows that the polarization of the observed radiation is a�e
tedinsigni�
antly by the returning radiation, ex
ept at very high frequen
ies that 
arry little 
ux. The weak e�e
t
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Fig. 5. Polarization of thermal emission from a

retion disk in
luding returning radiation. See text for details.
of returning radiation is not surprising, sin
e for a moderate value of a� and no inner torque, there is littlereturning radiation. We have 
al
ulated a model of the same nature, still with �� = 0, but with a� = 0:9978.This model also has _M0 = 27, but it has M9 = 60, so as to give again a maximum e�e
tive temperature of38,000 K. (This is a simple devi
e to preserve a substantial Lyman edge in the lo
al emission and a rough �tto the observed energy distribution.) Figure 5 shows that there is now a signi�
ant degree of polarization inthe Lyman 
ontinuum region, rea
hing about 6% at observed frequen
y of log � = 16:1. However, this fallswell short of the observed 20% polarization of PG 1630+377; and the polarization rise is too gradual to explainthe observed rises in PG 1630+377 or PG 1222+228. (In order to show a wider range of frequen
ies, we use alog � s
ale in Figure 5. However, inspe
tion of Figures 3 and 4 suÆ
es to show that the observed polarizationrise is mu
h more abrupt than predi
ted by this model.) As noted by SWH, for a rapidly rotating bla
k holeand the required disk e�e
tive temperature, the Lyman 
ontinuum is emitted at small radii. This emissionsu�ers strong relativisti
 e�e
ts that give a gradual rise in the observed polarization, rea
hing a maximum atwavelengths mu
h to the blue of the Lyman limit. As a further example, we 
onsidered the 
ase a� = 0:9978and �� = 1, so that most of the disk's luminosity results from the inner torque and 
omes from small radii.This should give the maximum e�e
t of returning radiation. In order to preserve Tmax = 38; 000 K, this modelhad M9 = 60 and _M0 = 1:6. Figure 5 shows that the model has strong polarization at high frequen
ies,rea
hing roughly 25% at a frequen
y of log � = 16.3. Again, the polarization rise is mu
h too gradual to the�t the observations. There is a large rotation of the position angle of the polarization resulting from generalrelativisti
 e�e
ts (see also Figure 11 of Agol & Krolik 2000).As noted by SWH, a moderate bla
k hole spin is required to avoid ex
essive blueshifting and smearing ofthe polarization rise. However, returning radiation then is insuÆ
ient to give polarization rises of the observedmagnitude. This dilemma seems likely to doom any attempt to use relativisti
 returning radiation to explainthe presently known instan
es of a Lyman 
ontinuum polarization rise. The strong polarization resultingfrom returning radiation might nevertheless be observable in some QSOs. In general, it will o

ur for disksaround rapidly rotating bla
k holes, generally at high frequen
ies where the 
ux is rapidly dropping. Only atfrequen
ies above the bla
k body peak for the hottest radii in the disk will the emission be dominated by theinnermost radii that give strong returning radiation.
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94 G. A. SHIELDS ET AL.5. CONCLUSIONSWe have explored several models to explain the Lyman 
ontinuum polarization in QSOs. Neither Comptons
attering nor returning radiation appear to be 
apable of explaining the strong, rapid rise in polarized 
uxobserved for PG 1630+377. The same seems likely to be true for PG 1222+228, espe
ially after 
orre
tion forthe LLS absorption.Quite apart from the issues dis
ussed above, there is the observed polarization of the Ly� line in PG 1630+277.It is polarized in a similar positional angle to the 800 �A 
ontinuum polarization, to a degree of about 3% (Ko-ratkar et al. 1995). The wavelength of the feature in polarized 
ux a
tually is on the red wing of the emissionline in total 
ux, roughly at the expe
ted wavelength of the N V �1240 resonan
e line (
f. Shields 2000). Cer-tainly, the emission line in the polarized 
ux does not share the large blueshift of the polarization rise in the
ontinuum, if it is indeed asso
iated with the Lyman edge of hydrogen. Dis
ussions of the Lyman 
ontinuumpolarization rise have tended to ignore the \Ly�" feature, although Koratkar et al. (1995) did suggest s
atteringof opti
ally thin hydrogen emission followed by passage through an absorbing layer of modest opti
al depthat the Lyman limit. From another point of view, however, there are only two natural position angles in the
ontext of a disk geometry (parallel and perpendi
ular to the disk axis). The polarized Lyman 
ontinuum andLy� 
ould 
ome from two di�erent sour
es, whi
h might 
oin
identally have the same position angle. Thepolarized Ly� feature has a normal broad emission-line width, and presumably 
omes from material at a radius� 104Rg . The polarized Lyman 
ontinuum may 
ome from a smaller radius, as in the models of SWH andBlaes and Agol (1996). Here, for a thermal intrinsi
 line width, thermalization may suppress the Ly� emission,suggested by simple estimates based on the bla
k body limit.From a broader perspe
tive, most proposals for the Lyman 
ontinuum polarization rise seem 
ontrivedto explain this parti
ular observation, rather than following naturally from a more 
omprehensive theory ofAGN. Thus, they do not address the issue of the statisti
al in
iden
e of the polarization rise phenomenon.Unfortunately, there is 
urrently no observational 
apability to 
on�rm and extend the measurements of Lyman
ontinuum polarization in QSOs. The Ly� forest is an in
reasing problem at higher redshifts, and there is anurgent need for a renewed 
apability to do ultraviolet spe
tropolarimetry from spa
e.The authors a
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ommuni
ations with A. Beloborodov and R. Antonu

i. G. A. S. gratefullya
knowledges support from the Texas Advan
ed Resear
h Program under grant 003658{015 and the Spa
eTeles
ope S
ien
e Institute under grant GO{07359.02. E.A. and O.B. a
knowledge support from NSF grantsAST 96{16922 and AST 95{29230 respe
tively. This work was 
arried out in part at the Institute for Theoreti
alPhysi
s, University of California, Santa Barbara, supported by NSF grant PH94-07194.REFERENCESAgol, E. 1997, Ph.D. thesis, University of California, Santa BarbaraAgol, E. & Krolik, J. H. 2000, ApJ, 528, 161Antonu

i, R. R. J., Kinney, A. L., & Ford, H. C. 1989, ApJ, 342, 64Arav, N., Korista, K. T., de Kool, M., Junkkarinen, V. T. & Begelman, M. 1999, ApJ, 516, 27Beloborodov, A. M. 1998, ApJ, 496, L105Beloborodov, A. M. & Poutanen, J. 1999, ApJ, 517, L77 (BP)Blaes, O. & Agol, E. 1996, ApJ, 369, L41Chandrasekhar, S. 1960, Radiative Transfer (New York: Dover)Cunningham, C. T. 1976, ApJ, 208, 534Gammie, C. 1999, ApJ, 522, L57Haardt, F. & Maras
hi, L. 1991, ApJ, 380, L51Hsu, C.-M. & Blaes, O. 1998, ApJ, 506, 658Impey, C., Malkan, M., Webb, W. & Petry, C. 1995, ApJ, 440, 80Koratkar, A., Antonu

i, R., Goodri
h, R. Bushouse, H. & Kinney, A. 1995, ApJ, 450, 501.Koratkar, A., Antonu

i, R., Goodri
h, R. & Storrs, A. 1998, ApJ, 503, 599Koratkar, A. & Blaes, O. 1999, PASP, 111, 1Koratkar, A., Kinney, A. L. & Bohlin, R. C. 1992, ApJ, 400, 435Krolik, J. H. 1999, ApJ, 515, L73Laor, A., Netzer, H. & Piran, T. 1990, MNRAS, 242, 560



Th
e

 S
e

v
e

n
th

 T
e

x
a

s-
M

é
x

ic
o

 C
o

n
fe

re
n

c
e

 o
n

 A
st

ro
p

h
y

si
c

s:
 F

lo
w

s,
 B

lo
w

s 
a

n
d

 G
lo

w
s 

(A
u

st
in

, 
Te

x
a

s,
 6

-8
 A

p
ri
l 
2
0
0
0
)

E
d

it
o

rs
: 
W

ill
ia

m
 H

. 
Le

e
 a

n
d

 S
ilv

ia
 T

o
rr

e
s-

P
e

im
b

e
rt

LYMAN CONTINUUM POLARIZATION OF QSOS 95Lee, H.-W. & Blandford, R. D. 1997, MNRAS, 288, 19LMalkan, M. A. 1983, ApJ, 268, 582Mihalas, D. & Mihalas, B. W. 1984, Foundations of Radiation Hydrodynami
s, (New York: Oxford University Press)Ogle, P. M., Cohen, M. H., Goodri
h, R. W. & Martel, A. R. 1999, ApJS, 125. 1Poutanen, J. & Svensson, R. 1996, ApJ, 470, 249Ri
hards, G. T., York, D. G., Yanny, B., Kollgaard, R. I., Laurent-Muehleisen, S. A. & Vanden Berk, D. E. 1999, ApJ,513, 576S
hmidt, M. & Green, R. F. 1983, ApJ, 269, 352S
hmidt, G. D. & Hines, D. C. 1999, ApJ, 512, 125Shields, G. A. 1978, Nature, 272, 706Shields, G. A. 2000, PASP, 112, 586Shields, G. A., Wobus, L. & Husfeld, D. 1998, ApJ, 496, 743 (SWH)Tanaka et al. 1995, Nature, 375, 6591997, ApJ, 475, 469

Eri
 Agol: Dept. of Physi
s and Astronomy, Johns Hopkins University, Baltimore, MD 21218(agol�pha.jhu.edu).Omer Blaes: Dept. of Physi
s, University of California, Santa Barbara, CA 93106 (blaes�physi
s.u
sb.edu).Gregory A. Shields: Dept. of Astronomy, Univ. of Texas, Austin TX 78712 (shields�astro.as.utexas.edu).


