A&A 436, 417-426 (2005)
DOI: 10.1051/0004-6361:20042014
© ESO 2005

A8§tronomy
Astrophysics

Variability of optical Fell complex in narrow-line
Seyfert 1 galaxy NGC 4051

J. Wang!, J. Y. Wei?, and X. T. He?

! National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China

e-mail: wjy@bao.ac.cn

2 National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China
3 Department of Astronomy, Beijing Normal University, Beijing 100875, China

e-mail: xthe@bun.edu.cn

Received 15 September 2004 / Accepted 24 January 2005

Abstract. The variability of optical Fe 11 blends in NGC 4051 is examined from spectra extracted from the AGN Watch program.
In our analysis, the Fell complex are subtracted and measured, with the following results. Firstly, the Fell variations were
detected in NGC4051 during a 3-year period. The identified FeII variations followed the variations in continuum closely.
Secondly, the EW of Fell is reported to increase with rising continuum flux, which is consistent with previous claims that
there is no convincing Baldwin Effect in optical Fe1l. Thirdly, by comparing the variations of HB and Fell, we find that
Ry scales with continuum flux as Rg. o« (5.0 = 0.8) log(L/M), which is significantly different from the theoretical expectations.
Finally, in six selected Seyferts, four out of five Narrow-Line Seyfert 1 galaxies present positive correlation between Rp. and
the continuum flux. The negative correlations are identified in the remaining two objects that have relatively broad profiles of
HB (FWHM > 1500 km s~!'). We argue that the difference of electron density of broad line clouds and/or variability behavior
of incident high-energy radiation can explain the dichotomy in variability behavior of Rp.
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1. Introduction

Generally, the optical/UV spectra of Active Galactic Nuclei
(AGNs) are prominently featured by broad and intense emis-
sion lines. The relative strength and radiative mechanism of
broad emission lines can be interpreted well by the traditional
photoionization models of many dense (~10°7!% cm™3) clouds.
Those clouds with approximate cosmic abundance are pho-
toionized and heated by a covered central source (e.g. Davidson
& Netzer 1979; Kwan & Krolik 1981; Kwan 1984; Stasinska
1984; Collin-Souffrin et al. 1988; Korista et al. 1997). Despite
repeated successes of the standard photoionization models, im-
portant problems still remain.

Although collisional ionization is carefully introduced, the
photoionization models are frustrated in the aspect that ac-
counts for the strength of Fe Il emission in both UV and op-
tical bands (Netzer & Wills 1983; Wills et al. 1985; Joly 1987;
Collin-Souffrin et al. 1986, 1988; Dultzin-Hacyan 1987). If the
total flux of FeII is several times larger than Lya (Wills et al.
1985), and if its energy is derived from photoionization, the
models indicate that the X-ray flux must then be comparable to
or greater than the Lyman continuum flux. This seems unlikely,
however, given our present understanding. Early calculations of
Fe1I emission predicted that the flux ratio of total Fe1 to HS
was no more than 8. However, the observed Fe II/HS is more

typical by 12 and approaches about 30 in a few sources with
“super-strong” Fe I emission (Lawrence et al. 1988; Graham
et al. 1996; Lipari 1994; Moran et al. 1996; Xia et al. 1999;
Zhou et al. 2002). In order to interpret the intense Fe I emis-
sion, a number of additional excitation mechanisms have been
proposed. Sigut & Pradhan (1998) suggested that the Ly« flu-
orescent excitation of Fe II could double FeII strength in both
UV and optical bands effectively. Joly (1991, and references
therein) put forward the idea that collisional excitation is the
most likely process in AGN, however, did not include virtual
calculations.

The Fe 11 emission in AGN has consistently attracted a great
deal of attention, both because of the problem described above
and because of its importance in investigating the underlying
physics that drives the Eigenvector 1 (E1). The E1 introduced
by principal component analysis (PCA, Boroson & Green
1992, hereafter BG92) contains a strong anti-correlation be-
tween FWHM of Hp and the flux ratio of the optical Fe II com-
plex to the broad component of HB. At the present time, it is
believed that the E1 plays a vital role in research of AGN phe-
nomena (e.g. Boroson 2002; Sulentic et al. 2000a,b; Marziani
et al. 2001; Zamanov & Marziani 2002; Marziani et al. 2003a).
Both observational and theoretical studies indicate that the E1
is most likely driven by some elementary parameters of AGN,
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such as the central black hole mass, the Eddington ratio, and
even the orientation of accretion axis (Jarvis & McLure 2002).
Investigation of the complex Fe Il emission in AGN is, there-
fore, essential for further understanding E1 correlations and
whole AGN phenomenon.

Actually, so far the variability behavior of the Fe I complex
in Seyfert galaxies has been poorly understood. In Mark 110,
Kollatschny et al. (2001) reported that the permitted opti-
cal Fell complex remained constant within 10% error over
10 years, while the forbidden [Fe X]16375 line was variable.
Similarly, in the Seyfert 1 galaxy NGC 5548 no significant vari-
ations of the optical Fe 11 blends (less than 20%) were detected
(Dietrich et al. 1993). On the contrary, the opposite result was
reported in a long term optical variability watch program on
Seyfert 1 galaxy NGC 7603 over a period of nearly 20 years
(Kollatschny et al. 2000). This object displayed remarkable
variability in the Fell blends, with amplitudes on same or-
der as for the He and HeT lines. Giannuzzo & Stirpe (1996)
found that, out of 12 Narrow-Line Seyfert 1 galaxies (NLS1s),
at least 4 of them presented a significant variability of the
FeIl complex with percentage variations larger than 30%. In
addition, considerable variations of the Fell complex (larger
than 50%) were reported in the other two Seyfert 1 galaxies
Akn 120 and Fairall 9 (Kollatschny et al. 1981; Kollatschny &
Fricke 1985). It is likely that further individual investigation, as
well as subsequently statistical analyses, would be essential to
comprehend the physics governing the Fe 1T emission in AGN.

NGC4051, a well-known NLS1 natured by both narrow
permitted emission lines (FWHM =~ 1100 km s71) and a low
ratio for [O TI]/HB (Osterbrock & Pogge 1985), was monitored
for three years, from January 1996 to July 1998, as part of the
AGN Watch campaign (Peterson et al. 2000). Peterson and his
colleagues reported the strong variabilities of intensity in HB
and HeI114686. Variations of the HBS line were found to lag
behind the variations in continuum by 6 + 2—3 days. The time
delay associated with the Doppler width of HB yields a viral
mass estimation of ~1.1 x 10® My, for the central black hole.
They also found that the Fe 1T blends varied little, if at all, in
the period spanning three years according to the rms spectra.

In this paper, we investigate the variability of the optical
Fe 1 complex in NGC 4051 by performing a new spectral anal-
ysis on the AGN Watch archival spectra. Besides investigation
of this individual object, a comparison of the variability behav-
ior of Fell between diverse AGNs is performed to reveal the
underlying physics governing Fe IT emission.

The paper is organized as follows. In Sect. 2, we describe
the spectral measurements in detail. The analysis and imme-
diate results are given in Sect. 3. In Sect. 4, we propose two
possible explanations, and finally discuss the underlying impli-
cations.

2. Spectra measurements

The archival spectra in one-dimensional FITS format were
downloaded from the AGN Watch Web Site: http://
www-astronomy.mps.ohio-state.edu/” agnwatch/. This
archive contains a total of 123 spectra divided into two data
sets (A and B). Generally, for the wavelength coverage, Set B
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Fig.1. Rest frame and Galactic extinction corrected spectrum of
NGC4051 taken on June 16, 1996 (JD = 2450250.7). The most
prominent emission lines and optical Fe I complex are marked.

spectra extend shortward further than do spectra of Set A. In
our analysis, we discard the first spectrum observed at Julian
Date 2450095.0 because of the unavailable FITS file. The
spectra n00229b and n00600b are obviated in measurements
because of their poor spectral quality (i.e. bad S§/N for con-
tinuum, as well as for emission lines). Spectrum n00479a is
excluded from spectral analysis, as well, because of its im-
proper wavelength coverage only ranging between 4720 A
and 5990 A. Detailed information on the archival spectra can
be consulted in Table 1 and Sect. 2.2 in Peterson et al. (2000).
In Table 1, the file name of each of the remaining 120 spectra
is given in Col. (1), and Col. (2) lists the corresponding Julian
Date of observation.

2.1. Pretreatments and Fe Il measurements

The remaining 120 spectra are pretreated in the following
two steps: 1) the Galactic extinction is corrected by E(B —
V) = 0.013 mag from NED, adopting an Ry = 3.1 extinc-
tion curve; 2) each spectrum is transformed to rest frame, as
well as K-corrected by the redshift derived by a Gaussian fit-
ting for the narrow peak of the HB line. As an illustration,
the rest frame spectrum of NGC 4051 taken on June 16, 1996
(JD =2450250.7) is shown in Fig. 1. The spectrum covers the
wavelength range from 3600 A to 7540 A, and the strongest
emission lines and prominent Fe I complex are labeled.

As shown in Fig. 1, there is a clear contribution from
blends of FeII line emission on both the red and blue sides of
the HB-[O 1] complex. The blends contaminate strong emis-
sion lines and alter the fluxes of HB and [O111]114959, 5007.
In order to determine contributions of the Fell blends and
to measure the other emission lines reliably, we subtract the
Fe 1 multiplets from each observed spectrum by the experien-
tial technique described by BG92. The subtraction depends on
a template of the Fe Il complex. In this paper, the adopted tem-
plate is the same as that used in BG92, namely, the Fe II emis-
sion of [IZW 1, which is a well-known prototype of bright NLS1
with narrow permitted Fe I emission lines (Phillips 1978; Oke
& Lauer 1979).
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Table 1. Continuum and integrated line fluxes.
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File name  Julian Date’  Set  F,(5100 A)’ F(HBp)* F(Fe 11)° F(HB)*¢ F(He 1114686)"/
(€8] 3) ) (5) (6) (7 8)
n00098b B 13.88£0.56 454+0.18  694*1% 634023 5.13+0.19
n00102b B 14422058  491+020 89623 681021 474 £0.15
n00105b B 1346 £054  4.54+0.18  7.82724  6.18+0.25 3.02+0.16
n00108b B 13.75£055 439+0.17  8.092%2  6.06+0.30 4.20+0.21
n00112b B 1375+055 442£018 745713 5911023 4.92+0.18
n00118a A 1401028 420+008  444*13 5234020 4.01+0.32
n00122a A 1412028  467+009 63429 564020 2.00 +0.08
n00123b B 1374+0.55  4.72£0.19  8.0175%  6.61+0.27 4,00 £0.19
n00127a A 1351027  4.66+0.09 6417256  597+0.14 2.42 +0.09
n00129b B 1437057 5.09+020 870232  7.07+0.25 4.93+0.18
n00132b B 1491 +£0.60 442+0.18  9.14*27%  547+0.12 3.52+0.20
n00134b B 13.39£054  4.63+0.19 85020  6.61+1.22 7.90 +0.83
n00136a A 1413028 453+009  7.63272  557+024 3.07+0.25
n00149a A 1470+029 491£0.10 8447317 623+023 3.38+£0.14
n00164a A 1429029  471£009 7757390 5941024 3.24+0.13
n00167b B 1466 £059 492020  7.82348 6141022 3.18 £0.09
n00168a A 1458029 475+009  7.157%  591+021 2.76 +0.09
n00170b B 14.17£057  506+020 830" 644035 4.04+0.21
n00183b B 1466059 484019 83575 647037 4.05+0.16
n00185b B 1451058  529+021  8.0537  6.91+0.26 3.62+0.13
n00185a A 1406028 512010 824*M2 6371027 1.73 £0.09
n00188b B 1461 £058 517021 92827 7231030 533+0.14
n00191b B 14.63+£058 535+021  8.63'23)  6.94+0.28 437 £0.15
n00193b B 1502+£0.60 575+023  8.62239  7.36+0.29 6.35+0.16
n00198a A 1443029 5.63+0.11 856"  7.65+0.15 3.70 £0.12
n00198b B 1354+£054 555+022 901210  6.64+0.64 6.44 + 0.40
n00199b B 1402+£056 554022  826°130  6.45+0.80 6.61 +0.55
n00206a A 1408028 563011  7.67397 737022 3.95+0.10
n00211b B 1354054  548+022 79719 7.18+0.33 4.62+0.21
n00212a A 1315026 536+0.11 74828  680+0.20 2.84+0.11
n00213b B 13.16+0.53  528+021  7.78*1% 691048 4.17 £0.19
n00218b B 1295+0.52  5.09+020 927732 6.74=048 420+0.26
n00220a A 1227025 4.59x009 64327 598+0.21 2.90 +0.17
n00221b B 1334+£053  428+0.17 69627  6.11+0.17 3.53+0.14
n00225b B 1226 049  437+0.17  7.59'17 581033 3.04+0.18
n00227a A 1314026 414+008 573833 536+0.19 3.54+0.11
n00233a A 12843026 451009  641*197 581022 243 +0.11
n00240b B 13.18£0.53  4.88+0.19  8852%2  6.34+0.61 3.73£0.25
n00241a A 1329027 478010 7462 650020 3.74 +0.74
n00248a A 1393028 564011  7.6473%  750+0.16 3.95+0.09
n00250b B 1299052 5.68+023  7.54*1%7 752+ 1.12 434 +0.85
n00253b B 1167047  522+021  731*072  662+038 3.29 +0.20
n00253a A 11.67+047  522+021 694725 650+0.26 2,64 £0.16
n00257b B 1209£048  447+0.18 64523 5821033 2.81+0.16
n00259b B 1192+ 048 457018 82974 638+0.34 4.66 +0.33
n00262a A 1241025 417+008 629290 535+0.17 2.49 +0.10
n00281b B 1364055 525+021  10.76*3  7.53+0.31 498 +0.22
n00284b B 1468059 589+024 91754 7.78+0.26 5.52+0.16
n00288b B 1325+£053  545+022 99739  7.52+0.26 4.17+0.19
n00429b B 1298£052  548+023 81722 7.65+0.38 4.50 +0.20
n00435b B 1353£054 546022 944245 77810.42 5.36 +0.32
n00451b B 1284051 551+022  10.83*197  7.66+0.38 4.60 +0.18
n00458b B 1325053 538022  9.99%272  7.07+041 4.23 +£0.20
n00465b B 12302049 474019  9.621355  7.04+0.27 420 +0.46
n00480b B 1268051 510020  9.17+4%  590+0.87 3.80 + 1.00
n00483b B 1195048  4.69+0.19 688293  592+0.76 244 +0.17
n00485b B 1241 £050  470+0.19  631'313  568+0.28 330 +£0.12
n00488b B 14.03+£0.56 492020  7.04*13%  6.03+0.48 3.88+0.35
n00493a A 1267025 499+0.10 661718 6.68+0.22 459 +£0.17
n00494b B 1353+0.54  483+0.19 10.03*4% 667023 448 £0.13
n00506a A 1146+023  4.69+0.09  544*136  655+0.27 2.60 + 0.21

1.17
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Table 1. continued.

File name  Julian Date®  Set  F,(5100 A)® F(HBp)" F(Fe 11)¢ F(HB)%¢ F(He 1114686)%/

@™ @ (€ “) ®) ©) ) ®)
n00509b  510.0...... B 1230+£049 437017 5554%  5.09£053 2.30£0.12
n00519b  519.8.. B 1251050 474+0.19 65838  610+£024 3.80+0.17
n00520a  520.8 A 1250025 512£0.10 533750 6.65+0.16 3.32£0.09
n00521b  521.8 B 1265+0.51 468019 639737¢  625+047 3.70 £0.24
n00527a  527.8.. A 1092022  457£009 482719  575+0.16 2.90+0.11
n00547b  547.6 B 11.80+£047 452+0.18 5.66%5 549+048 2.29+0.17
n00550b  550.8 B 1174047 447018 593%%%  565+038 2.34£0.15
n00551b  551.8.. B 1159+046 442+0.18 529788  553+027 2.32+0.13
n00567b  567.6 B 1088044 448018 6.0873Y  577£030 3.25£0.16
n00569b  569.6 B 1176047 431017 45978 530+031 2.56 +0.16
n00578b  578.6.. B 1202+048 432017 51658  596+035 2.70 £0.27
n00580b  580.7 B 1197+048 491020 441742  620+048 3.13+0.29
n00582b  582.6 B 1210048 449+0.18 50775  5.69+043 2.80+0.21
n00597b  597.7.. B 1257+050 424017 42738  476+0.09 1.60 +0.10
n00602b  602.6 B 1162047 461018 43526  607+034 279 +0.21
n00604b  604.6 B 1200+£048 450+0.18 510770 522+0.14 2.02+0.22
n00608b  608.6.. B 1196048 416017 3987  4.81£0.12 2.04£022
n00610b  610.6 B 1099+044 424017 59974 5.10+0.11 1.99 +0.20
n00627b  627.6...... B 1126+045 401016 566735  477+038 1.97£027
n00630b  630.7...... B 11.14+£045 3.88+0.16 43577 508031 2.60 +0.19
n00635b  635.6...... B 1187047 424017 54338  548+0.66 277033
n00641b  641.6...... B 1233049 471019 63655  622+032 3.30+0.16
n00643b  6436...... B 1075+043 446018 49572%  566+0.18 2.66 +0.13
n00775a  775.0...... A 1329%027  5.04+0.10 6.297)9  6.82+0.19 3.11+0.11
n00777b  777.0...... B 1269+051 518021 6.535%  6.68+036 3.11+0.14
n00782b  7820...... B 1286+051 541+022 72177%  6.78+025 2.96 +0.13
n00787b  787.0...... B 1349+054 527+021 73971  6.83+0.22 3.83£0.12
n00810b  810.1...... B 1406+0.56 395+0.16 7.1173{5 512£034 2.22£0.19
n00834b  834.0...... B 1200+048 485019 81417  5.65+0.20 1.62 +0.32
n00838b  838.1...... B 1144:046 459018 593727  578+027 2.23£0.13
n0083%  839.0...... A 1189024 489010 560523  631+025 2.85+0.15
n00840b  840.1...... B 1250+0.50 491+020 6772%  585+027 2.01£0.10
n00843b  843.0...... B 1245050 487x0.19 574570 555+0.26 1.62+0.14
n00847b  847.0...... B 1233:+049 482019 712728  610£034 2.14£0.14
n00867b  867.0...... B 1225+049 420+0.17 65378  495+059 1.31+0.13
n00869b  869.0...... B 1255+0.50 385015 4957%%  479£027 1.71£0.13
n00872b  873.0...... B 1215049 4.09+0.16 47471  4.88+027 1.93+0.10
n00876a  876.0...... A 1258050  431£0.17 5277335 5.78+0.20 3.31£0.10
n00877b  877.0...... B 12442050 437+0.17 611732 5541021 2.13+0.11
n00886a  885.8...... A 1154023  418+008 488710  543+0.20 2.71£0.12
n00892b  892.8...... B 1214+£049 454018 583%]9 542+023 1.85£0.11
n00906b  906.9...... B 1144:046 453018 5647282  573£027 222014
n00921b  921.9...... B 1161046 453018 6.3579) 557+028 1.91+0.12
n00927a  926.8...... A 1113£022  443£009 462718 581+0.17 2.57+0.14
n00930b  930.8...... B 1143046 401016 4897  500+034 1.74 £ 0.15
n00935b  935.9...... B 1192048 451018 53578  5.68+040 2.85+0.20
n00936b  936.6...... B 1123+045 439018 53057 530£027 1.84+0.11
n0094%b  949.6...... B 1203+048 504+020 52093 6.06+0.19 2.15£0.09
n00961b  961.6...... B 1132045 490+020 629719 594+031 2.32+0.11
n00966b  966.7...... B 11.60+£046 439018 447722  523:024 2.09 +0.12
n009%81la  980.7...... A 1172£021  473+008 5887391  6.34+0.06 2.79 +0.04
n00983b  983.7...... B 1141+£046 446018 5887220  537+032 2.00+0.14
n00988b  988.6...... B 1156046 430017 526723%  505+027 1.72 +0.10
n00991b  991.7...... B 1135045 415+0.17 6.697292 507+024 1.92£0.12
n009%4b  994.6...... B 1137+046 411+0.16 64838  502+026 1.49 £0.13
n01009b  1009.6..... B 1098+044 376015 450550  450+030 1.55£0.13
n01012b  10126..... B 1218+049 370015 571732  457+021 179 £0.12
n01019b B 1275051 420017 589739  527£033 2.80 £ 0.15
n01022b  10226..... B 1209048 457+0.18 7.2673%  552+0.40 1.58 £0.16

¢ The Julian Date is scaled to zero point at JD = 2450 000.

b In units of 107'% erg s™' cm™ A~!. The values are obtained by Peterson et al. (2000).
¢ In units of 107'3 erg s™' cm2. The fluxes are obtained from Peterson et al. (2000).

4 In units of 10713 erg s~ cm™2.

¢ Each flux includes the contributions of all three components.

/ Each flux contains the contributions of a broad base and a narrow peak.
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Fig. 2. The scheme of the Fe Il complex subtraction of spectrum taken
at JD = 2450250.7. The top and middle curves are Fell emission
blended and subtracted spectra, respectively. The observed spectrum
is shifted upward by an arbitrary amount. The bottom spectrum is the
best adopted template of the Fe Il complex.

The detailed procedure for making the template of the
Fe 11 emission can be found in BG92, but, briefly, the template
is a two-dimensional function of FWHM and intensity of the
Fe11 blends. The template can be broadened to the FWHM of
the broad component of HB by convolving with a Gaussian
profile and scaled to match the Fell strength. In NGC 4051,
the FWHM of the template is taken to be 1200 km s~' which
approximates the value of FWHM of HB (Vpwuy = 1110 =
190 km s~!) derived by Peterson et al. (2000). For each spec-
trum, the scaling factor is estimated at rest wavelength 4570 A;
then the convolved and scaled templates are subtracted from
the observed spectra. A successful FelI subtraction requires
a smooth continuum at blueward of HB and between 5100 A
and 5500 A. The Fe II subtraction is sketched in Fig. 2 for the
case observed at JD = 2450250.7. In the figure, the bottom
curve is the best estimated Fe Il multiplets; and the FeII sub-
tracted spectrum is shown in the middle; while the observed
spectrum is plotted at the top. Note that the observed spec-
trum is offset upwards arbitrarily for visibility. The errorbar
of Fell strength, however, is very hard to obtained accurately
because the subtraction is done by eye. Therefore, the uncer-
tainties of Fell intensities, which generally should be round
about 30-50 percent, are superseded by the upper and lower
limits. These limits are carefully obtained by iterative experi-
mentations with a series of values for the flux of the template.
Outside of the limits, the Fe 1l subtracted continuum is abso-
lutely unacceptable.

A new Femn template was recently published by
Véron-Cetty et al. (2004). We perform the Fell subtrac-
tion described above for 7 typical spectra in the terms of this
new template. The inferred Fell intensities are compared to
the intensities provided by BG92’s template. The two Fe I1 flux
measurements are highly correlated and consistent with a
nearly linear relation. This relation indicates that both tem-
plates can achieve the same result when we focus attention on
the variability behavior of the optical Fe I complex. In addition
to this relationship, the Fell flux obtained by the template
of Véron is systematically lower than the flux obtained by
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employing the BG92 template. For instance, in the spectrum
observed at JD = 2450250.7, the calibrated Fell flux (see
Sect. 3) is 5.25 x 10713 erg s™! cm™2 for the Véron’s template,
but 7.54 x 107'3 erg s7! cm™2 for the BG92 template. This
discrepancy is quite rational because the two templates differ
in their narrow permitted and forbidden Fe I lines. These lines
being of not negligible fluxes are excluded from the Véron’s
template.

2.2. Line profile modelling

The Fell multiplets contamination-removed spectra
are characterized not only by the prominent HS and
[01M]114959,5007 lines, but also by their broad and
strong He 1114686 emission. The next step in processing the
spectra is to remove the continuum from each spectrum.
Generally, the continuum is carefully modelled by a power law
based upon two selected wavelength regions 4400 A—4450 A
and 5100 A-5500 A in most situations. Both regions are
free of any strong emission lines. The IRAF-SPECFIT task,
a multi-component profile modelling procedure described by
Kriss (1994), was utilized to model the isolated emission lines.
Véron-Cetty et al. (2001) claimed that it is better to model
Hp emission line by a Lorentzian profile than by a Gaussian
profile in NLS1 galaxies. The choice of profile to represent
the observed emission line, however, may have no physical
significance (e.g. Evans 1988; Xu et al. 2003), especially when
we focus on an integrated line flux.

The following Gaussian components and specific rela-
tionships are involved when modelling each of the spec-
tra. For the first step, the profile of each of the forbid-
den [O1I]A144959,5007 lines is synthesized from a narrow
core, as well as from a broad and blueshifted base (e.g.
Heckman et al. 1981; Véron-Cetty et al. 2001; Zamanov
et al. 2002; Christopoulou et al. 1997). The atomic physi-
cal relationships Fsoo7/F4959 = 3 (Storey & Zeippen 2001)
and A4959/ 15007 = 0.9904 are employed to decrease the num-
ber of free parameters in the modelling of both narrow and
broad components. As a second step the HB line profile is
synthesized from both a narrow Gaussian component and a
broader one. Although this representation can fit the HS line
core well and agree with a generally accepted unified model
for AGN, it could not fit the far blue wing of HB ade-
quately. Therefore, an additional blueshifted Gaussian compo-
nent with FWHM ~ 6000 km s~! should be acquired to fit the
far blue wing of HB (e.g. Sulentic et al. 2000c; Marziani et al.
2003b; Korista & Goad 2004). In summary, a set of the fol-
lowing three Gaussian components are adopted to model the
Hp profile: a narrow core, a classical broad component with
FWHM ~ 1200 kms™', and a very broad and blueshifted
base. The FWHM of narrow Hg is taken to be equal to that
of the [OTII] core, because both components are emitted from
the same region, i.e. from the narrow line region (NLR).
The He 1114684 line profile is easily fitted by a set of two
Gaussian profiles because of its substantial reflection in pro-
file. As an illustration, the profile modelling of the spectrum
observed at JD = 2450250.7 is shown schematically in Fig. 3.
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Fig.3. An illustration of line-profile modelling of a continuum-
removed spectrum taken on June 16, 1996 (JD = 2450250.7). The
observed profile is shown by the thin solid line, and the modelled
profile, by the thick solid line. The narrow and broad components of
each emission feature are represented by long and short dashed lines,
respectively. The residuals of profile modelling are displayed in the
lower panel.

The observed profile is represented by a thin line, and the mod-
elled profile by a solid line. Each Gaussian component is shown
by either a long- or short-dashed line. The residuals between
the observed and modelled profile are presented in the bottom
panel underneath the spectrum.

3. Results

The modelled flux of each component is calibrated by a
constant total flux of [O1I]A5007, where F([O111]A5007) =
(3.91 £ 0.12) x 10713 erg s7! cm™2 (Peterson et al. 2000). The
small systematical flux difference between the two sets (set A
and B) are corrected by Formulas 5 and 6 in Peterson et al.
(2000).

The final results of profile modelling, along with the con-
tinuum and total HB fluxes adopted from Peterson et al. (2000),
are given in Table 1. Column (1) lists the file name, and Col. (2)
the corresponding Julian Date of observation. The continuum
and Hp fluxes, both measured by Peterson et al. (2000), are
listed in Cols. (4) and (5), respectively. Column (6) is the
flux of the subtracted optical Fe IT complex between rest wave-
length 4434 A and 4684 A, along with the determined upper
and lower limits. The modelled total flux of HB is given in
Col. (7), and the total flux of He1114686 in Col. (8). All the
errors given in Cols. (7) and (8) are caused by profile mod-
elling.

The correlation between the modelled flux of HB and the
flux provided by Peterson et al. (2000) is illustrated in Fig. 4.
The modelled HB flux containing all three components is rep-
resented by solid square symbols (Correlation I, for short),
and the modelled HB flux in which the very broad compo-
nent are excluded, by open triangles (Correlation II, for short).
Statistical analysis yields a Spearman rank-order correlation
coefficient r; = 0.896 (P < 107*, where P is the probability that
there is null relation between two variables) for Correlation I
and r, = 0.708 (P < 107*) for Correlation II. Because of
the lower inferred correlation coefficient for Correlation II with
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°
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Fig.4. The correlation between two independent HB measurements
(see text for details). The horizontal axis is the value obtained by
Peterson et al. (2000), and the vertical one the value provided by pro-
file modelling. The total flux including all three components is denoted
by solid squares (r; = 0.896, P < 107*), while the flux, including
a narrow peak and a classical broad component, is denoted by open
triangles (r; = 0.708, P < 107%).

respect to that for Correlation I, we clarify that the very broad
component should not be ignored in accounting for the total
flux of HB. Systematically, the modelled flux is slightly larger
in this way than the flux provided by Peterson et al. (2000). This
systematical enhancement can be explained easily by emission
at the high velocity wing of the very broad base. In the study
by Peterson et al. (2000), the HB high velocity wing is trun-
cated by integration ranging from 4820 A to 4910 A in the ob-
served frame. Comparing the flux modelled independently in
this paper to the one obtained in Peterson et al. (2000), we find
a highly significant, nearly linear correlation between them.

3.1. Light curves

The derived light curves of HB, He 1114686, and Fe 11 are dis-
played in the bottom three panels in Fig. 5. Moreover, the
light curves of HB and continuum both derived by Peterson
et al. (2000) are shown in the top two panels. The two inde-
pendent HB light curves are quite similar. The second panel,
from bottom to top, shows the light curve of the HelI line.
Here, it should be emphasized that the flux of HeII is obtained
from the Fell contamination-removed spectrum. Because of
the significant blending between He Il and the Fe Il complex,
the Fe IT emission is a complicating factor when measuring the
strength of He1I line. In Fig. 5, the error bars overlaid on the
He1r light curve include only those uncertainties caused by
profile modelling and do not reflect the errors caused by the
Fe 11 subtraction. The FeII variations are shown in the bottom
panel of Fig. 5. The length of each overlaid solid line corre-
sponds to the range between upper and lower limits, which are
determined by the iterative experiments of the Fe IT subtraction.
The pattern of the FelI variations closely follows the contin-
uum (and HpB) light curve. Despite all our efforts, any signif-
icant lag of the Fell complex with respect to the continuum
could not be determined because of the large uncertainties of
the Fe 11 flux.
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Fig. 5. Light curves of continuum and emission lines for NGC 4051
with 120 points taken between Jan. 15, 1996 and Jul. 28, 1998.
The first panel shows the light curve of continuum in units of
107" erg s™' em™2 A. The Hp light curve adopted from Peterson et al.
(2000) is displayed in the second panel in units of 107'3 erg s™! cm™2.
The third, fourth, and fifth panels illustrate, respectively, the emis-
sion line light curves of HB, Hen14686, and Fell in units of
1073 ergs™' cm™2.
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Fig. 6. Lower panel: line intensity of the optical FelI blends plotted
against continuum at rest wavelength 5100 A (r, = 0.701, P < 10™).
In addition, intensity of HB as function of continuum flux is shown in
the upper panel (r, = 0.564, P < 107).

In the lower panel of Fig. 6, the flux of the Fell com-
plex is plotted as a function of continuum flux as an additional
test of line variability. The diagram shows a positive correla-
tion between FeII intensity and continuum flux (r; = 0.701,
P < 107%). The relationship of the HB line with respect to con-
tinuum is displayed in the upper panel (r; = 0.564, P < 107).

3.2. Equivalent width and RFe

The Baldwin Effect (BE) defined as an anti-correlation be-
tween the equivalent width (EW) of C1v 41549 and contin-
uum luminosity at 11450 was first reported by Baldwin (1977).
Subsequent observational studies indicated that the BE can
be detected in almost all measurable high ionization emis-
sion lines (Espey et al. 1993; Lanzetta et al. 1993; Zheng &
Malkan 1993) except NvA1240 (Hamann & Ferland 1999).
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Fig.7. A plot of equivalent width for the optical Fe Il complex against
the flux of continuum (7, = 0.384, P < 107™).
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Fig.8. Rp. plotted against the logarithm of continuum flux (r, =
0.521, P < 107*). The best fitted relation Rg, o« (5.0 + 0.8) log(L/M)
is shown by the overlaid solid curve.

Gilbert & Peterson (2003) recently found a convincing intrin-
sic BE in the broad Hp line of the active galaxy NGC 5548 by
analyzing spectra from International AGN Watch collaboration
(see also in Goad et al. 2004).

In Fig. 7, the EW of the Fe 1 complex is plotted against con-
tinuum flux. There is a moderate correlation between these data
(r¢ = 0.384, P < 107, which confirms previous claims that
no convincing BE has been detected in the optical Fe 1T blends
(Yee & Oke 1981; Elston et al. 1994). The relationship is in-
fluenced slightly by a few points with excessive Fe 1l contri-
butions. These points clearly deviate from the other points.
Detailed inspection of the light curves indicates that these spe-
cific points are mainly deduced from spectra observed from
JD =2450193.6to 2450465.0. Subsequently, the correspond-
ing original spectra, FeIl subtraction, and profile modelling
are carefully inspected. We find that the deduced excessive
Fe 11 emission is perhaps caused by the lower S/N ratio at blue-
ward of the spectra. The bad quality of the spectra makes mea-
surement of the Fell blends difficult and ultimately leads to
an over-removal of the Fe 1 complex because of blending be-
tween Fe II and other faint emission lines, such as He114471.

The intrinsic variations of Rg. as a function of contin-
uum flux are plotted in Fig. 8. Rp. is one of the most im-
portant quantities describing the E1 parameter space, and it
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Fig. 9. A plot of Rp.(4570 A) against the continuum flux in NGC 7603.
The fluxes are measured by Kollatschny et al. (2000). Rg. is calculated
by flux ratio between Fe 11 and Hg.

is defined as the flux ratio of optical Fell complex to HpS.
Although the flux of HB includes the contributions of nar-
row, broad, and very broad components, it should be noted
that the flux of the narrow component of Hg is, of course, ex-
pected to be constant. This plot shows a positive correlation be-
tween Rp. and continuum flux logarithm. The correlation coef-
ficient derived by Spearman analysis is 7y = 0.521 (P < 107%).
An unweighted linear fit to this relation gives Rpe o« (2.5 +
0.4)log([F (5100 A)/107"3 erg s™' cm™2]) and is over-plotted
in Fig. 8 as a solid line. By analyzing the reverberation mapping
(e.g. Blandford & Mckee 1982; Peterson et al. 1998b) results
of spectrophotometrical monitoring of a well-defined sample
of 17 Palomar Green quasars and 17 Seyfert galaxies, Kaspi
et al. (2000) found that the relation between the Eddington ra-
tio and the continuum luminosity at 15100 can be expressed as
L/Lg o [ALy(5100 A)/10* erg s~'1°3. Consequently, by com-
bining the above relationships, we find that Rg. can be inferred
to scale with the Eddington ratio as R o (5.0 +0.8) log(L/M).
Our relationship does not agree with that found by Marziani
et al. (2001, and references therein). To predict a grid of theo-
retical values in E1 parameter space, these authors obtained a
global semi-theoretical relation between R, and the Eddington
ratio: Rge o« 0.55log(L/M). The discrepancy between the two
relations is highly significant.

4. Discussion: Comparison of variability
in Fell complex: NGC 4051 and other AGNs

In this paper, we detect a positive correlation between Rp. and
the continuum flux in NGC4051. However, it should be em-
phasized that the real situation is hard to handle when taking
other results about variations of Fe IT emission into account. For
instance, by calculating the flux ratio of Fe IT to HB, we find that
in NGC 7603, Ry, apparently decreases with increasing con-
tinuum (Kollatschny et al. 2000). This relation is displayed in
Fig. 9. The point observed at JD = 24044 168 is omitted be-
cause it clearly deviates from the other points. The difference
in variability behavior of Ry, implies that the Seyfert galaxies
NGC4051 and NGC 7603 differ in those physical conditions
that govern the variability behavior of Fe I emission.

J. Wang et al.: Variability of Fe Il complex in NGC 4051

Table 2. Variations of the Fell complex in six selected Seyfert
galaxies.

Source name FWHM* Rpe vs. F f{ Reference
(km s71)

(H 2 (3 4
NGC7603.. 6560 Negative 1
Mark 110... 1515 Negative
NGC4051.. 1100 Positive
Mark 359... 900 Positive 3,4
Mark1044 . . 1010 Positive 3,4
Akn 564. ... 865 Positive 3,4

5

¢ Each of the FWHM measured from the mean profile of the HS line.

b The relation between Rp. and continuum. Positive: the relation is
positive; Negative: the relation is negative.

Notes 1: Kollatschny et al. (2000); 2: Kollatschny et al. (2001);
3: Giannuzzo & Stirpe (1996); 4: Véron-Cetty et al. (2001).

In order to statistically investigate the behavior of Fe II vari-
ations, we collected some results about FeII variations from
earlier publications. The comparison is summarized in Table 2.
Column (1) lists the object name, and Col. (2) the aver-
aged FWHM of HB. Column (3) summarizes the relation be-
tween Rp. and continuum flux. In fact, whether a positive or a
negative correlation can be obtained is determined by the fact
that the variations of the Fe Il blends are stronger or weaker
in comparison to the HB line. In Mark 359, Mark 1044, and
Akn 564, the percentage variations in line fluxes of HB and
Fe 1144550 were given by Giannuzzo & Stirpe (1996). The vari-
ability behavior of Ry, could be easily obtained in terms of the
ratio between the percentage variation of FeII and that of HS.
If the ratio is larger than unity, then Rp. is expected to in-
crease with continuum. Instead, Rr. decreases with continuum
when the ratio is less than 1. In NLS1 galaxy Mark 110, Rg.
is expected to decrease with continuum flux both because the
Hp line varied by a factor of about 2 and because the FeII lines
remained constant over the 10 years.

By comparing the variability behaviors of different objects,
we find that all objects with positive correlations have narrow
Hp profiles and can be classified as NLS1s. In contrast, the re-
maining two sources with negative correlations have relatively
broad Hp profiles (i.e. FWHM > 1500 km s~!). The dichotomy
in variability behavior of Rg. suggests that the variability am-
plitude of the Fe 1 complex in Seyfert galaxies might be cor-
related with the width of the HB line. Because the standard
photoionization models cannot interpret the strong Fe Il emis-
sion, we attempt to interpret the dichotomy in variability be-
havior of Rg. in the framework of collisional models, in which
the bulk excitation of the optical FelI lines is due to colli-
sional excitation in a high density optically thick cloud illu-
minated and heated mainly by X-rays photons (Wills et al.
1985; Kwan et al. 1995; Sigut & Pradhan 2003; Verner et al.
1999; Collin-Souftrin et al. 1986, 1988). The Fe II emission re-
gion is typical of N, ~ 10'9"2cm™3, Ny > 10*cm™2, and
T. ~ 8000 K.

We discuss the observed Fell variability in terms of the
extensively used line responsivity d;ji(¢)/0F., where jj is the
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emissivity of a given line and F. the incident ionizing con-
tinuum flux. The time dependent responsivity means that the
gas requires some time to equilibrate to a new continuum
level. We clarify that this delay, in minutes, is so short that
it can be neglected on the basis of the following discussions.
Relaxation to thermal balance takes place on the timescale
feool ~ 5% 10! ng I's (Krolik 1999), where the fact that the cool-
ing function is usually ~107>3 erg cm? s™! when the tempera-
ture is around 10* K is used. This formula provides a cooling
timescale of about 0.1-1000 s when typical values of density
in BLR are taken (e.g. in NGC4051 N, ~ 10'° cm™3, Hyung
et al. 2000; 8.7 < logN. < 9.1, Komossa & Mathur 2001).
These calculations indicate that, relative to the timescales on
which the intrinsic continuum changes (weeks to years), the
cooling timescale can be entirely ignored.

Now we focus attention on the line responsivity di/0F.,
and consider the two possible explanations:

1. Line responsivity as a function of electron density. Recent
numerical calculations have indicated that the responsiv-
ity of the Fen line flux in higher density case is much
larger than in the case with lower density (see Fig. 6 in
Sigut et al. 2004). The Fe1l flux is enhanced by about
one order in the model with logny = 9.5, but by nearly
two orders in the model with logny = 11.5, when the
ionization parameter increases from 10~ to 107!, Since
there is a significant correlation between Rp. and elec-
tron density (Aoki & Yoshida 1999; Wills et al. 1999;
Marziani et al. 2001, and references therein), adopting the
generally accepted E1 correlation Rp, o« FWHM™! yields
FWHM(Hp) o« n;!. For example, in IZW1 the line ratio
Sinr)A1892/CurjA1909 ~ 3.5 (Laor et al. 1997) is much
larger than the typical value for quasars (~0.3, Laor et al.
1995). The ratio Sil])/C 1] is a useful density diagnostic
in BLR (Ferland et al. 2000). In general, the responsivity
of the Fe1I lines in NLS1 is consequently expected to be
larger than in Broad-Line Seyfert 1 galaxy (BLSy1).

2. Line responsivity as a function of incident continuum
shape. 1t is clear that the reprocessed spectrum also de-
pends on the shape of incident continuum. Continuum ener-
gies that should most affect Fe 11 strength are hv > 800 eV
(Krolik & Kallman 1988). Recently, the positive correla-
tions between ROSAT HR1 and Count Rates were iden-
tified for six out of eight NLS1s, but the anti-correlations
were identified for seven out of 14 BLSyls (Cheng et al.
2002). There were no detectable correlations in the other
two NLS1s and 7 BLSy1s. This means that, in general, the
fraction of ionizing photons at high energy level increases
with incident continuum in NLS1. In contrast, a decreased
fraction can usually be found in BLSyl. If so, the mag-
nitude of changes in heat caused by the high energy pho-
tons are stronger in NLS1 and weaker in BLSyl1, so that
the observed variations of the optical Fe II blends logically
become strong in NLS1 and weak in BLSyl1.

In summary, the dichotomy in the variability behavior of Rg.
could be caused by one of two different physical conditions,
i.e. either by electron density in a single cloud or by variability
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behavior of incident high energy photons. At present, however,
evidence is not conclusive enough to determine which of them
is more important. Although we discuss them separately, it is
also possible for both mechanisms to act together in AGN. It
might be worthwhile to extend variability campaigns to larger
Seyfert samples with different broad line widths in order to in-
vestigate the validity of the trend mentioned above. It is also
likely that complicated photoionization model calculations are
necessary to distinguish between the proposed two interpreta-
tions. However, this model study is beyond the scope of this

paper.

5. Conclusions

We perform new analysis of the archival spectra of NGC 4051
extracted from the AGN Watch project in order to investigate
the variability of optical Fe I emission. The template of BG92
is used to remove and to measure the Fe I complex. The other
emission lines are profiled by multi-component profile mod-
elling. This analysis allows us to make the following conclu-
sions:

1. In NGC4051, we find that the optical Fe II complex was
variable during the three years period. The Fe 11 variations
closely follow the continuum variations, and the intensity
of FelI evidently increases with the continuum flux.

2. A positive correlation between the EW of Fe I1 and the con-
tinuum flux is identified in NGC4051. This result agrees
with the previous claims that no convincing BE of Fe II has
been detected until now.

3. By comparing the variations of HB and Fell, a positive
correlation between Rg. and continuum flux is obtained in
NGC4051. The unweighted fit gives the relation Rp, o
(5.0 £ 0.8)log(L/M). This relation is significantly differ-
ent from the relation Rp. oc 0.55log(L/M), predicted by the
semi-theoretical formula (Marziani et al. 2000).

4. We find an inverse correlation between Rp. and contin-
uum in Seyfert galaxy NGC 7603 (Kollatschny et al. 2000).
The difference in the variability behavior of Rp. implies
that the Seyfert galaxies NGC 4051 and NGC 7603 differ in
physical conditions governing the variability of the optical
Fe11 blends. Furthermore, in six selected Seyfert galaxies,
the positive correlations are identified in 4 out of 5 NLS1s
and for the negative correlations, in the remaining two ob-
jects whose Hp profiles are relatively broad. The different
electron density of BLR clouds and variability behavior of
high energy photons are put forward to interpret the di-
chotomy in variability behavior of R,.
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