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ABSTRACT
This paper reports on the extreme ultraviolet (EUV) spectrum of three low-redshift (z ∼
0.6) radio-loud quasars, 3C 95, 3C 57 and PKS 0405−123. The spectra were obtained with
the Cosmic Origins Spectrograph of the Hubble Space Telescope. The bolometric thermal
emission, Lbol, associated with the accretion flow is a large fraction of the Eddington limit for all
of these sources. We estimate the long-term time-averaged jet power, Q, for the three sources.
Q/Lbol, is shown to lie along the correlation of Q/Lbol, and αEUV found in previous studies
of the EUV continuum of intermediate and high-redshift quasars, where the EUV continuum
flux density between 1100 and 700 Å is defined by Fν ∼ ν−αEUV . The high Eddington ratios of
the three quasars extend the analysis into a wider parameter space. Selecting quasars with high
Eddington ratios has accentuated the statistical significance of the partial correlation analysis
of the data. Namely, the correlation of Q/Lbol and αEUV is fundamental, and the correlation
of Q and αEUV is spurious at a very high statistical significance level (99.8 per cent). This
supports the regulating role of ram pressure of the accretion flow in magnetically arrested
accretion models of jet production. In the process of this study, we use multifrequency and
multiresolution Very Large Array radio observations to determine that one of the bipolar jets
in 3C 57 is likely frustrated by galactic gas that keeps the jet from propagating outside the host
galaxy.

Key words: accretion, accretion discs – black hole physics – MHD – galaxies: active –
galaxies: jets.

1 IN T RO D U C T I O N

There is mounting evidence that radio jet power is anticorre-
lated with the extreme ultraviolet (EUV) luminosity in quasars
(Punsly 2014, 2015). In particular, the three quantities, the long-
term time-averaged jet power, Q, the bolometric thermal emission,
Lbol, associated with the accretion flow and αEUV, the spectral index
of the EUV continuum (the EUV continuum flux density is defined
as the flux density between 1100 and 700 Å where Fν ∼ ν−αEUV )
are interrelated. A partial correlation analysis indicated that the fun-
damental correlation is between Q/Lbol and αEUV (Punsly 2015).
Furthermore, evidence of a real time anticorrelation between the
contemporaneous jet power, Q(t), and the EUV luminosity was
shown over an ∼ 40-yr period for the distant quasar, 1442+101
(Punsly et al. 2016).

All of these results were developed based on intermediate- and
high-redshift quasars (z > 0.65) due to the constraint that the EUV
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continuum at 700 Å is observable with the Hubble Space Telescope
(HST) for z > 0.65. We believe that by studying the EUV spec-
tra of very bright quasars in the EUV, we can push this limit a
little further to slightly lower redshift. In this paper, we consider
three low-redshift radio sources at z ∼ 0.6, 3C 57, 3C 95 and
PKS 0405−123.1 These quasars have been selected to be observed
in the EUV because they are the most EUV luminous radio-loud
quasars (RLQs) in the local Universe. This allows us to probe the
Q/Lbol and αEUV relationship at low redshift and high Eddington
rate. Fortunately, there are archival high sensitivity Cosmic Origins

1 With the HST, the shortest wavelength that can be efficiently detected
with the COS is λo ≈ 1150 Å. This corresponds to an emitted wavelength
of λe ≈ 1150/(1 + z) Å. For z = 0.6, λe ≈ 719 Å. Typically, in quasar
spectra, there is a strong very broad N IV, Ne VIII emission line centred at
∼765–780 Å which will obfuscate the continuum unless the blue wing is
completely resolved (Shull, Stevans & Danforth 2012; Punsly 2015). Thus,
z � 0.6 is the extreme limit of our ability to reliably estimate αEUV in the
range 1100 Å > λe > 700 Å.

C© 2016 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/459/4/4233/2624022 by guest on 24 M
ay 2020

mailto:brian.punsly1@verizon.net


4234 B. Punsly et al.

Table 1. Central black hole mass estimate.

Source log λLλ(λ = 5100 Å ) FWHM Hβ log λLλ(λ = 3000 Å ) FWHM Mg II log Mbh/M� log Mbh/M�
(ergs s−1) (km s−1) (ergs s−1) (km s−1) Hβ Mg II

3C95 45.04 ± 0.111 9030 ± 7201 46.12 ± 0.092 5841 ± 11682 9.35 ± 0.093 9.53 ± 0.164

PKS0405−123 45.60 ± 0.111 4720 ± 4501 46.40 ± 0.092 3933 ± 7872 9.05 ± 0.103 9.31 ± 0.164

3C57 45.17 ± 0.095 4500 ± 4705 45.88 ± 0.095 3056 ± 2455 8.80 ± 0.103 8.85 ± 0.084

References: 1Marziani et al. (2003; 2Decarli, Dotti & Treves (2011); 3Vestergaard & Peterson (2006); 4Shen & Liu (2012); 5Sulentic et al. (2015).

Spectrograph (COS) observations of these three sources. The high
EUV luminosity and the high-quality spectra allow us to reliably
estimate αEUV even though the spectral data end at ≈730 Å.

In next section, we present the EUV spectra of the three sources.
In Section 4, we derive Q for these quasars and in Section 5, the
results are discussed in terms of the Q/Lbol and αEUV correlation.

2 TH E E U V SP E C T R A

In this section, the EUV spectra of the three RLQs are described. All
spectra are from the COS spectrograph on HST with the G130M and
G160M gratings. The flux density data that are downloaded from
Mikulski Archive for Space Telescopes (MAST) are in units of
erg s−1 cm−2 Å−1; Fλ. The spectral indices of the EUV continuum
derived from composite spectra in Telfer et al. (2002) and Zheng
et al. (1997) were based on Fν . Consequently, the original studies
on the EUV continuum of RLQs, Punsly 2014, 2015 and Punsly
et al. 2016, adopted the same convention and we continue this here
for the sake of easy comparison to previous treatments. Hence, our
definition of the continuum power law, Fν ∼ ν−αEUV . The MAST
data will give us the power-law fit as Fλ ∼ λαλ . We convert this to
the desired form with the formula, αEUV = 2 + αλ.

2.1 3C 95

The quasar 3C 95 is a classic relaxed lobe-dominated quasar at a
redshift, z = 0.616, that extends more than 500 kpc from end to end
(Hutchings, Price & Gower 1988; Price et al. 1993). The Hβ profile
is very wide with a full width at half-maximum (FWHM) of the
broad component equal to 9030 Å (see Table 1). The details required
for an estimate of the central black hole mass are summarized in
Table 1. Columns (2) and (3) are the data needed for an estimate
of the black hole mass in column (6) using the mass estimator
in Vestergaard & Peterson (2006) and the very broad Hβ profile.
Columns (4) and (5) provide the data needed for the independent
virial mass estimator of Shen & Liu (2012) based on the Mg II

profile. This result is listed in the last column. The data listed in the
first row yield a range of virial central black hole mass estimate of
1.8 × 109 M� < Mbh < 4.9 × 109 M�. The quasar was observed
on 2014 August 15, with the G160M grating and on 2014 August 20
with the G130M grating. These data were downloaded from MAST.
These spectra have never been discussed in the literature previously.

In the top frame of Fig. 1 is the EUV spectrum corrected for
Galactic extinction using the method of Cardelli, Clayton & Mathis
(1989) with RV = 3.1 and the visual extinction from the NASA
Extragalactic Database (NED). The plotted wavelength is the quasar
rest-frame wavelength, λe, in order to facilitate the identification
of the emission lines. The flux density is that which is measured
at earth, designated as Fλo . From Punsly (2014), the luminosity
near the peak of the spectral energy distribution at λe = 1100 Å
(quasar rest-frame wavelength), provides a robust estimator of the

bolometric luminosity associated with the thermal accretion flow,
Lbol,

Lbol ≈ 3.8Fλe (λe = 1100 Å) . (1)

Note that his estimator does not include reprocessed radiation in
the infrared from distant molecular clouds. This would be double
counting the thermal accretion emission that is reprocessed at mid-
latitudes (Davis & Laor 2011). If the molecular clouds were not
present, this radiation would be directed away from the line of
sight to Earth. However, it is reradiated back into the line of sight
towards Earth, and this combines with the radiation that has a direct
line of sight to Earth from the thermal accretion flow. As such,
it would skew our estimate of the bolometric luminosity of the
thermal accretion flow and needs to be subtracted from the broad-
band spectral energy distribution. Applying this equation to the
spectrum in Fig. 1 indicates a very high luminosity, Lbol ≈ 1.3 ×
1047 erg s−1. However, as noted above, Mbh is very large, so the
Eddington luminosity is large 2.3 × 1047 erg s−1 < LEdd < 6.2 ×
1047 erg s−1. Even so, the data indicate a relatively high Eddington
ratio, 0.21 < Lbol/LEdd < 0.57.

The G130M raw spectrum was affected by a Lyman limit system
just above the Galactic Ly α region of contamination, making it
difficult to detect. The absorption begins at λo ≈ 1240 Å(Tripp,
private communication). A correction was made for the depressed
emission using a ν−3 opacity law. The smoothest extension of the
continuum to short wavelengths is attained with a maximum flux
depression of 30 per cent–35 per cent. A correction of 35 per cent
was used to produce Fig. 1. The resulting continuum fit was made
with αEUV = 2.15 and it is plotted with the red dashed line.

2.2 PKS 0405−123

PKS 0405−123 is a classical triple radio source at a redshift of z

= 0.573. It is the most luminous EUV source in this study. It has
two strong radio lobes and a bright flat spectrum core. The source
is rather compact only 120 kpc from end to end (Hutchings et al.
1996). Thus, the line of sight to the nucleus is likely somewhat more
polar than for 3C 95. The FWHM of the broad component of Hβ is
4720 km s−1, which might be moderated due to a more polar line of
sight than in 3C 95. Table 1 indicates a range of virial central black
hole mass estimates of 9.6 × 108 M� < Mbh < 3.0 × 109 M�. The
mass might be slightly underestimated due to the effects of a more
polar line of sight.

In order to eliminate possible artefacts from continuum vari-
ability, it is desirable to obtain simultaneous G130M and G160M
observations. This was accomplished by the observation on 2009
December 21 and these data were downloaded from MAST.

In the middle frame of Fig. 1, the EUV spectrum corrected for
Galactic extinction using the method of Cardelli et al. (1989) with
RV = 3.1 and the visual extinction from NED is plotted. Equa-
tion (1) and the spectrum in Fig. 1 indicate a very high luminosity,
Lbol ≈ 3.1 × 1047 ergs s−1. From the black hole mass estimates,
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Figure 3. The left frame shows that the two-power-law-component model represents the four spectral data points of the component N1 from Table 2, augmented
by the 90 GHz flux density from Steppe et al. (1988). The right frame synthesizes the two-power-law-component model of component N1, the power law for
component N2 in Table 2 and the radio lobe with a spectral index α = 0.8 and 106 mJy at 1.52 GHz in order to facilitate a comparison to the observed data.
This is a four-component model and the sum of the four components is the dark black curve. The curve fits the data very well from 750 MHz to 90 GHz. Below
750 MHz there is clearly a spectral break required to fit the low-frequency spectrum. This is typically due to free–free absorption (FFA).

of the faint radio lobe from 1.5, 5 and 15 GHz indicates a very steep
spectrum with α > 1. As noted above, this result is likely skewed
by faint diffuse emission being resolved out at high frequency.
However, a very steep spectrum is not ruled out. In order to capture
this possibility, we extrapolate the 1.52 GHz flux density of 106 mJy
to 151 MHz (required for equations 2 and 4) two different ways.
For the upper bound from equation (2), we choose α = 1 and for
the lower bound in equation (4), we use a more conventional α

= 0.8. A 300 MHz VLA A-array observation would resolve this
ambiguity. However, as noted in the discussion below equation (4),
we need to multiply our calculation of Q by 2 in order to account
for the lack of an estimate for the northern radio jet. The northern
radio jet (component N2) is apparently thwarted by galactic gas
and dissipates ≈9 kpc from the nucleus. Thus we estimate Q =
1.4 ± 0.7 × 1045 erg s−1. In this interpretation, and noting the value
of Lradio, above, the northern jet dissipates between 21 per cent and
76 per cent of its energy as radio emission on sub-galactic scales in
component N2.

The large dissipation of jet power into radio luminosity is not
entirely unexpected. Recall the comment in the text following equa-
tion (3). Our estimators of jet power in equations (2) and (4) are
technically accurate only for relaxed classical double radio sources.
These radio sources expand into a diffuse intragalactic medium.
Hence, our restriction of applicability that the lobe must be >20 kpc
from the central engine (outside of the host galaxy) in order for us to
apply this relationship to our radio sources. Equation (2) yields a ra-
dio luminosity �1 per cent of the jet power. A similar result has been
found for in studies of classical relaxed radio sources (Cavagnolo
et al. 2010; Daly et al. 2012). Component N2 is ≈9 kpc from the
central engine, and as we have noted previously, it is likely located
within the dense medium of the host galaxy. The work required to
displace dense nebular clouds and the intergalactic medium, in gen-
eral, likely involves magnetohydrodynamic waves (including shock
waves) and instabilities that can be highly dissipative. This leads
to an enhanced radiative luminosity and equations (2) and (3) will
always drastically overestimate the power of the jet if the envelop-
ing environment is dense. However, in the context of the large radio
luminosity of the northern component noted above, this does not
preclude the possibility that the central engine underwent ‘a brief’

(relative to the long lifetime of the radio source) episode of elevated
jet power ≈30 000 yr ago.

4 D I SCUSSI ON

This paper considers the EUV spectrum and radio properties of
three RLQs at the high-end region of the quasar Lbol/LEdd parameter
space. In the left-hand frame of Fig. 4 is the scatter plot of αEUV–
Q/Lbol from Punsly & Marziani (2015) with our three new sources
added. The three quasars conform to the existing correlation. The
exploration of the high end of Lbol/LEdd parameter space can be
used to fortify the statistics of the partial correlation analysis of
Punsly (2015) amongst the variables, Q/Lbol, Q and αEUV that
indicated that the correlation of Q/Lbol and αEUV is fundamental
and the correlation of Q and αEUV is spurious. In particular, consider
the Spearman partial correlation of Q/Lbol with αEUV when Q is
held fixed. The partial correlation coefficient with the expanded
sample is 0.594 (was 0.492 in Punsly 2015), which corresponds
to a statistical significance of 0.998 (was 0.984). Conversely, the
partial correlation of Q with αEUV, when Q/Lbol is held fixed has a
statistical significance of only 0.188 (was 0.581). Thus, the addition
of quasars from the high end of Lbol/LEdd parameter space to the
sample has accentuated the fact that the correlation of Q/Lbol and
αEUV is fundamental and the correlation of Q and αEUV is spurious
at a very high statistical significance level.

This is a very important result at a fundamental physical level.
For example, it highlights the fact that the mass accretion rate is
strongly coupled to jet power in quasars that can support a rel-
ativistic jet. In particular, the accretion rate regulates jet power
in RLQs. As discussed in detail in Punsly (2015), this is a ba-
sic prediction of magnetically arrested accretion scenarios for jet
production in quasars. This idea is predicated on the fact that large-
scale magnetic flux is trapped within the inner accretion flow by
ram pressure. The rotating magnetic flux is the source of the rela-
tivistic jet. More trapped magnetic flux means a stronger jet. The
trapped poloidal magnetic flux is vertical as it penetrates the inner
accretion flow (perpendicular to the plane on the inflow) in some
numerical simulations and models of magnetically arrested accre-
tion (Igumenshchev 2008; Punsly, Igumenshchev & Hirose 2009).
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Figure 4. A comparison of the scatter of the correlation of the EUV spectral index, αEUV, with time-averaged jet power, Q (on the right), and the scatter of
the correlation of αEUV with the time-averaged jet power normalized by the bolometric luminosity of the accretion flow Q/Lbol (on the left). These plots help
to visualize the partial correlation analysis described in the text. Normalizing by the bolometric luminosity reduces the scatter at a very high level of statistical
significance.

Thus, as the large-scale magnetic flux forms the base of the radio
jet, the thermal gas that is displaced by the magnetic flux results in
less EUV emission from the inner accretion flow. Thus, a consistent
explanation of the Q/Lbol and αEUV correlation is achieved given
that there is significant vertical flux that threads the inner accretion
flow.
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