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ABSTRACT

We present an analysis of all the archival high resolution spectra of the Narrow-line Seyfert 1
galaxy Mrk 335 obtained with Reflection Grating Spectrometer (RGS) on board XMM-Newton.
The spectra show rich emission and absorption features in low and intermediate flux intervals.
We model the emission lines with the pron_xs grid and try to find any possible correlation
between the properties of the emitting gas and the source flux. Current data does not allow
detailed trace of the response of the line emitting gas to the X-ray flux of Mrk 335, but the
flux of the X-ray lines is significantly less variable than the X-ray continuum. We also find
that the warm absorber’s properties are not correlated with the flux variability. From the latest
XMM-Newton observation in 2019 December, we find that the photoionized emission and
distant reflection components have not responded to the flux drop of Mrk 335 from 2018 July.
However, the possible existence of partial covering absorber in the 2018-2019 low state of
Mrk 335 makes it difficult to constrain the scale of the emitting gas using this lack of response.
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1 INTRODUCTION

Active Galactic Nuclei (AGNs) are powered by matter accretion
onto the central supermassive black hole (SMBH), emitting a large
amount of energy in the form of radiation. The strong radiation
causes ionization of gas in the nuclear environment of AGNs. The
ionization state of the photoionized gas can be quantified by the
ionization parameter:

&= L/nr2

where L is the ionizing luminosity, n is the gas density and r is the
distance between the gas and the X-ray source. In the soft X-ray
band, emission lines from the photoionized gas have been observed
in both type 1 (e.g. Kaspi et al. 2002; Mao et al. 2018) and type 2
objects (e.g. Sambruna et al. 2001; Bianchi et al. 2006; Marinucci
et al. 2011). The emission features are more evident when the ob-
served primary continuum is weak, either being obscured (e.g. Mao
et al. 2019) or due to an intrinsic flux drop (e.g. Peretz et al. 2019).
Modeling these emission lines can help to constrain the scale and
geometry of the X-ray broad line region and narrow line region (e.g.
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galaxies: active — accretion, accretion disks — black hole physics — X-rays:

Kinkhabwala et al. 2002; Longinotti et al. 2008; Whewell et al. 2015;
Grafton-Waters et al. 2020).

Warm absorbers (WA) are the photoionized gas on the line of
sight, leaving signatures in the X-ray spectra in the form of blue
shifted absorption lines. These absorption lines are commonly seen
in the soft X-ray spectra of AGNs (Reynolds 1997; Porquet et al.
2004; Laha et al. 2014) and can be used to diagnose the ioniza-
tion state and dynamics of the gas. Although it has been around 30
years since the first observational evidence of the X-ray warm ab-
sorbers (Halpern 1984), their launching mechanism and origin are
still not well understood. A one-to-one correspondence between ob-
jects that show intrinsic UV absorption and warm X-ray absorption
is observed (Crenshaw et al. 1999), indicating a connection between
the two phenomena. There is also some evidence suggesting that
WA winds can fit into a large scale outflow scenario (Tombesi et al.
2013), in which the ultra-fast outflows (UFOs; see Tombesi et al.
2010, 2012; Parker et al. 2017) are launched from the inner disk and
WAs from the outer disk or the torus (Blustin et al. 2005). It is also
not clear how the outflows interact with the host galaxy. In some
moderate-luminosity AGNs, the outflowing UV and warm X-ray
absorption components seem have the potential to drive significant
feedback to their host galaxies (Crenshaw & Kraemer 2012).

One of the key parameters to answer these questions is the
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location of the warm absorber. Photoionization modelling can mea-
sure the column density (np), ionization state (£) and outflowing
velocity (v) of the warm absorbers. With the ionizing luminosity (L)
determined from spectral energy distribution (SED) of the source,
we can only obtain the product nr? using the definition of ioniza-
tion parameter. To determine r, the density » must be known. One
of the methods to estimate the density is to measure the response
(or lack of response) of the gas to the variations of the ionizing
luminosity. The response yields the recombination timescale that
depends on the density. This approach has been applied to estimate
density of warm absorbers in several well-know variable AGNs,
e.g., NGC 3783 (Krongold et al. 2005), NGC 4051 (Krongold et al.
2007) Mrk 509 (Kaastra et al. 2012) and NGC 5548 (Ebrero et al.
2016), etc. This kind of analysis needs variability of the source and
multi-epoch studies of the warm absorbers with high resolution in-
struments. It can also be challenging if the observations of a given
source is sparse. In the case of NGC 5548, Ebrero et al. (2016)
was able to test the variability of the 6 WAs for timescales from 2
days to a decade and put stringent constraint on their locations. For
NGC 7469, however, only a large upper limit can be obtained for
some WA components due to the sparse observations (Mehdipour
et al. 2018).

Mrk 335 (z = 0.025785) is a Narrow Line Seyfert 1 (NLS1)
galaxy with a SMBH of mass (2.6 = 0.8) x 10’M¢ (Grier et al.
2012). The source is strongly variable on both long and short time
scales in X-rays (Grupe et al. 2012). Its X-ray flux has been de-
tected, several times, to change by more than an order of magnitude
over the last decade (see Gallo et al. 2018). Moreover, clear X-
ray emission lines (e.g. Longinotti et al. 2008; Parker et al. 2019)
and warm absorption features (Longinotti et al. 2013) have been
found in its soft X-ray spectra. Therefore, Mrk 335 is potentially
an interesting source to study the response of the line emitting gas
and warm absorbers to the variable ionizing continuum. Longinotti
et al. (2013) already tested the variability of WAs in Mrk 335 with
RGS spectra before 2009. We are now able to investigate the varia-
tion on a longer timescale with more observations after 2009 (See
Table 1). The other motivation of this work is that different codes
have been used to model the WAs (e.g., XSTAR in Parker et al.
(2019); PHASE in Longinotti et al. (2013)) in Mrk 335 and we
know that the differences between these codes may not be negli-
gible (see Mehdipour et al. 2016). It is thus useful to re-analyze
the absorption and emission signatures of Mrk 335 in all archival
spectra with one consistent code.

2 OBSERVATIONS AND DATA REDUCTION

Mrk 335 has been observed by XMM-Newton (Jansen et al. 2001)
ten times, the details of all these observations are shown in Table 1.
In this paper, we include all available high-resolution spectra of the
Reflection Grating Spectrometer (RGS, den Herder et al. (2001)) to
study the warm absorption and photoionized emission features.

Swift started to monitor Mrk 335 in 2007 when its X-ray flux
dropped dramatically (Grupe et al. 2007; Grupe et al. 2008). The
source was caught entering the lowest UV flux state ever seen by
Swift in 2018 July. The X-ray flux remained in a low state for
about 2 years and was found to rise in May 2020 when Mrk 335
was out of the Swift Sun constraint (Komossa et al. 2020). Two
ToO observations on 2018 July 11 and 2019 January 08 by XMM-
Newton were triggered and analyzed (Parker et al. 2019). Here we
also present the analysis of the third ToO observation on 2019
December 27 (PI Kara) by XMM-Newton.

Table 1. XMM observations of Mrk 335

ObsID Date Exp (ks) Flux® Flux state?  Ref
0101040101  2000-12-25 36.9 3.26 + 0.01 HS 1,2
0101040701  2000-12-25 10.9 3.26 +0.01 HS 1,2
0306870101  2006-01-03 133.3 4.18 £0.02 HS 3
0510010701  2007-07-10 22.6 0.48 +0.02 LS 4,5
0600540601  2009-06-11 132.2 0.72 +0.02 MS 6
0600540501  2009-06-13 82.6 0.91 +0.01 MS 6
0741280201  2015-12-30 1404 0.36 +0.01 LS 7
0780500301  2018-07-11 114.5 0.18 +0.01 LS 8
0831790601  2019-01-08 117.8 0.17 £ 0.01 LS 8
0854590401  2019-12-27 105.9 0.14 £ 0.01 LS 9

Notes. (a) X-ray fluxes in 0.5-10 keV (in units of 1011 erg cm 2571 by
EPIC pn data. (b) Flux state for each observation, HS for high state, MS for
mid state and LS for low state. For references: (1) Gondoin et al. (2002);
(2) Longinotti et al. (2007); (3) O’Neill et al. (2007); (4) Grupe et al.
(2008); (5) Longinotti et al. (2008); (6) Longinotti et al. (2013);

(7) Longinotti et al. (2019); (8) Parker et al. (2019); (9) Present work.

The data are reduced with the Science Analysis Software ver-
sion 18.0.0. For the EPIC pn data from 2019 December, we produce
calibrated event files with the task Epproc and filter the background
flaring by setting the threshold of the 10-12 keV light curve. We
extract source counts from a circular region (20 arcsec) surrounding
the source, including patterns 0—4. Background counts are from a
circular region (40 arcsec) near the source. The redistribution ma-
trices and auxiliary response matrices are computed with the tasks
RMFGEN and ARFGEN, respectively. The EPIC pn spectrum is then
binned to a minimal signal to noise (S/N) of 6 and to oversample
the response by a factor of 3.

The data from RGS1 and RGS2 are processed with the RGsproC
tool. For each dataset in Table 1, we stack the spectra from RGS1
and RGS2 using the RGscoMBINE tool. We exclude data from the last
20 ks of the 2015 observation because of the flux increase intrinsic
to the source (see Figure 1 in Longinotti et al. (2019)). All RGS
spectra are binned by a factor of 8.

3 SPECTRAL ANALYSIS

This work is mainly intended to study the high resolution RGS
spectra of Mrk 335 and to reveal the behavior of warm absorbers
and photoionized material of the system. To illustrate the spectral
variability of the source, we show all available EPIC pn spectra in
Fig. 1 and the Swift monitoring of Mrk 335 since 2007 in Fig. 2. Note
that the UVW2 light curve shown in Fig. 2 is processed using the
new UVOT calibration (20200925). The old calibration caused an
over-correction of the UV data since 2017 which gradually increased
to about 0.35 mag in W2 by the end of 2020.! We divide all the
RGS spectra into high-state (2000, 2006), mid-state (2009) and low
state as done by Longinotti et al. (2013).

The analysis in this paper is conducted with xspec v12.10.1f
(Arnaud 1996). We use solar element abundances from Lodders
et al. (2009) and cross sections from Verner et al. (1996). We calcu-
late a grid of table models with xsTar (Kallman & Bautista 2001)
for each observation to model possible warm absorption features.
The absorption medium in XSTAR is assumed to have a spherical

! https://wuw.swift.ac.uk/analysis/uvot/index.php
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Figure 1. Unfolded spectra of Mrk 335 from the EPIC pn detector. The
response is unfolded with xspec assuming a power-law model with zero
index.

geometry with constant density. We also assume a turbulent ve-
locity of 200 km s™! and the solar abundances (Grevesse et al.
1996). The input spectral energy distribution (SED) to XSTAR is
obtained by fitting the RGS + pn data with a continuum model:
TBNEWX(POWERLAW + BBODY) and extrapolating the best-fit to the
UV end, with the absorption corrected. To fit photoionized emission
lines, we use pron_xs2 (Parker et al. 2019), an xspec table model
calculated from the pron (Miller et al. 2015) model of spex (Kaastra
etal. 1996). The pron_xs table model needs less computation power
than its analytical version. A slab geometry of the gas is assumed
when calculating the table model. It also assumes a power-law input
spectrum with ' = 2, a velocity broadening of 100 km s~! and the
abundances of Lodders et al. (2009).There might be concerns for
using different abundances for the emission and absorption mate-
rial, but we note that the abundances for important elements (e.g.
C, O, N and Fe) are consistent within the uncertainties (below 30%)
between Grevesse et al. (1996) and Lodders et al. (2009). 3 We
also include the model REDGE for radiative recombination continua
(RRC) signatures. A Galactic absorption with Ng = 3.56 X 1020
cm™2 (Kalberla et al. 2005) is always added to fit the spectra. Cash
statistics (Cash 1979) is applied to the analysis of RGS spectra.

The baseline model we use for RGS spectral analysis is:
TBNEWX XSTARX (POWERLAW + PION_XS + REDGE). We show only
one layer of xsTAR and proN_xs for clarity. Multiple layers of these
components may be needed for the fitting (see details of the analysis
below).

2 https://bit.ly/pion_xs

3 We have also tested, in the absorption dominated spectrum (2009, See
Sec. 3.2), that the differences caused by abundance versions are minor
compared to the statistical uncertainties for the parameters of XsTAR (e.g.,
the ionization parameter of the highest ionization component changes from
3.18702 10 3.1*0-3 if using abundances of Lodders et al. (2009).).
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3.1 The 2000 and 2006 high-state spectra

Two spectra from 2000 December 25 are combined using tool
RGSCOMBINE before the fitting. In this high state, the emission lines
are buried in the strong primary continuum. We find that one layer
of warm absorption with a shallow column density is able to fit the
spectra well. The best-fit warm absorption parameters are given in
Table 2. A single layer of pron_xs is enough to model the emission
lines in 2000 spectrum. Adding a second layer does not improve the
fit statistics much (A C-stat of 9 with 4 degrees of freedom). How-
ever, for the 2006 data, two PIoN_xs components are needed to fully
describe all lines. The best-fit values for the emission material are
listed in Table 3. The lower ionization component mainly accounts
for O vir and C vi1 lines. The higher ionization component is mainly
fitting the O v line.

3.2 The 2009 mid-state spectrum

We combine RGS spectra from the 2 data sets in 2009 since there is
no significant variation (Longinotti et al. 2013). The 2009 spectrum
exhibits the most complex absorption and emission signatures. The
photon index of the power-law component is hard to constrain be-
cause of the narrow energy coverage of RGS and the complexity
of the model. We thus fix it to the value found by simultaneously
fitting RGS + pn spectrum and include a piskBB component to fit
the soft excess. We find three layers of warm absorber (see Table 2)
as reported by Longinotti et al. (2013). Although the outflow ve-
locities relative to the source are free to vary, they end up sharing
a consistent value (~ 5200 km s~!). This consistency in veloc-
ity strongly suggests that the three absorbers are part of the same
complex wind, which presumably has a clumpy structure. The ion-
ization parameters, defined as & = L/nr?, span from log(&) = 1.32
to log(¢) = 3.18. The absorber with a higher column density is
associated with a higher ionization parameter.

To fit the emission features, we include three prIoN_xs com-
ponents (see Table 3). Using one layer of pion_xs would leave
significant residuals for O vir and O viir emission lines. The second
and third layers improve the C-stat by 40 and 30 respectively with
4 degrees of freedom. Though having the same number of layers
as that of warm absorbers, the emitting clouds show very different
patterns. The ionization states of the three phases of emitting mate-
rial are quite similar. Significant distinctions between velocities of
the emitting phases are detected, which is quite different from the
consistency of velocities of the warm absorbers. This discrepancy in
velocity structure may suggest that the emitters (at least the two with
lower velocities) have a different origin from that of the absorbers.

3.3 The low-state spectra

Since the flux contribution from the continuum is low, the low-state
spectra reveal rich features of emission lines. Nonetheless, also due
to the low continuum flux, the absorption features are hard to detect.
One layer of warm absorber is enough to fit the absorption for all
low-state spectra.

We find two photoionized emitters and two RRC signatures of
O vir and C viin 2007 spectrum. The low ionization layer improves
the C-stat by 15 and is necessary to fit the O vit Hea lines. The
ionization states and velocities of the two emitters are close to that
found in 2006 high-state spectrum. This consistency is interesting
since it suggests the emitters are not responding to the flux drop
in 2007. Using the same data, Longinotti et al. (2008) find no
evidence for line-of-sight absorption. We test the existence of warm
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Figure 2. Swift monitoring of Mrk 335 since 2007 May. The vertical orange lines mark observations by XMM-Newton.

absorption by including a xstar component. Indeed, we find this
component is not significantly required since the improvement on
the fit is minor (A C-stat = 9) and the absorption column is relatively
shallow (~ 1020 cm~2).

There is a clear absorption signature around 16 A from the Fe
unresolved transition array (Netzer 2004) in the 2015 RGS spectrum
(see Figure 5 of Longinotti et al. (2019)). Fitting the absorption with
XSTAR gives the highest column density in low-state spectra. The
properties we find about this absorber are consistent with Longinotti
etal. (2019). For the emission lines, one pioN_xs component already
gives an acceptable fit. Including a second layer improves the C-stat
by only 7 and the ionization parameter is not well constrained.

As shown in Fig. 1, the spectral shape of Mrk 335 above 5 keV
has been quite stable since 2018 July. As for the high resolution
RGS spectra, there are changes in the line ratios of O triplet. The
resonance line dominates in 2018 July, while the 2019 Jan spec-
trum is dominated by the forbidden line. Parker et al. (2019) fit the
two spectra simultaneously and suggest that the variations of emis-
sion lines is not due to changes of emitting gas properties, but is a
consequence of variations of warm absorption. For the new XMM
observation in 2019 December, we first fit the RGS spectrum indi-
vidually and find similar parameters of the absorber and emitters as
found by Parker et al. (2019). This similarity suggests that we are
seeing the same material and it is natural to fit the three spectra si-
multaneously. We include one XsTAR and two PION_Xs components
for each observation to model the absorption and emission features.
A REDGE component is also needed for the Cvi RRC (25.3 A at
rest frame). The outflow velocity of the absorber, the velocity and
number density of emitters are linked across observations during
the fitting. Best-fit parameters are listed in Table 2 and Table 3.
The column density of the warm absorption component is continu-
ously increasing, though with large uncertainties. The photoionized
emission consists of a lower and a higher ionization component.

The difference in the ionization parameter between observations is
minor compared with uncertainties.

3.4 Broad band fitting

The UV flux of Mrk 335 was observed to decline to the lowest value
ever in 2018 July by Swift, while its broad band spectrum was still
dominated by photoionized emission and distant reflection 6 months
after the flux drop (Parker et al. 2019). This lack of response helps to
put a lower limit on the location of the line emitting region and the
distant reflector. It would be interesting to see if these components
are still dominating the spectrum in 2019 December, which is 17
months after the source entering the low flux state.

We fit the RGS and pn spectra from 2018 and 2019 simulta-
neously. The model used, expressed in XSPEC notation, iS: TBNEW X
(XSTAR X (ZPOWERLW + DISKBB + RELXILL + PION_XS + PION_XS) +
XILLVER). The disk blackbody component is used to account for the
soft excess that is present in all spectra. Note that there are mainly
two scenarios to explain the origin of this component, e.g., warm
corona emission (Matt et al. 2014; Petrucci et al. 2018) and blurred
reflection (Crummy et al. 2006; Garcia et al. 2016; Jiang et al.
2019). A detailed study of these scenarios is out of the scope of this
paper. The ReLx1LL (Garcia et al. 2014) component is included to fit
possible relativistic reflection from the accretion disk. The best-fit
parameters are shown in Table 4. The best-fit model components
and residuals for the 2019 December spectrum are plotted in Fig. 4.
The plot reveals that the 2019 December spectrum of Mrk 335 is
still dominated by photoionized emission and distant reflection.

3.5 Correlation analysis

From the summary of emission components in Table 3, we find there
seem to be two distinct emitters. One emitter has a velocity of a few
thousand km s~! but is only found in 2000-2009. The other, with a

MNRAS 000, 1-11 (2020)
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Figure 3. Best-fit models for all RGS spectra analyzed in this work. Emission lines are clearly detected in low-states and are modelled with the component
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Table 2. Best-fit parameters for warm absorbers from RGS spectra

Obs Flux state WA phase log(&) Ny (cm™2) Vout (km s71) r C-stat/dof
: 0.2 5 19 300 0.015

2000 HS i 12402 73 %10 ~25001300  2.83410015  423/378
: 0.3 2 19 600 0.010

2006 HS i 123903 2.6, x 10 ~7500%%  2.705*0010 430375
: 0.4 1.9 20 200 0.12

2007 LS i 07704 2.0*19 x 10 -6500°200  2.68*012 361357
; 0.03 0.3 21 70 *

2009 Ms i 1.32003 21703 % 10 ~5200*79 1.57 572/362
. 0.07 1.6 21 120
i 2354007 5.8+16 %10 ~5200* 12
0.2 5 22 400
iii 3.18%02 2173 10 520049
: 0.08 1.3 21 120 0.15

2015 LS i 1.531008  3.5%13 % 10 -60007120 2621015 439/371
; 0.10 1.3 20

2018 LS i 136010 2.9%13 % 10

2019 Jan LS i 1264010 52102 5700730 2.19%F 1176/924
: 0.08 4 20
2019 Dec LS i 1364008 7t x 10

Note. The parameter vy is defined to be negative for outflows. The outflow velocity is linked when simultaneously fitting the 3 spectra from 2018 to 2019.
The power-law index of 2009 spectrum is fixed at the value found by fitting RGS + pn data for reasons discussed in Sec. 3.2. The last column shows the best-fit
statistics when both absorption and emission are considered.

Table 3. Best-fit parameters for photoionized emission material from RGS 1072 g T T T T T T T3
. —— total —— power-law 3
spectra —— black body ~—— xillver ]
relxill pion :
Obs Flux state  phase log(&) Vout (km s71) Density (cm’3) Flux® T: 1073 i E
: 1
X 3
: 0.2 250 1" 2
2000 HS i 12402 -27502% >2.4x10 512 T ]
~
2006 HS i 0.15%-18  -36007300 <LOx10%  2.0%3 £ 10744 E
o 3
i 0.4 260 12 0.5 T
ii 1.370:4 -3703%0 <1.0x10 1373 fu; 1 ]
= |h .
2007 LS i 026018 -33005300 <1.0x102  1.9%03 LS 10-5 ' v
. . > } =
i 0.14 260 11 +0.6 < E
i 14070 740720 > 26x10' 20408 E
2009 MS i 1345917 -5900710% <49x10"  1.6%07 i | 1
00N g0 csowiol o2 10-s 1Ly et ; ey
- =U. - N -0.3 4 —
0.14 230 12 +0.4
iii 1197512 400*330 < 1.0x 10 14534 , | | |
I | iy J[ J[ J[
. 0.08 120 1 0.6 l | | !
2015 LS i 1254008 —280*}2 <1.1x10 26108 : oM i \ Hl:]. ‘ I + + ][
2018 LS i 0.99*0%8  —150%0 * < 13x10M 19703 -2 l| | | J[ | J[ .
i 0.08 100 * 12 = +0.2
ii 2284008 —200*0) <1.0x10 1.4%93 T . . T
; +0.11 _150+80 * 11 = +0.3 05 ! 10
2019 Jan LS i 0.90%5 1, 150%7, <1.3x10 18753 Energy (keV)
“ 0.06 100 + 12+ 40.3
i 236700 200t <1.0x10 15403
2019 D L 1021013 _150+80 = 13x 101 15403 . )
019 Dec S ! 020 3010 <1.3x10 %03 Figure 4. Best-fit model components (top) and residuals (bottom) for the
20850 20000 < LOX 107 14t RGS+pn spectra of Mrk 335 from 2019 Dec. Data is fitted with relativistic

Note. The photoionized emission lines are modeled with proN_xs
component. The velocity and density of the emitting material of 2018 and
2019 spectra (marked with *) are tied during the fitting. ¥ Flux of the pron
components (in units of 10713 erg cm™2 s71) in energy range 0.5-2.0 keV

calculated with the xspec model cFLUX.

velocity of a few hundred km s~!, seems always be there after 2006.
The fast one may be associated with the wind, given the similarity in
velocity, and the other is likely associated with BLR/NLR material
as found by Longinotti et al. (2008).

One way to locate the emitter is to see if the gas properties are

reflection, distant reflection, continuum and some absorption and emission
components.

responding to the source brightness with some delay. The delayed
time can be an indication of the distance between the emitter and the
X-ray source. We try to look for such delayed response by investigat-
ing if the the ionization parameter of the emitting gas is correlated
with the source luminosity some days (the time delay) before each
observation. If using luminosity from the XMM-Newton broadband
spectra for the correlation analysis, we can not get any information
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Table 4. Best-fit values for the joint fit to RGS + pn data with relativistic reflection model.

Description Component Parameter 2018 2019 Jan 2019 Dec
Galactic absorption TBNEW Ny (102 cm~2) 3.56* 3.56* 3.56*
Warm absorption XSTAR Ny (102! cm™2) 1.26f%:‘t 1.0’:%'_‘; 1.0’:%132
log(£) Laatet  125TGy 134G
v (kms™) -6100*%)
Soft excess DISKBB Ty, (keV) 0.24970016 021740014 0.27+0.02
Norm 73 1075 2.6*13
Continuum ZPOWERLW r 1 .97%‘_‘1)8 1 .85f8‘_(3)7 1 .85f8‘_%
Norm (107%) S.Stg'; 4.6t?)'_g’ 1 3t%§
Emission (hot) PION_XsS log(£) 2.387003 2361004 2314004
v (kms1) -200*60
Density (cm™) <1x101?
Flux (10713 erg s™! cm™2) 1.9tg'§ 1.6tg'é 1.4t%:%
Emission (cold) PION_XS log(£) 0.90*098  0.88*0-IL  0.96*0:07
v (kms™1) -300"4%
Density (cm™) <2.1x10'
Flux (10713 erg s~! cm™2) 2.024:?)'.314 I.Stg'é I.St%'é
Cold reflection XILLVER E.y (keV) 300*
Norm (1075) 2.8+0:3 3.204 3.2403
Ionized reflection RELXILL q 3*
a. 0.98*
i (deg) 50"
log & < 0.05
Are 2.7+0¢
Norm (1075) 7.7t19 7.3t 5.2712
x2/v 1795/1327

Note. Parameters with * are not well constrained with current spectra and are fixed at given values in the table during the fitting as in Parker et al. (2019). Only
one value is given for parameters that are tied between the 3 spectra. Flux of the pion components is calculated in 0.5-2.0 keV.

on the time delay. So we use the data from the Swift monitoring (see
Figure 2) to indicate the source luminosity. We obtain the source
count rates (or magnitude) of Mrk 335 before each observation
(since 2007) at a series of time scales (e.g. 7, 14 and 21 days before
each observation) by interpolating the Swift XRT/UVW2 moni-
toring. Then we calculate Spearman’s rank correlation coefficient
between this source count rates and the ionization parameter of the
low velocity emitter for each timescale. The correlation coefficient
(p) can be used to indicate the probability that the observed correla-
tion is obtained by chance (P-value). The correlation coefficient as
a function of delayed timescale are displayed in the Fig. 5. The grey
regions in Fig. 5 represent timescales with unreliable correlation
coeflicient due to the Sun constraint for Swift. The unreliable inter-
vals cover a large fraction of 0 to 700 days timescales and prevent
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us from telling if there is correlation between the source and the
emitting gas.

Tracing the variability of emission lines (e.g. O vi1 f) is also
a way to measure the scale of emitting region (e.g. Detmers et al.
2009). We conduct the same correlation analysis as above between
the line flux of O v forbidden and the source brightness. The line
flux is obtained by modelling the O vir forbidden line (22.1 A at
rest frame) with a zero width gaussian outside the warm absorber.
We have also checked that the warm absorber did not significantly
affect the O v forbidden line. The results are also shown in Fig. 5.
There is no surprise that the unreliable regions still make it hard to
determine whether the correlation exists.
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Figure 5. Spearman’s p between the source count rate observed by Swift
XRT/UVW?2 and the ionization parameter of photoionized emission mate-
rial as a function of time lag. The black circles represent the correlation
coefficient between the ionization parameter and XRT count rate and red
circles are for the correlation between ionization parameter and UVW2
magnitude. The results from tracing the O vir f line are denoted by trian-
gles. The grey regions mark intervals in which the correlation analysis is
unreliable, since the Swift monitoring is interrupted for 3 months each year.
The yellow shaded region above the horizontal dashed line marks where the
null-hypothesis probability is less than 10%.

4 DISCUSSION

4.1 The line emitting gas

The current data does not permit a detailed tracing of the response
of the emitting gas to the source variability. We can still compare the
variation amplitude (R =maximum/minimum) of the emission lines
and X-ray flux of the source. For the ten XMM-Newton observations
in the last 20 years, the variation amplitude of the X-ray flux (in 0.5—
10 keV) of Mrk 335 is Rx = 29.9. However, considering the total
flux of all pron components for each observation, the amplitude of
the emission flux is Rpion = 2.0, which is significantly lower than
that of the X-ray continuum. This conclusion holds even if only
the flux of O vt forbidden line is considered (R, vy = 1.8). This
is similar to what have been found by Komossa et al. (2020). In
addition to the lack of correlation between X-ray and UV during the
2020 flare of Mrk 335, they also find that the variation amplitude
of the reverberation-mapped He 11 of Mrk 335 is smaller than that
in X-rays. Komossa et al. (2020) explained this with an absorption
scenario, in which the observed X-ray is different from what is seen
by the material out of the line of sight. Variability in the observed X-
ray continuum driven by absorption is commonly seen in AGNs (e.g.
Risaliti et al. 2011; Walton et al. 2014) and varying absorption has
been clearly detected in Mrk 335 (Longinotti et al. 2013). If the
X-ray continuum is altered by cold absorption material along the
line of sight, but the line emitting gas is seeing the unaffected (or
affected by different absorption material) continuum, there could be
discordance between the observed X-ray luminosity and the X-ray
lines. The other possibility is that the emission lines are from an
extended (perhaps low density) gas. The variation amplitude will
be reduced due to the delayed response of different parts of the gas
to the variations of the X-ray continuum (Peterson 1993).

Table 5. Best-fit values for Athena simulations of Mrk 335

Component Parameter 2009 2019 Dec
WA (i) N (em™2) 1.84703 51022 7.1703 x 107
0.04 0.006
log(&) 3.1561004 1.369*+0-90¢
Vout (km s71) -522020 -5800*19
WA (i) N (cm™) 5.9570-11 x 107! -
0.006
log(&) 2.3597 008 -
Vour (km s71) -5200*19 -
WA (iii) Ny (cm™) 2.0770% x 10! -
0.004
log(&) 1.320%0- 006 -
Vout (km s71) -5200*19 -
; 0.012 0.014
PE (i) log(&) 1.350*0:012 1.02570:014
Density (cm™) 5+ x 10° 1.00*916 x 1010
vour (km s71) -6000*19 -150*3
-13 -1 -2 0.06 0.03
Flux (1077 erg s cm™) 1.69%0 ¢ 1.537003
i 0.009 0.007
PE (ii) log(&) 1.294*0-009 2.174+0:907
Density (cm™>) 49 % 10° 6% x 10°
Vout (km s™1) -850%13 -200*3
—13 -1 -2 0.02 0.02
Flux (10~"° erg s~ cm™) 1.027505 1.370*555
0.011
PE (iii) log(&) 119670014 -
Density (cm™) 9*5 x 10° -
vout (km s™1) 400+129 -
-13 -1 -2 0.03
Flux (1077 erg s~ cm™*) 1.385003 -
C-stat/Dof 4165/4207 4088/4215

4.2 The warm absorbers

The warm absorber outflows in AGNs can be produced by radiation
pressure, magnetic force or thermal pressure. Both relativistic re-
flection and partial covering absorption models have been applied
to Mrk 335 since its flux drop in 2007 (O’Neill et al. 2007; Grupe
et al. 2007), but it is only in the 2009 RGS spectrum that clear
narrow absorption lines are detected, and the existence of WA in
Mrk 335 has since been well established (Longinotti et al. 2013,
2019; Parker et al. 2019). The best-fit parameters for the warm
absorbers of Mrk 335 are shown in Table 2. All warm absorbers,
except the one from the 2000 observation, exhibit velocities larger
than 5000 km s~1. Since a thermal wind can only be launched at
large radii (R > 10° Ry) and reach a maximum velocity ~ 1000 km
s~ (Dorodnitsyn et al. 2008; Mizumoto et al. 2019), it is less likely
the driving force for the warm absorber outflows in Mrk 335.

By applying the three warm absorbers model from the 2009
spectrum to previous observations and assuming photoionization
equilibrium of the gas, Longinotti et al. (2013) find no correlation
between the warm absorber’s properties and the flux variability of
Mrk 335. We calculate the Spearman’s rank correlation coefficient
(p) between the source fluxes (0.5-10 keV, Galactic absorption cor-
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rected) and ionization parameters of warm absorbers. The source
fluxes are obtained by fitting the broadband EPIC pn spectra (with-
out partial covering). We find a high probability of a correlation
coefficient (p=40%) being obtained by chance from uncorrelated
data, which confirms the finding by Longinotti et al. (2013). Note
that we use the second layer of 2009 warm absorbers to conduct
the correlation analysis, but we have checked that the result is not
affected by other choices.

We also test the possibility that the intrinsic luminosity of
Mrk 335 is altered by a partial covering absorber. This can lead
to underestimation of the source luminosity if the partial covering
absorption is not corrected. We fit each EPIC pn spectrum with one
partial covering component and get the intrinsic X-ray luminosity
(correcting the partial covering absorption). However, there is still
no correlation (p>25%) between this luminosity and WA ionization
state.

In the 2009 spectrum where the warm absorption feature is
most prominent, 3 warm absorbers are needed to fit the data. How-
ever, only one layer of warm absorber is needed for other data in the
low and high flux state. It is possible that during these states, the
WAS are still there, but being de-ionized (or overionized), showing
no detectable features over the continuum. We test this scenario
by fitting the 3 WAs in 2009 spectrum to other datasets, keeping
the column density and outflowing velocities at the best-fit values
in 2009 and allowing only the ionization parameter to vary. The
result shows that the two highest ionization components are not
needed by the fit, since their ionization parameters are pegged at
the upper limit (log(¢) = 5 for our xstar model) and have minor
detectable effect given the column density. It could be due to that
the two components are out of the line of site due to their transverse
motion, as suggested by Longinotti et al. (2013). In addition, the 3
WAs found in 2009 spectrum share a consistent velocity but have
very different ionization states. This pattern is similar to the WAs
in the NLS1 I Zwicky 1 (Silva et al. 2018), which are interpreted as
clumpy clouds with the more ionized skin layer facing the source.
The variation of the column density is not a surprise if some layers
of the WAs in Mrk 335 also have clumpy structure.

The lowest ionization component, however, is formally re-
quired by the 4 datasets in 2015 and 2018-2019 low flux state,

with the ionization parameter (log(&)) to be 1.39t%112, 0.49t% })%,

0.45t% 11% and O.57tg'(1)3 respectively. Note that the emission lines
(especially the O VII triplets) are not well fitted in this test, even
though the statistics are acceptable. From 2009 to 2015, the ob-
served X-ray luminosity of Mrk 335 decreases by half. The ion-
ization parameter of the WA should decrease if we are seeing the
same material in photoionization equilibrium. Nevertheless, from
this test, we can not tell if the ionization parameter decreases in
2015 (it changes from 1.32*0-03 t0 1.39*0-19), while the WA might
have changed ionization in 2018. If we assume that the same WA
is seen in the 4 datasets in 2015 and 2018-2019 low state and its
ionization state responses to the flux drop in 2018, then the re-
combination timescale of the WA must be shorter than 31 months.
Adopting equation (2) in Reynolds & Fabian (1995) and assuming
electron temperature 7 = 10° K would give the lower limit of the
electron density: n > 6 x 103 cm™3 (consider oxygen). This in turns
gives the upper limit of the location of the WA: r < 8.4 pc using the
definition of the ionization parameter. This range is consistent with
previous studies (e.g. Longinotti et al. 2013, 2019) but the large
value of the upper limit does not help to determine the origin of the
WA. To study the WA in Mrk 335 through its variations, we would
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need more observations in the future to probe both short and long
timescale variations.

4.3 The broadband spectra

The fitting of broad band spectra of Mrk 335 often needs to include
a distant reflection component (e.g. Parker et al. 2014; Wilkins
et al. 2015; Gallo et al. 2019). One of the prominent signatures
of distant reflection is the narrow core of iron Ke peaked around
6.4 keV, which is almost ubiquitously detected in X-ray spectra
of AGNs (Shu et al. 2010; Singh et al. 2011). The line could be
produced in the molecular torus (e.g. Nandra 2006; Shu et al. 2011),
the outer part of the disk (e.g. Petrucci et al. 2002) or even the broad-
line region (e.g. Bianchi et al. 2008). From the latest XMM-Newton
observation of Mrk 335, we find the distant reflection component
still dominates the spectrum above 5 keV, although the source flux
drops dramatically in July 2018. It suggests that the reprocessing
material might be at least 17 light-months (0.43 pc) away from the
black hole.

The photoionized emission lines still dominates the soft en-
ergy band in 2019 December. This might indicate that the distance
between the emission material and X-ray source is also larger than
17 light-months. If this is the case, the density of the hot compo-
nent has to be lower than ~ 2.5 x 103cm™3. It is possible that the
emission lines come from large scale low density gas such as the
torus atmosphere. However, we also note that the possible existence
of partial covering absorption in the low state (Parker et al. 2019)
makes it more difficult to constrain the scale of the line emitting gas.
The partial covering material absorbs mostly on the low energy part
of the observed spectrum (see Figure 10 of Parker et al. (2019)). The
line emitting gas, however, could be seeing a less affected SED and
thus produce lines dominating the soft X-ray band. There are several
pieces of evidences that support the existence of partial covering
absorber in Mrk 335. First, we do not see long-term correlation
between the observed X-ray luminosity and the X-ray line emitting
gas. The 2020 brightening of Mrk 335 can also be explained as
variations of partial covering absorption (Komossa et al. 2020).

Note that we do not expect absorption to be the only reason for
the observed variability of Mrk 335, since there is also evidence of
change of corona geometry (e.g. Wilkins et al. 2015) and correlation
between X-ray and UV for some segments of the light curve (Gallo
et al. 2018), suggesting intrinsic source flux change. We have also
seen an iron K lag (Kara et al. 2013) and a soft excess dip in the
variance spectrum (Igo et al. 2020) of Mrk 335, which are hard to
explain if the variability is dominated by absorption. In addition, we
never see a an absorption K edge in the spectra of Mrk 335. So what
we are seeing could be occasional obscuration events that, to some
extent, play a role in the long-term variability of Mrk 335. Given the
fact that we have only 5 data sets to test the correlation between the
observed X-rays and the emitting gas, some of these observations
being affected by absorption could break the possible correlation.
More deep observations in the future and flux-resolved correlation
analysis will certainly help to better understand the photoionized
emitting gas in Mrk 335.

4.4 Simulation with Athena

To see if future missions like Athena (Nandra et al. 2013) can
better reveal properties of the emitting and absorption material,
we simulate absorption dominated (2009) and emission dominated
(2019 Dec) spectra of Mrk 335 using response files of Athena X-ray
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Figure 6. Simulation of the 2009 (upper) and 2019 (lower) spectra of
Mrk 335. The black dots represent the simulated spectra and blue lines
for best-fit model.

Integral Field Unit (X-IFU). Since density of the photoionized gas
is not well constrained in our study with RGS data, we fixed it at
1 x 100 ¢cm=3 for the simulation, and other parameters are set to
their best-fit values. Spectra with exposure of 100 ks are simulated
and fitted using C-stat. Constraints of parameters are shown in
Table 5 and simulated spectra are shown in Figure 6. We find that,
in both cases, Athena can better constrain the density and ionization
parameter of photoionized emitters (with much lower error bars).
The gas density can already indicate if the emission is from the
BLR or NLR (Netzer 1990). Moreover, the density and ionization
parameter can be used to measure the distance between the emitting
gas and the X-ray source using the definition of ionization parameter
&=L /nrz), if the flux history of the source is known. For instance,
considering the first emission component in the last column of
Table 35, if the source is not variable (so no need to consider delay by
light traveling and recombination), the X-ray emission lines would
come from 0.01 pc away from the central black hole (assuming
source luminosity 10% erg s~!) with the error bar around 10%.

5 CONCLUSION

We have analyzed all available RGS spectra and broad band spectra
of the latest XMM-Newton observation of the NLS1 Mrk 335. The
purpose is to study the behavior of line emitting material and the
warm absorbers of this source. Our main findings are:

e With current data, we are not able to trace the response of
the line emitting gas to the X-ray flux of Mrk 335. However, the
emission lines are significantly less variable than the X-ray contin-
uum. It could be due to the observed X-ray continuum is affected
by absorption or the line emitting gas has an extended geometry.

e We confirm the finding of Longinotti et al. (2013) that the warm
absorber in Mrk 335 is not responding to the source variability.

e The dominance of distant reflection above 5 keV in 2019 De-
cember suggests that these components have not responded to the
source flux drop in 2018 July, which indicates that the torus might
be at least 17 light-months (0.43 pc) away from the X-ray source.

e The emission lines in the soft band of the 2019 December

spectrum also have not responded to the flux drop. But it is more
difficult to constrain the scale of the emitting gas using this lack of
response, given the possible existence of partial covering absorber.

e Future X-ray missions like Athena are able to better determine
the ionization state and density of the line emitting gas of Mrk 335,
both in absorption dominated or emission dominated cases.
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