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ABSTRACT

We present a radio-quiet quasar at z = 0.237 discovered “turning on” by the intermediate Palomar
Transient Factory (iPTF). The transient, iPTF 16bco, was detected by iPTF in the nucleus of a galaxy
with an archival SDSS spectrum with weak narrow-line emission characteristic of a low-ionization
emission line region (LINER). Our follow-up spectra show the dramatic appearance of broad Balmer
lines and a power-law continuum characteristic of a luminous (Lbol ≈ 1045 ergs s−1) type 1 quasar
12 years later. Our photometric monitoring with PTF from 2009-2012, and serendipitous X-ray
observations from the XMM-Newton Slew Survey in 2011 and 2015, constrain the change of state
to have occurred less than 500 days before the iPTF detection. An enhanced broad Hα to [O III]
λ5007 line ratio in the type 1 state relative to other changing-look quasars also is suggestive of the
most rapid change of state yet observed in a quasar. We argue that the > 10 increase in Eddington
ratio inferred from the brightening in UV and X-ray continuum flux is more likely due to an intrinsic
change in the accretion rate of a pre-existing accretion disk, than an external mechanism such as
variable obscuration, microlensing, or the tidal disruption of a star. However, further monitoring will
be helpful in better constraining the mechanism driving this change of state. The rapid “turn on” of
the quasar is much shorter than the viscous infall timescale of an accretion disk, and requires a disk
instability that can develop around a ∼ 108M⊙ black hole on timescales less than a year.

Subject headings: galaxies:active – accretion, accretion disks – black hole physics – surveys

1. INTRODUCTION

Variability is a ubiquitous property of quasars on
timescales of hours to years, and likely attributed to pro-
cesses in the accretion disk fueling the central supermas-
sive black hole (SMBH) (Pereyra et al. 2006; Kelly et al.
2009). More dramatic changes in accretion activity are
also expected to occur on much longer timescales. Hy-
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drodynamic simulations of quasar fueling and feedback
reveal a “duty cycle” of accretion activity on timescales
of a Myr (Novak et al. 2011), and may explain the lack
of clear observational evidence for causal connections be-
tween AGN activity and star-formation in galaxy studies
(Hickox et al. 2014). Observations of ionization nebulae
on the outskirts of galaxies have indicated the shut off
of quasar engines on timescales of tens of thousands of
years (e.g., Schawinski et al. 2010), and our own Galactic
center shows signs of X-ray reflection from enhanced nu-
clear activity on a timescale of only hundreds of years ago
(Ponti et al. 2010). However, as we explore the behavior
of active galactic nuclei (AGN) more systematically in
the time domain with optical imaging and spectroscopic
surveys, we are finding evidence for significant accretion
state changes on even shorter timescales.
In the AGN unification model, type 1 (spectra with

narrow and broad lines) and type 2 (spectra with narrow
lines only) classifications are explained as a viewing angle
effect due to nuclear obscuration of the broad-line region
and accretion disk continuum (Antonucci 1993). A chal-
lenge to this paradigm is the rare class of “changing-look”
AGN, who change their spectral class with the appear-
ance and/or disappearance of broad Balmer lines, ac-
companied by large-amplitude changes in the AGN con-
tinuum. Most of the changing-look AGN cases reported
to date have been spectroscopically known Seyferts who
have shown a dramatic appearance or disappearance of
their broad Balmer lines in follow-up spectra resulting in
a “change of state” between a type 1 and a type 1.8-2
spectrum. A type 1.8 or 1.9 Seyfert classification de-
pends on the presence of weak broad Hβ or broad Hα,
respectively (Osterbrock 1981).

http://arxiv.org/abs/1612.04830v1
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Notable examples of changing-look AGN include the
appearance of broad, double-peaked Hα and Hβ lines
in LINER galaxy NGC 1097 (Storchi-Bergmann et al.
1993), and the complete disappearance of the broad Hβ
line in Seyfert 1 galaxy Mrk 590 (Denney et al. 2014).
More recently the ASAS-SN optical time domain survey
discovered an outburst from NGC 2617 at z = 0.0142,
that was accompanied by a transition from a Seyfert
1.8 to a Seyfert 1 optical spectrum on a timescale of
∼ 10 yr (Shappee et al. 2014). And recent follow-up ob-
servations of the changing-look AGN Mrk 1018, which
had changed from a type 1.9 to type 1 Seyfert in 1984,
revealed a change back to a type 1.9 Seyfert 30 years
later (McElroy et al. 2016). The fact that the vari-
able UV/optical continuum in Mrk 1018 followed the
L ∼ T 4 relation expected for thermal emission from a
disk, and that there was no evidence for neutral hydro-
gen absorption in its X-ray spectrum, favored intrinsic
changes in the accretion flow instead of an obscuration
event (Husemann et al. 2016), which has been inferred
to be the cause for rapid drops in the UV continuum
(Guo et al. 2016) and X-ray flux (Risaliti et al. 2009;
Marchese et al. 2012) in some AGN.
The first case of a changing-look AGN with the lumi-

nosity of a quasar (which we define as Lbol > 1044 ergs
s−1) was SDSS J0159+0033 at z = 0.312 (LaMassa et al.
2015), which was discovered to change from a type 1 to
type 1.9 spectrum between its SDSS DR1 spectrum in
2001 and its SDSS-III BOSS spectrum in 2010. Since
then, there was a systematic search by Ruan et al. (2016)
of SDSS quasars with multiple epochs of spectra for
which the spectroscopic pipeline classification changed
between a ”QSO” to a ”GALAXY”, or vice versa, that
recovered SDSS J0159+0033, and revealed two more
cases of changing-look quasars (at z = 0.198 and z =
0.243) with a dimming in their continuum and disappear-
ance of the broad Hβ line on a timescale of 5 − 7 years
in the rest-frame. An archival search of SDSS quasars
with multiple epochs of spectra and large amplitudes of
variability (∆g > 1 mag) by MacLeod et al. (2016) also
yielded SDSS J0159+0033, and 9 more changing-look
quasars at z = 0.2 − 0.6, 5 of which show the appear-
ance of broad Hβ between the SDSS and BOSS spectral
epochs. New epochs of spectra from the Time-Domain
Spectroscopic Survey (TDSS; Morganson et al. (2015))
have also revealed one new case of a transition from
a type 1 to type 1.9 quasar at z=0.246 (Runnoe et al.
2016).
Here we report the rapid (< 1 yr) emergence of a type 1

radio-quiet quasar from a galaxy at z = 0.237 with weak
narrow-line emission in its pre-event spectrum character-
istic of a LINER nucleus that does not require an AGN
to power the line emission. Throughout this paper, we
refer to quasars as radio quiet or radio loud AGN above
a bolometric luminosity of 1044 ergs s−1. We also adopt
a cosmology where H0 = 70 km s−1 and ΩM = 0.3 and
ΩΛ = 0.7, yielding a luminosity distance for iPTF 16bco
of dL = 1186 Mpc.

2. OBSERVATIONS

2.1. SDSS Archival Imaging and Spectroscopy

The source SDSS J155440.25+362952.0 was imaged by
the SDSS survey on UT 2003 April 29 (all days hereafter

are in the UT system), and morphologically classified as
a galaxy with r = 18.18± 0.01 mag. It was targeted in
the SDSS spectroscopic legacy survey as a ugri-selected
quasar, selected for lying more than 4σ from the stel-
lar locus (Richards et al. 2002) at high Galactic latitude
(QSO CAP). It turns out that while the colors measured
in the SDSS survey are outside the stellar locus, with
u−g = +0.44±0.04 mag, g−r = +0.92±0.01 mag, and
r − i = +0.48 ± 0.01 mag, given the known redshift of
the galaxy, they are inconsistent with the quasar color-
redshift relation measured for the SDSS spectroscopic
sample (Schneider et al. 2007).
The SDSS legacy spectrum, obtained on 2004 June

16, was determined by the spectroscopic pipeline to
have a z = 0.2368, and a spectroscopic classification
of a ”GALAXY”, with a stellar velocity dispersion of
σ⋆ = 176 ± 14 km/s. The galaxy classification was due
the presence of strong galaxy absorption features (Ca
H&K, G band, Mg I, Na D), with only weak [O III]
and [N II] emission lines detected. According to the
MBH−σ⋆ scaling relation, this velocity dispersion corre-
sponds to a central black hole mass of (1+2

−0.7) × 108M⊙
(McConnell & Ma 2013).
We find no evidence for significant flux variations

between the SDSS survey image in 2003 and legacy
spectrum in 2004. The synthetic r-band magnitude
of the 2004 SDSS spectrum (measured by projecting
the best-fit spectral template onto the r-band filter) is
spectroSynFlux r = 18.82±0.02 mag. The correspond-
ing fiber magnitude for the SDSS imaging in 2003 (mea-
sured with an aperture equal to the 3′′ diameter spectro-
scopic fiber) is r = 18.95 mag. Since the SDSS spectrum
in 2004 is dominated by host galaxy starlight in the wave-
length range of the r-band (λeff = 6231 Å), we conclude
that the SDSS image in 2003 is also dominated by host
galaxy starlight.

2.2. GALEX Archival Imaging

The source was observed by the GALEX All-Sky Imag-
ing Survey on 2004 May 15 with an 6 ′′ (4 pixel) radius
aperture magnitude corrected for the total energy en-
closed (Morrissey et al. 2007) of NUV = 21.61 ± 0.35
mag, and a 5σ point-source upper limit of FUV > 20.6
mag for texp = 112 s, and a background of 2.6 × 10−3

cts s−1 pix−1. Note that the color measured by GALEX

and SDSS of NUV −r = +3.4±0.35 mag is entirely con-
sistent with normal galaxies with a similar luminosity on
the blue sequence (Wyder et al. 2007).

2.3. iPTF Detection

iPTF 16bco was discovered as a transient detection by
the Palomar 48-in telescope (P48) on 2016 Jun 1 dur-
ing an (intermediate) Palomar Transient Factory (iPTF)
g+r band experiment by the real-time difference imaging
pipeline run at LBNL (Cao et al. 2016), with g = 19.4
mag and r = 19.6 mag. The source was flagged as a “nu-
clear” transient given the measured offset of 0.44 arcsec
from its host galaxy; within our centroiding accuracy of
0.8 arcsec. The data were re-reduced with the PTFIDE
pipeline run at IPAC (Masci et al. 2016).

2.4. Follow-up Spectroscopy
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On the next day after the discovery (2016 Jun 2), the
transient iPTF 16bco was followed-up with the robotic
low-resolution (R = λ/∆λ ∼ 100) Integral Field Unit
(IFU) spectrograph, part of the Spectral Energy Distri-
bution Machine (SEDM) instrument on the Palomar 60-
in telescope (P60). The spectrum was strikingly differ-
ent than its archival SDSS spectrum, and three more
epochs of spectroscopy were obtained with DEIMOS
(Faber et al. 2003) on the Keck-II telescope on 2016 June
4, and the DeVeny spectrograph on the Discovery Chan-
nel Telescope (DCT) on 2016 June 13 and 2016 July 9.
The SEDM IFU obtained 2700 s exposures on 2016

June 2 and July 24, and data reduction was performed by
the SEDM pipeline. Sky subtraction was performed us-
ing “A-B” extraction: two exposures of the same length
are taken offset by a few arcsec, so that the object of in-
terest lies on an empty sky region on the next exposure,
and then subtracted from each other to remove the sky
lines. The spectrum is extracted in each exposure sepa-
rately, and then the fluxes are summed to get the final
spectrum.
The Keck spectrum was obtained with a 0.′′8 slit and

the exposure time was 240 seconds. Data were re-
duced with usual procedures from the DEEP2 pipeline
in IDL (Cooper et al. 2012; Newman et al. 2013) and in
PyRAF. The flux calibration and telluric correction were
done with the flux standard star BD262606. The spec-
trum covers wavelengths ranging from 4550 Å to 9550
Å with a spectral resolution of ∼4 Å. The DCT spectra
were obtained with a 1.′′5 slit and an exposure time of
600 s and 1200 s, respectively, with a spectral resolution
of ∼ 9 Å. Data were reduced in standard IRAF routines,
and flux calibration was performed with the flux stan-
dard star BD+40d4032.
Figure 1 shows the series of follow-up spectra, which

demonstrate strong, broad, Balmer emission lines char-
acteristic of a type 1 quasar at z = 0.2368.

2.5. Palomar 60 inch Imaging

We also monitored the source in 3 filters (g, r, i) with
the SEDM on the P60 telescope. The data were host-
subtracted using FPipe (Fremling et al. 2016). One
epoch of the P60 data points on MJD 57576 are from
the GRBCam. We do not plot the i-band GRBCam
data from this night due to the large difference in the
shape of its filter transmission curve in this band. The
light curve of the transient iPTF 16bco is presented in
Figure 2, and the photometry is given in Table 1. We ad-
just the g-band P48 photometry by +0.25 mag in order
to match the P60 photometry. This offset is attributed
to the difference in filter curves in the g-band, and the
strong blue continuum. Note that since its discovery by
iPTF on 2016 Jun 1 in the g and r bands, iPTF 16bco
has retained a blue color, g− r ≈ −0.1 mag, and demon-
strated a rise in brightness of ∼ 0.5 mag over a timescale
of ∼ 1 month.

2.6. PTF Historical Light Curve

The source was observed in the PTF survey in 2009−
2012, and no variability was detected in this time frame,
with a median transient point source upper limit over

16 http://www.astro.caltech.edu/sedm

151 epochs of r < 20.9 mag, with the last non detection
on 2012 May 28. When adding in the host galaxy flux
measured by SDSS, this corresponds to a total magnitude
of r < 18.10 mag, or a ∆r < 0.08 mag during this time
period. The P48 observations constrain the onset of the
nuclear transient to be after the last non-detection on
2012 May 28, 4 years before the iPTF discovery.

2.7. Swift Observations

The source was observed with our Swift Key Project
program for UV follow-up of iPTF nuclear transients (PI:
Gezari) on 2016 June 21 and July 5. We extracted the
source from a 5.′′0 region using a background region of
20.′′0 radius using the task uvotsource in HEASoft which
includes a correction for the enclosed energy in the aper-
ture. The source was observed in the uvw2 filter with
∼ 1 ks exposures, and detected with 19.30 ± 0.05 mag
and 19.11 ± 0.05 mag in the AB system, respectively.
The corresponding UV-optical color of iPTF 16bco (with
a negligible contribution of UV flux from the host) is
NUV −r ∼ ‘−0.5 mag, notably bluer than the NUV −r
colors of low-redshift quasars measured by GALEX and
SDSS (NUV − r = 0.0 − 0.5 mag) (Bianchi et al. 2005;
Agüeros et al. 2005).
Simultaneous Swift XRT observations were processed

with the UK Swift Data Science Centre1 pipeline that
takes into account dead columns and vignetting to ex-
tract counts from the source in the energy range of 0.3-
10 keV. The X-ray count rate on June 21 and July 5
is 0.025± 0.0057 and 0.013± 0.0059 counts s−1, respec-
tively. We further obtained a 1.7 ks Swift XRT expo-
sure on 2016 October 21 and the source was detected
with 0.027 ± 0.004 counts s−1. This confirms the lack
of significant X-ray variability between the Swift obser-
vations. Furthermore, the combined spectrum of all the
data can be modeled with an absorbed power-law with
a spectral index of Γ = 2.1 ± 0.5 and NH fixed at the
Galactic value of 1.63 × 1020 cm−2 (Dickey & Lockman
1990). The average unabsorbed 0.2-10 keV flux of the
source is 9×10−13 ergs s−1 cm−2, corresponding to a lu-
minosity of 1.5× 1044 ergs s−1 by assuming an absorbed
power-law with NH = 1.63 × 1020 cm−2 and Γ = 2.1 at
z = 0.2368.

2.8. Archival X-ray Observations

The ROSAT upper limit in the 0.1-2.4 keV band from
All-Sky Survey in 1990-1991 (Voges et al. 1999) is 0.1 cts
s−1 which corresponds to an unabsorbed flux of ∼ 7 ×
10−13 ergs s−1 cm−2. There are even more constraining
2σ upper limits from the XMM Slew Survey2 of < 0.601
and < 0.817 cts s−1 in the 0.2− 12.0 keV band on 2011
Feb 27 and 2015 Feb 08 corresponding to < 2.7× 10−13

and < 3.2×10−13 ergs s−1 cm−2, respectively. The latest
XMM Slew Survey upper limit implies a factor of > 3
increase in flux in the Swift XRT detection on a timescale
of < 1.1 yr in the quasar rest-frame.

2.9. Radio Observations

We observed iPTF 16bco with the AMI-LA at 15.5
GHz on 2016 Oct 16.63. The source is not detected,

1 http://www.swift.ac.uk/user objects/
2 http://xmm.esac.esa.int/UpperLimitsServer/
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Fig. 1.— Series of follow-up spectra of iPTF 16bco. Spectra are normalized, and have been offset vertically for clarity. Dotted lines show
the wavelengths of broad Balmer lines at z = 0.2368. The uncorrected telluric A-band absorption feature at ∼ 7600 Å in the DCT spectra
are also marked.

with the 3σ upper limit of 68 µJy. We can also convert
this to a 1.4 GHz upper limit of 370 µJy using a spectral
index of −0.7. This is consistent with the non-detection
in the VLA FIRST survey (Becker et al. 1995) from 1999
which gives an independent 1.4 GHz upper limit of 500
µJy.

3. ANALYSIS

3.1. Host Galaxy Classification

The archival SDSS spectrum from 2004 was fitted
by the automated spectroscopic pipeline (Bolton et al.
2012) with a combination of stellar, galaxy, and quasar
templates plus emission lines. After visual inspection of
the pipeline fit, we found a poor fit to the the Hα+[N II]
and [O III] emission line complexes, and refitted the spec-
trum with host galaxy template and emission-line gas
components using ppxf (Cappellari & Emsellem 2004;
Cappellari 2016) which uses the MILES stellar tem-
plate library (Vazdekis et al. 2010). The emission line
fits are shown in Figure 3, and are fitted with a nar-
row Gaussian with a σ = 420 km s−1, with no evi-
dence for a broad Hα or Hβ components. The narrow-
line ratios of log([O III]λ5007/Hβ) = 0.74 ± 0.13 and
log([N II] λ6583/Hα) = 0.47± 0.07, together with L([O
III] λ5007) = (1.0 ± 0.1) × 1041 ergs s−1, classify the
SDSS spectrum as a type 2 AGN in the LINER region
(Kewley et al. 2006) in the diagnostic narrow-line dia-
grams (Baldwin et al. 1981; Veilleux & Osterbrock 1987;
Kauffmann et al. 2003) shown in Figure 4. Note that
the archival WISE colors from the all-sky survey in 2010
(Cutri et al. 2011) of W1-W2 = 0.48 ±0.04 mag and W2-

W3 = 1.6 ±0.2 mag, where W1, W2, and W3 are 3.4,
4.6, and 12 µm, respectively, place the host in the region
of Seyfert and star-forming galaxies (Yan et al. 2013).
However, in the WHAN diagram (shown in Figure 4) for
emission-line galaxies (Cid Fernandes et al. 2010, 2011),
the weak equivalent-width of Hα (WHα = 1.6 ± 0.3 Å)
classifies the galaxy as a “retired galaxy” powered by hot
low-mass evolved (post-asymptotic giant branch) stars
and not an AGN.

3.2. Change of State

The transient iPTF 16bco shows two remarkable
changes: a factor of 10 increase in UV flux, and a trans-
formation from a LINER galaxy to a luminous type 1
quasar. Figure 5 shows the dramatic change of state be-
tween the SDSS spectrum in 2004 and the follow-up Keck
spectrum in 2016.

3.2.1. Continuum Variability

According to the empirical correlation between hard
X-ray emission and [O III] luminosity for AGNs
(Heckman et al. 2005; Ueda et al. 2015), from the [O
III]λ5007 luminosity measured in the pre-event SDSS
spectrum in 2004, one would expect L(2−10)keV ∼ 1043

ergs s−1. This could be even lower if the narrow line emis-
sion in iPTF 16bco is powered by stars, and infers a pre-
event X-ray luminosity at least an order of magnitude be-
low the X-ray luminosity of 1.5×1044 ergs s−1 measured
by Swift XRT during the type 1 state of iPTF 16bco in
2016. The change inNUV flux between the GALEX AIS
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Fig. 2.— Light curve of iPTF 16bco. Optical g, r, and i band difference-imaging photometry are from the Palomar 48-in (solid-circles)
and 60-in telescopes (solid-squares: SEDM, open squares: GBMCam), while ultraviolet aperture photometry in the uvw2 band is from the
Swift telescope (stars), with a negligible contribution from host galaxy light. Dashed red line shows the mean r-band upper limit measured
during PTF observations between 2009 − 2012. The epochs for which spectra were taken are marked with an S.

Fig. 3.— Hβ (left) and Hα (right) regions of iPTF 16bco during its pre-event spectrum from SDSS. The red line shows our galaxy
template fit, and blue line shows the emission line component fit. The residual from the galaxy template fit is also shown, along with the
emission line component fit. The individual Gaussian components of the [NII]+Hα complex are plotted with dashed lines. The emission
lines are all fitted with a narrow Gaussian with a σ = 420 km s−1, with no evidence for a broad Hα or Hβ line.

measurement in 2004 and the Swift UVOT measurement
in 2016 also indicates a brightening by ∆m = −2.4± 0.4
mag. Allowing for some fraction of the NUV flux in the
GALEX measurement to be from star-formation in the
host galaxy, this yields a lower-limit of a factor of ∼ 10
increase in flux.
When adding back in the host galaxy r-band magni-

tude measured by SDSS (see §2.1) the amplitude of op-
tical variability since 2003 is only 0.3 mag. However,
since the SDSS photometry in 2003 is dominated by host

galaxy starlight, the 0.3 mag of variability is only a lower
limit to the true amplitude of the continuum increase in
the optical.
Thus we conclude that the continuum in iPTF 16bco

had an increase in X-ray/UV/optical flux by a factor of
> 10 between 2004 and 2016. It is not entirely surprising
that such a large increase in the photoionizing continuum
was also accompanied by dramatic spectral changes.

3.2.2. Spectral Variability
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Fig. 4.— Diagnostic narrow-line ratio diagrams for iPTF 16bco during its pre-event spectrum from SDSS. Left: The BPT diagram
diagram with the lines demarcating star-forming galaxies from AGN. The solid line is the theoretical curve from Kewley et al. (2001), and
dashed line is the empirical curve based on the SDSS spectroscopic sample from Kauffmann et al. (2003). The line demarcating Seyferts
from LINER galaxies from Cid Fernandes et al. (2010) is plotted with a dotted line. Right: The diagnostic WHAN diagram defined by
Cid Fernandes et al. (2010) with the regions demarcating star-forming galaxies, Seyferts, weak AGN (wAGN) and “fake AGN” powered
by stars from Cid Fernandes et al. (2011).
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The spectra of iPTF 16bco demonstrate a strong blue
continuum and broad Balmer-line, Fe II, and He I fea-
tures characteristic of a type 1 quasar. Figure 5 also
shows the difference between the Keck spectrum in 2016
and the archival SDSS spectrum from 2004. After cor-
recting for Galactic extinction of E(B−V) = 0.021 mag
from the Schlegel et al. (1998) dust extinction map and
using the extinction curve of Cardelli et al. (1989), the
continuum in the difference spectrum (after masking the
broad emission lines) is reasonably fitted with a single
power law of fλ ∝ λαλ , where αλ = −1.45. This is
shallower than the standard theoretical thin accretion
disc spectrum with fν ∝ ναν , where αν = 1/3, and
αλ = −(αν + 2) = −2.33, which is well fitted to differ-
ence spectra (Wilhite et al. 2005; MacLeod et al. 2016)
and difference spectral energy distributions (Hung et al.
2016) of quasars. However, it is close to the power-law
observed in averaged optical quasar spectra (αλ = −1.56)
blueward of Hβ (Vanden Berk et al. 2001; Wilhite et al.
2005). A power-law index similar to the average quasar
spectrum in the difference spectrum is another indication
that the low-state spectrum has very little contribution
from a non-stellar continuum.
The [O III]λ5007 luminosity in 2016 is (1.6±0.3)×1041

ergs s−1, consistent within the errors of the [O III] lu-
minosity measured in SDSS. The broad Hα flux, in
contrast, dramatically appears, with L(Hα, broad) =
(8.22 ± 0.09) × 1042 ergs s−1 with a full-width at half-
maximum (FWHM) of 4048±36 km s−1. This difference
in behavior between the broad and narrow lines can be
explained by the fact the [O III] line luminosity traces the
average AGN continuum over a much longer timescale
that the flaring event detected by iPTF. While the emis-
sivity decay time (dominated by recombination charge
transfer) for [O III]λ5007 is only a few years, light-travel
time effects prolong the response time to hundreds of
years (the light-crossing time of the narrow-line region)
(Eracleous et al. 1995). Thus the narrow-line region has
not yet had the chance to respond to the continuum flux
changes happening on the timescale of <

∼ 1 year.
The monochromatic optical luminosity in the 2016

Keck spectrum after subtracting the starlight using the
archival SDSS spectrum, is λLλ(5100Å) = λfλ4πd

2
L(1 +

z) = 1.6 × 10−16 ergs s−1 Å−14πd2L(1 + z) = 1.7 × 1044

erg s−1. This is in excellent agreement with the nearly
linear correlation between broad Hα luminosity and opti-
cal continuum luminosity in AGN (Greene & Ho 2005),
which for this broad Hα luminosity, one would expect
λLλ(5100 Å)∼ 1.5× 1044 ergs s−1.
The FWHM of the broad Hβ line, 4770 ± 200 km

s−1, and the monochromatic luminosity at 5100 Å can
be used to estimate the central black hole mass to be
2+4.0
−1.5 × 108M⊙ (Vestergaard & Peterson 2006), in good

agreement with MBH inferred from the host galaxy stel-
lar velocity dispersion. We adopt a bolometric correc-
tion factor for the monochromatic optical luminosity of
8.1 (Runnoe et al. 2012) to get Lbol = 1.4 × 1045 ergs
s−1. We then derive an Eddington ratio of λEdd =
Lbol/LEdd = 0.05 during the type 1 quasar state.

3.3. Nature of the Variability

3.3.1. Variable Obscuration or Microlensing

The Eddington ratio inferred for iPTF 16fnl from its
nearly constant narrow [O III]λ5007 line luminosity is in
disagreement with the Eddington ratio observed in its
type 1 quasar state (λEdd ∼ 0.05). Therefore, we favor
a change in accretion rate (intrinsic change of state) in
the quasar as opposed to variable obscuration (extrinsic
change of state) of a non-variable quasar.
Timescale arguments also disfavor a variable line-of-

sight extinction due to the disappearance of an inter-
vening absorber to explain the appearance of the broad
Hα line in iPTF 16bco. In the case of an obscuring
cloud, the distance between the nucleus and the cloud
must be larger than the radius of the broad-line region it
is obscuring. Using the radius-luminosity relation mea-
sured for AGN from reverberation mapping studies of
broad lines (Bentz et al. 2013), the luminosity of iPTF
16bco would have Hβ broad-line emission with a charac-
teristic radius of RBLR ∼ 45 days. Following the argu-
ment of LaMassa et al. (2015) (Equation 4), this trans-
lates to a crossing time on a circular, Keplerian orbit,

tcross = ∆φ/ωK , where ∆φ =arcsin
(

rsrc
rorb

)

is the angular

length of the arc, and ωK =
√
GM
2π r−3/2 is the Keplerian

frequency, which for rorb > RBLR yields tcross > 15yr,
which is much longer than the timescale over which the
continuum appeared in iPTF 16bco.
Finally, we note that lensing of a background

broad-line quasar by a star in an intervening galaxy
(Lawrence et al. 2016) is also ruled out, since the red-
shift of the quasar is the same as the galaxy in its dim
state.

3.3.2. Tidal Disruption Event

One mechanism to rapidly increase the mass accre-
tion rate onto a SMBH is to get a new supply of gas
from a star that wanders close enough to the SMBH
to be torn apart by tidal forces. In a tidal disruption
event (TDE), roughly half of the disrupted stellar de-
bris remains bound to the black hole, falls back onto
the SMBH, circularizes through shocks, and is accreted
(Rees 1988). The characteristic timescale of a TDE
is the orbital period of the most tightly bound debris,

which is given by ∆t = 0.35M
1/2
7 m−1

⋆ r
3/2
⋆ yr, where

M7 = MBH/10
7M⊙, m⋆ = M⋆/M⊙ and r⋆ = R⋆/R⊙

(Lodato & Rossi 2011). The peak mass accretion rate is

given by ˙Macc = (1/3)(M⋆/∆t), and can exceed the Ed-

dington rate (ṀEdd = 0.2M7(η/0.1)
−1M⊙ yr−1, where

η is the radiative efficiency) for black holes < 107M⊙.
Following the peak, a TDE has a characteristic t−5/3

power-law decay determined by the fallback rate of the
stellar debris to pericenter (Rees 1988; Phinney 1989;
Evans & Kochanek 1989).
However, we point out several issues with interpreting

the flaring state of iPTF 16bco with a TDE. 1) For a
MBH

>
∼ 108M⊙, the tidal disruption radius of a solar-

type star (RT = R⋆(MBH/M⋆)
1/3 = 3.23 × 1013M

1/3
8

cm) is smaller than the Schwarzschild radius (RS =
2GMBH/c

2 = 2.95 × 1013M8 cm), and the star crosses
the event horizon before being disrupted. 2) The X-ray
power-law (Γ = 2.1) continuum of iPTF-16bco is unlike
the extremely soft, thermal X-ray spectra observed in
TDEs (Komossa 2002; Miller et al. 2015). 3) The light
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Fig. 5.— Left: Dramatic change in spectrum between the archival SDSS legacy spectrum obtained on 2004 June 16, and the follow-up
spectrum obtained by Keck2+DEIMOS on 2016 June 4. Right: Difference spectrum corrected for Galactic extinction. Tick marks show
the broad Balmer lines (Hα, Hβ, and Hδ) as well as the broad Fe II complexes, and He I λ5877. Dashed blue line shows a power law fit to
the continuum, fλ ∝ λαλ , with αλ = −1.45.

curve of iPTF 16bco shows a complex shape uncharacter-
istic of a TDE, with month-long plateau, followed by a 2
week rise to another plateau. 4) The broad Balmer lines
in iPTF 16bco are narrower and stronger than have been
observed in TDEs, and iPTF 16bco does not have strong
broad He II λ4686 which is characteristic of TDE spec-
tra (Gezari et al. 2012; Arcavi et al. 2014; Holoien et al.
2014, 2016a,b). 5) Finally, the fact that the broad-
line emission and X-ray continuum in iPTF 16bco are
consistent with radio-quiet quasars in the “Eigenvector
1” parameter space: the FWHM velocity width of the
broad Hβ line vs. the ratio of the equivalent widths of
the Fe II λ4570 complex to broad Hβ strength (RFeII)

(Sulentic et al. 2000), favors a change in ˙Macc of a pre-
existing accretion disk, instead of a newly formed debris
disk from a TDE. Continued photometric monitoring can
determine if the light curve of iPTF 16bco eventually
evolves into a power-law decline as expected for a TDE.

3.4. Accretion Disk Instabilities

We now investigate the scenario that iPTF 16bco was
the result of a change of state in a pre-existing quasar
accretion disk. Interestingly however, iPTF 16bco puts
stringent limits on the timescale over which such accre-
tion rate changes must occur. In the rest-frame, iPTF
16bco demonstrates a dramatic change in continuum flux
over a timescale of ∆t < 4/(1 + z) = 3.23 yr or in
< 1.1 yr based on the archival X-ray upper limits. The
timescale by which an accretion disk can change its ac-
cretion rate should be determined by the viscous radial
inflow timescale, tinfl. Furthermore, this timescale is ex-
pected to be longer for a quasar “turning on” instead
of “turning off”, since it scales as λ−2

Edd (LaMassa et al.
2015). The tinfl corresponding to the Eddington ratio
and black hole mass estimated for iPTF 16bco in its dim
state, and assuming a radiation-pressure dominated in-
ner region of a Shakura-Sunyaev disk, is,

tinfl = 1300yr
[ α

0.1

]−1
[

λEdd

0.005

]−2
[ η

0.1

]2
[

r

10rg

]7/2 [
M8

2.0

]

,

a much longer timescale than the observed rapid change
in continuum flux in iPTF 16bco.
One possibility could be an accretion disk eruption as

the result of thermal-viscous instabilities in a partial ion-

ization zone, analogous to the outbursts observed in cat-
aclysmic variables and X-ray novae (Siemiginowska et al.
1996). However, while such instabilities can produce
amplitudes of a factor of 104, the expected durations
scale with the central mass, and so while cataclysmic
variables (CVs) and X-ray novae show large-amplitude
outbursts on the timescale of weeks to months, for an
accretion disk around a 108M⊙ black hole, this corre-
sponds to timescales of ∼ 105 yr. However, state changes
on ∼ minute timescales have been observed in some X-
ray binaries (Fender 2001; Fender & Belloni 2004), which
would imply similar changes in a SMBH on the timescale
of only ∼ 10 yr.
In the accretion-disk instability model, the more nar-

row the unstable zone, the more rapid the timescale
of variability. The size of the unstable zone depends
on the accretion rate: the lower the accretion rate,
the closer in the unstable region is to the inner edge
of the disk. However, the smaller the unstable zone,
the smaller the expected amplitude of variability. For
models that demonstrate a factor of ∼ 10 variability
(α = 0.1, Ṁ = 3×10−5M⊙ yr−1) in Siemiginowska et al.
(1996), they have a “turn-on” timescale of ∼ 103 yr. This
is still 3 orders of magnitude longer than we require for
the “turn-on” timescale of iPTF 16bco.
Interestingly, the thermal timescale itself, tth ∼

1/αΩK, is much shorter, adopting Equation 8 from
(Siemiginowska et al. 1996):

tth ∼ 2.7(α/0.1)−1M−0.5
8 (r/1016cm)1.5 yr.

A disk with local thermal fluctuations, potentially driven
by the magneto-rotational instability, could be consis-
tent with the rapid timescale of the continuum variabil-
ity in iPTF 16bco (Dexter & Agol 2011). While an in-
homogeneous disk has been demonstrated to fit com-
posite difference spectra (Ruan et al. 2014) and color
variability of quasars (Schmidt et al. 2012), Hung et al.
(2016) find a simple disk model adequate to fit difference-
flux UV/optical spectral energy distributions of individ-
ual quasars. Moreover, Kokubo (2015) argue that the
tight inter-band correlations observed in SDSS quasar
light curves are inconsistent with the inhomogeneous disk
model. However, whether or not these thermal fluc-
tuations can be coherent enough to produce a large-
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amplitude outburst, is still to be determined.
An instability that arises in a radiation-pressure domi-

nated disk (Lightman & Eardley 1974) has been used to
model recurrent flares in accreting Galactic X-ray bina-
ries (Belloni et al. 1997) and has recently been applied by
Saxton et al. (2015) and Grupe et al. (2015) to explain
the large-amplitude soft X-ray flares in Seyfert galaxies
NGC 3599 and IC 3599, respectively. In this scenario,
when the internal radiation pressure of the disk become
greater than the gas pressure, a heating wave propagates
through the disk. This results in a enhanced local viscos-
ity, scale height, and accretion rate, which rapidly drains
the disk. The instability recurs when the inner disk fills
back in. The rise-time and recurrence timescale can be
as short as a year to hundreds of years for a 108M⊙ black
hole, respectively.
Another mechanism for driving large amplitude vari-

ability in a quasar accretion disk could be related to the
presence of a binary SMBH. Hydrodynamical simulations
show that in a circumbinary disk, streams penetrate the
disk cavity to feed the primary and secondary black hole
at a periodic rate, and that at close to equal mass ra-
tios, the perturbed circumbinary disk has an enhanced
accretion rate that can be quite bursty on a timescale
of ∼ 5 times the orbital period of the SMBH binary
(Farris et al. 2014). Such a scenario could in principle
be testable, due to the intrinsically periodic nature of
the outbursts. Furthermore, one could look for periodic
changes in the broad-line profiles, if they originate in the
circumbinary disk. However, the circumbinary disk out-
bursts in Farris et al. (2014) have a sawtooth pattern,
with a rise time much shorter than the decay time. Al-
ready the light curve of iPTF 16bco is not in good agree-
ment with this model, given its rebrightenning by ∼ 0.5
mag during its high state (see Figure 2).
The continued intrinsic variability during the high

state of iPTF 16bco, as also seen in the study of changing
look quasars by MacLeod et al. (2016), may also provide
insight as to the nature of what caused the “changing
look” of the quasar. The optical variability amplitudes
of these sources in their type 1 quasar states of∼ 0.5−1.0
mag are on the high amplitude tail of what is typically
observed on these timescales for quasars of a similar lu-
minosity range (MacLeod et al. 2012). Although we note
that in both of our studies the changing look quasars
were selected by their optical variability. However, in-
trinsic variability is also observed in the changing-look
quasar presented in LaMassa et al. (2015), which was se-
lected based on its spectral changes. In fact, the rapid
rise and power-law decline of its light curve was inter-
preted as a signature of a TDE (Merloni et al. 2015).
However, the light curves of iPTF 16bco and the other
changing-look quasars with archival photometry, have
large fluctuations that are inconsistent with the smooth,
power-law decline observed in the optical light curves of
known tidal disruption events (e.g., Gezari et al. 2008;
van Velzen et al. 2011; Gezari et al. 2012; Arcavi et al.
2014; Holoien et al. 2014, 2016a,b). The erratic intra-
burst behavior in the two-state (hot and cold) α in-
stability models of Siemiginowska et al. (1996) could be
promising. A potential testable prediction, is that in
these models, the accretion disks spend the majority of
their time in the low-state. The variability during the
enhanced accretion state in iPTF 16bco could also be a

signature of clumpy accretion in an advection-dominated
accretion flow (ADAF), for which cold clumps form in
the accretion flow due to instabilities in the radiation-
dominated regions of the disk (Wang et al. 2012)

3.5. Disk-Jet Connection

The dramatic change in accretion rate from
λEdd

<
∼ 0.005 to λEdd ∼ 0.05 inferred for iPTF

16bco could be accompanied by a structural change
in the accretion flow if the quasar accretion disk is
transitioning from a radiatively inefficient to radiatively
efficient mode. Note that such changes in X-ray binaries
are often accompanied by changes in jet activity. The
implied high-state radio-to-optical flux density ratio
for iPTF 16bco of R = log(S1.4GHz/Sopt) < 0.8 and
radio luminosity LR < 3 × 1022 W Hz−1, is typical of
radio-quiet AGN (e.g., Padovani et al. 2011). While
these values are consistent with the LINER classification
from the optical spectrum, it is surprising that if the
accretion event in iPTF 16bco were triggered by a disk
instability, that there is no evidence for a jet or outflow
during its high-state in the radio. This is in contrast
with X-ray binaries and CVs, which generally show
flaring at radio, optical and X-ray wavelengths alongside
strong Balmer emission lines. Similarly, the fundamental
plane of black hole activity, e.g. (Plotkin et al. 2012;
Saikia et al. 2015) predicts LR significantly greater than
∼ 1022 W Hz−1 when LX = 1.5× 1044 erg s−1.

3.6. Comparison to Other Changing-Look Quasars

iPTF 16bco is one of only a dozen other changing-look
quasars (here we define as Mi < −22 mag, L([O III])>
1041 ergs s−1), roughly half of which have been caught in
the act of “turning on” by demonstrating the sudden ap-
pearance of broad-lines. Figure 6 shows the redshift and
[O III] luminosity of all the changing-look quasars in the
literature that pass our [O III] luminosity cut (thus we
exclude SDSS J0126-0839 and SDSS J2336+0017 from
Ruan et al. (2016)), color-coded by whether they show
appearing broad lines, or disappearing broad lines. We
also do not include three changing-look quasars from the
MacLeod et al. (2016) sample that do not have good cov-
erage of the broad Hα line in its high state (appearing
SDSS J214613 at z = 0.62, disappearing SDSS J022562
at z = 0.63, and both appearing and disappearing SDSS
J022556 at z = 0.50). Given that all the other appearing
changing-look quasars are from MacLeod et al. (2016),
there appears to be a bias towards finding appearing
broad-lines in higher redshift galaxies. This is likely due
to the fact that the BOSS spectra extend to longer wave-
lengths than the SDSS spectra, and thus finding an ap-
pearing broad Hα line in the BOSS spectrum is possible
at higher-redshift than finding a disappearing broad Hα
line in the SDSS spectrum.
Figure 6 also shows the [O III]λ5007 vs. broad Hα lu-

minosity in all the changing-look quasars in their type
1 state, in comparison to the full SDSS quasar sam-
ple. We determine the [O III]λ5007 luminosity from
the line flux measured in the SDSS DR7 SpecLine ta-
ble and the DR12 interactive spectrum line measurement
table. We use the broad Hα fluxes from the Shen et al.
(2011) catalog for broad-line quasars, or from the liter-
ature when available. All luminosities are calculated for



10 Gezari et al.

Fig. 6.— Comparison to other changing-look quasars that have disappearing (dots) and appearing (circled dots) broad-line emission.
Left: [O III]λ5007 luminosity during the high-state of the quasar vs. redshift. Right: Broad Hα luminosity during the high-state of the
quasar vs. the [O III]λ5007 luminosity during the high-state. Contours show the distribution of 20%, 50%, and 90% of the quasars’ L(Hα)
vs. L([O III]) ratio for the DR7 SDSS quasar sample from Shen et al. (2011). iPTF 16bco is an outlier of this distribution, with a high
broad Hα luminosity relative to its [O III]λ5007 luminosity.

our adopted cosmology. Note that iPTF 16bco is on the
edge of the normal quasar distribution, while the other
changing-look quasars reported in the literature appear
to lie squarely in the distribution of normal quasars in
this parameter space.
The enhanced broad Hα luminosity observed in iPTF

16bco relative to [O III] in comparison to normal
quasars, as well as the previously discovered changing-
look quasars, is likely a signature of its rapid transition
to a type 1 state. As discussed in §3.2.2, given the ex-
tended size of the narrow-line region, the [O III] line
will lag in its response to a continuum flare in compar-
ison to the broad emission lines due to light-travel time
effects. Interestingly, in the MacLeod et al. (2016) sam-
ple, the rise-time in the continuum flux of the quasars
was serendipitously measured by photometric monitor-
ing to be ∼ 1000 days. Given the significantly weaker
[O III] line emission relative to broad Hα in iPTF 16bco
compared to these objects, this would imply an even
shorter “turn-on” timescale, in agreement with the in-
ferred “turn-on” timescale for the continuum in iPTF
16bco of <

∼ 1 yr.
One interesting aspect of changing look quasars is the

lack of strong changes in Mg II line emission, despite
the dramatic changes in the Balmer lines. This was ex-
plained by MacLeod et al. (2016) as due to the relatively
weak responsivity of the Mg II line to continuum flux
changes, as has been measured in rest-frame UV rever-
beration mapping studies (Cackett et al. 2015). Given
that Mg II is a low-ionization line, its weak responsivity
can be explained as a consequence of the stratification of
the broad-line region (Korista & Goad 2004). Unfortu-
nately, we do not have short-enough wavelength coverage
in the archival or follow-up spectra to determine the pres-
ence and/or response of the Mg II line during the change
of state in iPTF 16bco.

4. SUMMARY

We present the rapid “turn on” of a luminous
broad-line quasar at z = 0.237 discovered from its
nuclear optical variability in the iPTF survey (iPTF
16bco), and identified as a newly emerged quasar from
comparison of follow-up spectroscopy with an archival
SDSS spectrum from over a decade earlier which shows
LINER narrow-line emission potentially powered by
stars. Pre-event optical, UV, and X-ray imaging indicate
that the quasar continuum increased by a factor of > 10
on a timescale of <

∼ 1 yr in the quasar rest-frame. The
broadband properties of iPTF 16bco in its high state
are best explained by an intrinsic change of state to
a radio-quiet type 1 quasar, than variable obscuration
or a TDE. However, continued monitoring will help
further constrain the nature of its rapid brightening.
The dramatic appearance of broad Balmer lines during
the high-state of iPTF 16bco, with no significant change
in the [O III]λ5007 line, is explained as a delayed
response of gas in the narrow-line region to the flare in
photoionizing continuum due to light-travel time effects.
The enhanced broad Hα to narrow [O III]λ5007 ratio in
iPTF 16bco relative to normal quasars and previously
reported changing-look quasars, is further evidence that
iPTF 16bco may have demonstrated the most rapid
change of state yet observed in a quasar. iPTF 16bco
pushes the limits of accretion disk theory, and may
represent a new class of state changes in quasars that
will be discovered more routinely in regular monitoring
of millions of quasars with the next generation of optical
time domain surveys (Zwicky Transient Facility and
the Large Synoptic Survey Telescope) together with
follow-up spectroscopy triggered by flaring events.
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iPTF 16bco 13

TABLE 1
iPTF Photometry

Telescope+Camera Filter MJD Magnitude Error

P48+CFH12k g 57540.336 19.66 0.07
P48+CFH12k g 57540.371 19.77 0.07
P48+CFH12k g 57547.328 19.58 0.11
P48+CFH12k g 57547.359 19.55 0.07
P48+CFH12k g 57551.375 19.67 0.06
P48+CFH12k g 57555.297 19.83 0.12
P48+CFH12k g 57555.324 19.69 0.12
P48+CFH12k r 57540.305 19.63 0.10
P48+CFH12k r 57547.293 19.72 0.13
P48+CFH12k r 57555.270 19.63 0.12
P60+SEDM g 57546.410 19.68 0.03
P60+SEDM g 57547.211 19.76 0.03
P60+SEDM g 57553.465 19.92 0.05
P60+SEDM g 57558.398 19.86 0.08
P60+SEDM g 57564.219 19.88 0.32
P60+SEDM g 57579.262 19.43 0.02
P60+SEDM g 57582.199 19.33 0.02
P60+SEDM g 57584.281 19.26 0.03
P60+SEDM g 57586.215 19.24 0.03
P60+SEDM g 57588.258 19.25 0.04
P60+SEDM g 57590.227 19.23 0.07
P60+SEDM g 57592.266 19.20 0.02
P60+SEDM g 57593.266 19.14 0.02
P60+SEDM g 57594.258 19.09 0.02
P60+SEDM g 57595.258 19.13 0.02
P60+SEDM g 57596.281 19.12 0.02
P60+SEDM g 57599.246 19.10 0.02
P60+SEDM g 57601.211 19.06 0.02
P60+SEDM g 57607.199 19.10 0.01
P60+SEDM g 57611.289 19.08 0.02
P60+SEDM g 57613.254 19.14 0.03
P60+SEDM g 57615.242 19.04 0.04
P60+SEDM g 57618.230 19.09 0.04
P60+SEDM g 57620.223 19.03 0.04
P60+SEDM g 57622.266 19.01 0.04
P60+SEDM g 57624.199 19.08 0.02
P60+SEDM g 57626.188 19.11 0.02
P60+SEDM r 57546.406 19.59 0.03
P60+SEDM r 57547.207 19.71 0.04
P60+SEDM r 57551.395 19.88 0.03
P60+SEDM r 57553.461 19.74 0.05
P60+SEDM r 57558.391 19.64 0.07
P60+SEDM r 57564.215 19.72 0.02
P60+SEDM r 57579.258 19.59 0.04
P60+SEDM r 57582.191 19.43 0.02
P60+SEDM r 57584.277 19.32 0.04
P60+SEDM r 57586.211 19.28 0.03
P60+SEDM r 57588.254 19.27 0.03
P60+SEDM r 57592.262 19.26 0.02
P60+SEDM r 57593.258 19.26 0.02
P60+SEDM r 57594.254 19.25 0.02
P60+SEDM r 57595.254 19.21 0.02
P60+SEDM r 57596.277 19.19 0.02
P60+SEDM r 57599.242 19.17 0.02
P60+SEDM r 57601.207 19.16 0.02
P60+SEDM r 57607.191 19.17 0.02
P60+SEDM r 57609.301 19.20 0.02
P60+SEDM r 57611.285 19.19 0.02
P60+SEDM r 57613.250 19.18 0.03
P60+SEDM r 57615.238 19.19 0.05
P60+SEDM r 57618.223 19.08 0.06
P60+SEDM r 57620.219 19.12 0.03
P60+SEDM r 57622.262 19.17 0.05
P60+SEDM r 57624.191 19.15 0.02
P60+SEDM r 57626.184 19.17 0.02
P60+SEDM i 57546.406 19.60 0.05
P60+SEDM i 57547.211 19.73 0.05
P60+SEDM i 57551.398 19.82 0.09
P60+SEDM i 57553.465 19.84 0.10
P60+SEDM i 57558.395 19.69 0.06
P60+SEDM i 57564.219 19.75 0.07
P60+SEDM i 57579.258 19.53 0.04
P60+SEDM i 57582.195 19.39 0.03
P60+SEDM i 57584.281 19.35 0.04
P60+SEDM i 57586.215 19.31 0.03
P60+SEDM i 57588.254 19.30 0.04
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TABLE 1 — Continued

Telescope+Camera Filter MJD Magnitude Error

P60+SEDM i 57592.262 19.19 0.03
P60+SEDM i 57593.262 19.19 0.03
P60+SEDM i 57594.254 19.20 0.03
P60+SEDM i 57595.254 19.19 0.03
P60+SEDM i 57596.277 19.17 0.03
P60+SEDM i 57599.242 19.19 0.02
P60+SEDM i 57601.211 19.18 0.03
P60+SEDM i 57607.195 19.19 0.02
P60+SEDM i 57611.285 19.22 0.04
P60+SEDM i 57613.254 19.18 0.03
P60+SEDM i 57615.238 19.20 0.06
P60+SEDM i 57618.227 19.12 0.04
P60+SEDM i 57620.223 19.13 0.04
P60+SEDM i 57622.266 19.11 0.04
P60+SEDM i 57624.195 19.17 0.02
P60+SEDM i 57626.188 19.16 0.02
P60+GRBCam g 57576.348 19.50 0.03
P60+GRBCam r 57576.348 19.58 0.03


