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The [O II] λ3727 emission line is detected from all the host
galaxies, which indicates that they are all star-forming galaxies.
The redshifts range from z = 0.384 (SHOOT14jr) to z = 0.821
(SHOOT14or).

3. LIGHT CURVES

3.1. Overview

Figure 3 shows light curves of our samples on Day 1 and
Day 2. Hereafter, the epochs of stacked g-band data on Day
2 are taken to be t=0 unless otherwise mentioned. The
photometry is performed in the subtracted images using the
final references (e.g., Day 1 – Day 327 and Day 2 – Day 327
for the g-band).

Throughout the paper, we do not take into account full K-
correction for absolute magnitudes since only limited informa-
tion about the spectral energy distribution is available for our
samples. Instead, we correct only the effect of redshifts, i.e.,
M m z2.5 log 1( )m= - + + , where M and m are absolute
and observed AB magnitudes (measured as fν) and μ is the
distance modulus. The last term originates from the difference
in the frequency bins in the restframe and observer frame, i.e.,
L d z f4 1e o

2( ) [( ) ( )] ( )n p n= +n n , where νe and νo are rest-
frame and observer frame frequencies, and d is the luminosity
distance (Hogg et al. 2002).

The absolute magnitudes of the five objects range from −16
to −19 mag in the restframe near-ultraviolet (UV) wavelengths
(2620–3450Å, depending on the redshifts). The photometric
values of our samples are corrected for extinction in our Galaxy
but not for extinction in the host galaxy. Therefore, intrinsic
absolute magnitudes can be brighter than those shown in
Figure 3.

All of the five objects show a blue g− r color on
Day 2, g r 0.60, 0.21, 0.15- - - -� , and −0.15 mag for
SHOOT14gp, 14or, 14 ha, and 14jr, respectively. For
SHOOT14ef, the color is g r 0.39- < - mag. This indicates
that, for the blackbody case, the peak of the spectra is located

at wavelengths shorter than the wavelengths corresponding
to the observed r-band. Therefore the blackbody temperatures
for our objects are TBB13,000, 15,000, 13,000, 11,000,
and 13,000 K for SHOOT14gp, 14or, 14 ha, 14jr, and 14ef,
respectively. Note that the intrinsic colors can be bluer due to
the extinction in the host galaxies.
SHOOT14or and 14jr are detected in the images of

Day 1 – Day 327. We measure the rates of rise from
Day 1 to Day 2 using the g-band one-day stacked images:

m t∣ ∣D D =3.12 0.70
1.11

-
+ and 1.61 0.32

0.39
-
+ mag day−1 for SHOOT14or

and 14jr, respectively (errors represent 1σ, Table 3). Note that
the rate of rise is measured in the restframe, so the time interval
used for the measurement varies with the source redshift
(Δt=0.55 days for SHOOT14or while Δt=0.72 days for
SHOOT14jr). The other three objects (SHOOT14gp, 14 ha, and
14ef) are not detected in the subtracted images of Day 1 – Day
327. The 3σ lower limits of the rate of rise measured in the
g-band are m t∣ ∣D D >3.10, 1.21, and 1.17 mag day−1. These
are also high enough to match our criterion for rapidly rising
transients.
In the following sections, we compare the light curves of our

samples with those of previously known SNe and transients.

3.2. Comparison with SNe

Figure 4 shows a comparison of rapidly rising transients with
normal SNe. Since the redshifts of our samples are moderately
high, z=0.384–0.821, we compare our g- and r-band light
curves with near-UV and u-band light curves of nearby SNe
with good temporal coverage. We use the Swift uvw1- and
u-band data from Brown et al. (2012) and Pritchard et al. (2014)
with extinction correction (both in our Galaxy and host galaxies)
using the extinction law of Brown et al. (2010). Since the
effective restframe wavelengths do not always match perfectly,
we always give effective restframe wavelengths in parenthesis.
Figure 4 shows that the properties of our samples are not

consistent with those of SNe Ia at any phase, or those of core-
collapse SNe more than a few days after the explosion. The

Figure 3. Light curves of the five rapidly rising transients on Days 1 and 2. The g- and r-band photometry is shown by the blue and red points, respectively. Triangles
show the 3σ upper limit. For the g-band data, photometry for one visit (5×2 minute exposures) is shown in pale blue while photometry in the one-night stacked data
is shown in blue.
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The sources of interest to these facilities are connected to spectacular explosions. How-
ever, the horizon (radius of detectability), either for reasons of optical depth (GZK cuto↵;
�� ! e±) or sensitivity, is limited to the Local Universe (say, distance . 100Mpc). Un-
fortunately, these facilities provide relatively poor localization. The study of explosions in
the Local Universe is thus critical for two reasons: (1) sifting through the torrent of false
positives (because the expected rates of sources of interest is a tiny fraction of the known
transients) and (2) improving the localization via low energy observations (which usually
means optical). In Figure 2 we display the phase space informed by theoretical considera-
tions and speculations. Based on the history of our subject we should not be surprised to
find, say a decade from now, that we were not su�ciently imaginative.

Figure 2. Theoretical and physically plausible candidates are marked in the
explosive transient phase space. The original figure is from Rau et al. (2009).
The updated figure (to show the unexplored sub-day phase space) is from the
LSST Science Book (v2.0). Shock breakout is the one assured phenomenon on the
sub-day timescales. Exotica include dirty fireballs, newly minted mini-blazars and
orphan afterglows. With ZTF we aim to probe the sub-day phase space (see §5).

The clarity a↵orded by our singular focus – namely the exploration of the transient
optical sky – allowed us to optimize PTF for transient studies. Specifically, we undertake
the search for transients in a single band (R-band during most of the month and g band
during the darkest period). As a result our target throughput is five times more relative
to multi-color surveys (e.g. PS-1, SkyMapper).

Given the ease with which transients (of all sorts) can be detected, in most instances, the
transient without any additional information for classification does not represent a useful,
let alone a meaningful, advance. It is useful here to make the clear detection between
detection7 and discovery.8 Thus the burden for discovery is considerable since for most

7 By which I mean that a transient has been identified with a reliable degree of certainty.
8By which I mean that the astronomer has a useful idea of the nature of the transient. At the very

minimum we should know if the source is Galactic or extra-galactic. At the next level, it would be useful

Frontier of transient sky

LSST Science Book (after Rau+09, Kasliwal+,Kulkarni+)
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for cross-validating the meta-parameters. Thus we gave up the
exhaustive search ober the number of neural units in hidden lay-
ers and the step size of SGD. Instead, we hand-tuned the best
meta-parameters. The numbers of units in the lower, the mid-
dle, and the higher layers are (50,50,50). The step size γ is
chosen to be 0.01.
Reulting FPR scores at 90% TPR is 21.9%.

• 本物の数が少ないという欠点を補うため、人工天体を埋

め込んでそれを本物とすることにした。

• 人工天体を使用するメリットは以下の通りである。

We made a fabricated HSC imaeg in which artificial transient
objects were embeded as “real” objects. This mothod has
the following good points. (1) It is possible to increase the
sample of “real” objects. So machines can be well trained.
For example, performance of Deep Neural Net was improved
well. (2) Human works to make the training data are not
necessary. Then, ambiguity caused by human works were re-
moved. (3) The training data made by the human works tend
to contain brighter objects. On the other hand, by using arti-
ficial objects, we can increase sample for less bright objects,
which are scientifically more valuable. (4) Discrimination
performance of machines can be evaluated more accurately.

• 人工天体の作成方法を述べる。（田中さん）

• magnitudeの分布は、実際の bogusの分布とほぼ同じにな
るようにした (Figure 3)。８月の観測で使用した特徴量を
Table 2に示す。

• 各々の machineで学習データに対する性能評価の結果を
載せる。(森井、NTTさん)

• AUC boostingの場合の ROC curveは、Figure 4のように
なった。暗い天体に対しては性能がよくないことがわか

る。(同様の図を作成できますでしょうか？NTTさん）
• 観測の前にマシンを pipelineに組み込んだことを言う。早
く判別することが可能になった。

• 各解析 stepでの 天体数は、以下のようになった (田中さ
んの資料を元に表にする予定。森井)。
1. Source extractor : ##
2. machine learning : ##
3. double detection : ##
4. exclude objects near the bright star : ##

• 各 Machineでのスコアの分布は、Figure 5の様になった
（田中さん）。

• Machine 相互のスコア分布の比較を Figure 6に示す。あ
る特定のマシンで高いスコアになっても他のマシンでは

高スコアになるわけではない。ある特定のマシンが万能

というわけではないため、複数のマシンの結果のANDを
採用することが望ましいことがわかる。

(Machine Learningの判定の後、どのようなことが行われ
たかを書く。) Machine leaningによる判別の結果は、観測
が行われた当日に得られた。判別で得られた ∗∗個の天体を

visual inspectionして、最も supernovaらしい天体を 10天体

Fig. 3. Distribution of magnitude of bogus objects and artificial “real” objects

Fig. 4. ROC curve for auc Boosting for every magnitude slice.

Fig. 5. Distribution of scores of AUC boosting, Random forest, Deep Neural
Net, and Maltilayer perceptron.

Fig. 6. Comparision among scores of AUC boosting, Random forest, Deep
Neural Net, and Maltilayer perceptron.

false positive rate

(fraction to judge bogus as real)

better

miss 10% of real 

Morii+2016, PASJ, in press (arXiv:1609.03249)

JST/CREST collaboration; Kavli IPMU, Institute for Statistical Mathematics, NTT 
Communication Science, and Tsukuba Univ.)
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SN candidates -Jul 2014-

Tominaga+2015, ATel, 7565

July 2014 (reference)



SN candidates -May 2015-

Tominaga+2015, ATel, 7565

May 2015 (search)



SN candidates -subtracted-

Tominaga+2015, ATel, 7565

[May 2015] - [July 2014] (subtraction)



2014 July: HSC survey (PI: Tominaga)

2014 Aug: FOCAS spectroscopy (PI: Tanaka)

2015 May, Aug: HSC reference (PI: Tominaga)
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Figure 4. Left: Comparison between g-band light curves of our objects and Swift uvw1-band light curves of nearby normal SNe: Type Ia
SN 2011fe (Brown et al. 2012), Type IIP SN 2006bp, Type IIb SN 2011dh, Type IIn SN 2011ht, and Type Ib SN 2007Y (Pritchard et al.
2014). Right: Comparison between r-band light curves of our objects and Swift u-band light curves. For Swift SN data, the estimated
epoch of the explosion is taken to be t = 0 day. The Swift data are corrected for the extinction both in our Galaxy and host galaxies as
estimated by Pritchard et al. (2014). Vega magnitudes are converted to AB magnitudes using the zeropoints presented by Breeveld et al.
(2011).
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Figure 5. Comparison of light curves with SLSNe
(Pastorello et al. 2010; Chomiuk et al. 2011). Observed u-
band light curves are shown for SN 2010gx, while observed g- and
r-band light curves are shown for PS1-10awh and PS1-10ky. For
SLSNe, the peak epochs are shifted to t = 13 days and magnitudes
are corrected for only Galactic extinction.

(Pritchard et al. 2014). However, the rising rates for our
samples are faster than the very early phase of SN 2011fe,
one of the best observed Type Ia SNe. We also com-
pare our objects with Type IIb SN 2008ax, Type IIn SN
2011ht, and Type Ib SN 2007Y (Pritchard et al. 2014).
Their rising rates are slower than those of our samples at
any epochs with available data, i.e., ∼> a few days after
the explosion. In addition, the blue colors of our samples
(g − r ≤ −0.2 mag) are not consistent with normal SNe
after a few days from the explosion. For nearby SNe af-
ter a few days from the explosion, the uvw1 magnitude
is generally fainter than the u magnitude as shown in
Figure 4, i.e., the color is uvw1 − u > 0 mag.

Our samples might correspond to the rising phase of
much brighter SNe, such as superluminous SNe (SLSNe,
Quimby et al. 2011; Gal-Yam 2012). Figure 5 shows
comparison of our samples with SLSN SN 2010gx, PS1-
10awh, and PS1-10ky with a good temporal coverage
(Pastorello et al. 2010; Chomiuk et al. 2011). Our data

on Days 1 and 2 could be interpreted as the very early
phase of SLSNe, which have never been caught. How-
ever, the data on Days 35 and 36 are clearly inconsistent
with the declining part of SLSNe.

3.3. Comparison with very early phase of SNe

We compare our samples with earlier phases of SNe (∼<
a few days after the explosion). First, we show compar-
ison with Type IIP SN 2010aq (Gezari et al. 2010) and
PS1-13arp (Gezari et al. 2015), with UV detection at the
very early phase with GALEX . The early emission of SN
2010aq is consistent with cooling envelope emission after
SN shock breakout (Gezari et al. 2010). The emission of
PS1-13arp is brighter and shorter, which may indicate
shock breakout emission from dense wind (Gezari et al.
2015).

The upper panel of Figure 6 shows a similarity of the
rising rate and brightness between our samples and SN
2010aq and PS1-13arp. SN 2010aq and PS1-13arp also
show fast rise, |∆m/∆t|> 0.989 and > 2.635 mag day−1,
respectively. They reach about −17 - −18 mag, which
is also similar to our samples. Note that the effective
restframe wavelengths corresponding to the NUV filter
of GALEX (2130 Å and 1990 Å for SN 2010aq and PS1-
13arp, respectively) are shorter than those for our sam-
ples (∼ 2600− 3500 Å).

For comparison, we also show non-filter magnitude of
Type IIP SN 2006bp (Quimby et al. 2007), for which
very early phases were observed (see also Rubin et al.
2015 for recent larger samples). It also shows a fast rise,
|∆m/∆t|= 2.3 mag day−1. Again, although the differ-
ence in the restframe wavelengths should be cautioned,
these similarities suggest that our samples of rapidly ris-
ing transients are the very early phase of SNe.

We also compare our samples with the very early part
of Type Ic SN 2006aj and Type Ib SN 2008D. They
are among the best-studied stripped-envelope SNe. SN
2006aj is associated with low luminosity gamma-ray
burst (GRB) 060218, and thus, good optical to NUV
data are available from soon after the explosion (e.g.,
Campana et al. 2006; Soderberg et al. 2006; Pian et al.

Rapidly Rising Transients from Subaru/HSC Transient Survey 3

Figure 1. Images of rapidly rising transients (g- and r-band two-color composite images). From top to bottom, each panel shows the
discovery images taken on Day 2, images taken on Day 1 (used as references for the sample selection), and difference images (Day 2 − Day
1). Each panel has 8′′ × 8′′ size. North is up and east is left. The color scale for the discovery and reference images are set to be the same.

Table 3
Rapidly rising transients from Subaru/HSC transient survey

Object R.A. Decl. Redshift |∆m/∆t|a

(J2000.0) (J2000.0) (mag day−1)

SHOOT14gp 23:20:20.80 +28:25:00.54 0.635 > 3.10
SHOOT14or 15:26:24.18 +47:47:07.34 0.821 3.12+1.11

−0.70
SHOOT14ha 23:21:44.91 +28:54:49.80 0.548 > 1.19
SHOOT14jr 16:33:49.99 +34:28:05.36 0.384 1.61+0.39

−0.32
SHOOT14ef 21:31:08.77 +09:32:54.10 0.560 > 1.31

Note. — a Measured in g-band data. Errors represent 1σ. For the
objects that are not detected in the difference images on Day 1 (Day 1 −
Day 327), 3σ lower limits are given.

performed detailed classification. Results of the classifi-
cations are summarized in Table 2.

Among 412 independent sources, 215 sources are still
fakes of the subtracted images while the other 197 sources
are likely to be astronomical sources. The astronomical
sources are dominated by stellar-shape sources, such as
stars or quasars (166 sources). The remaining 31 sources
are associated with extended sources (galaxies). Among
these sources, 16 sources are located at the center of
galaxies. Since they may be active galactic nuclei or tidal
disruption events, we avoided these objects for follow-up
observations. Since 8 out of 16 objects show declining
flux, it is likely that the majority of these 16 sources are
active galactic nuclei. Remaining 15 sources have an off-
set from the center of the galaxies, and selected as SN
candidates.

The final SN candidates consist of 14 brightening ob-
jects. From this final sample, we performed follow-up
observations of most reliable 12 objects. Among these

12 objects, we measured redshifts for 8 objects while the
other 4 objects (and their host galaxies) were too faint to
take spectra. The remaining 2 objects were not observed.

Note that the sample selection for spectroscopy was
made based on the flux difference within 2 nights, not on
the magnitude difference since the final reference images
were not available and true magnitudes of the objects on
Day 1 were not known at the time of spectroscopy (2014
Aug). Therefore, even after the selection processes, our
initial samples could include not only rapidly rising tran-
sients but also normal SNe around the peak brightness
if the flux difference within 2 nights is large enough. In
fact, by our follow-up spectroscopic observations (Section
2.3), 3 out of 8 objects were identified as normal SNe (at
z=0.13, 0.25, and 0.40). In addition, after obtaining the
final reference images on Day 327, we confirmed that
these three objects are already bright on Day 1. The
rising rates for these three objects are |∆m/∆t|< 1 mag
day−1, which is also consistent with normal SNe. There-

6 Tanaka, M., et al.
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Figure 3. Light curves of the five rapidly rising transients on Days 1 and 2. The g- and r-band photometry is shown in blue and red
points. Triangles show 3σ upper limit. For the g-band data, photometry for 1 visit (5 × 2-min exposures) is shown in pale blue color while
photometry in the 1-night stacked data is shown in blue color.
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Figure 4. Left: Comparison between g-band light curves of our objects and Swift uvw1-band light curves of nearby normal SNe: Type Ia
SN 2011fe (Brown et al. 2012), Type IIP SN 2006bp, Type IIb SN 2011dh, Type IIn SN 2011ht, and Type Ib SN 2007Y (Pritchard et al.
2014). Right: Comparison between r-band light curves of our objects and Swift u-band light curves. For Swift SN data, the estimated
epoch of the explosion is taken to be t = 0 day. The Swift data are corrected for the extinction both in our Galaxy and host galaxies as
estimated by Pritchard et al. (2014). Vega magnitudes are converted to AB magnitudes using the zeropoints presented by Breeveld et al.
(2011).

of GALEX (2130 Å and 1990 Å for SN 2010aq and PS1-
13arp, respectively) are shorter than those for our sam-
ples (∼ 2600 − 3500 Å).

For comparison, we also show non-filter magnitude of
Type IIP SN 2006bp (Quimby et al. 2007), for which
very early phases were observed (see also Rubin et al.
2015 for recent larger samples). It also shows a fast rise,
|∆m/∆t|= 2.3 mag day−1. Again, although the differ-
ence in the restframe wavelengths should be cautioned,
these similarities suggest that our samples of rapidly ris-
ing transients are the very early phase of SNe.

We also compare our samples with the very early
part of Type Ic SN 2006aj and Type Ib SN 2008D.
They are among the best-studied stripped-envelope SNe.
SN 2006aj is associated with low luminosity gamma-ray
burst (GRB) 060218, and thus, good optical to NUV

data are available from soon after the explosion (e.g.,
Campana et al. 2006; Soderberg et al. 2006; Pian et al.
2006; Mazzali et al. 2006; Sollerman et al. 2006; Modjaz
et al. 2006; Mirabal et al. 2006; Šimon et al. 2010). SN
2008D is associated with X-ray transient 080109 (e.g.,
Soderberg et al. 2008; Mazzali et al. 2008; Tanaka et al.
2009a,b; Modjaz et al. 2009). Emission at the first 2 days
of SN 2006aj and SN 2008D is interpreted as cooling en-
velope emission (Waxman et al. 2007; Soderberg et al.
2008; Modjaz et al. 2009; Chevalier & Fransson 2008;
Nakar 2015).

The lower panel of Figure 6 shows that the rising rate
of SN 2006aj is as fast as our samples. The time to the
peak is only ∼ 0.5 days, which is as short as that inferred
for our samples although we cannot not firmly determine
the peak dates only with 2-night data. SN 2008D lacks

Rapidly rising transients from HSC surveys

Faster than the rising part of supernovae

as luminous as supernova peaks

Tanaka, Tominaga, TM et al. 2016, ApJ, 819, 5
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Figure 9. Summary of absolute magnitudes and rising timescale (τrise ≡ 1/ |∆m/∆t|) of transients. Our samples are compared with the
following objects: SN 2010aq and PS1-13arp (Gezari et al. 2010, 2015) with early UV detection with GALEX, the early peak of SN 2006aj
(Campana et al. 2006; Šimon et al. 2010, ,Figure 6), Type Ia SN 2011fe (Brown et al. 2012), core-collapse SNe (Type Ib SN 2007Y, Type
IIb SN 2008ax, and Type IIn SN 2011ht, Pritchard et al. 2014), and rapid transients from PS1 (Drout et al. 2014). For rapid transients
from PS1, the rising timescale (rising rate) is measured with g-band data. The dashed lines show the absolute magnitude and rising
timescale of PS1-10ah and PS1-10bjp measured with the interpolated g-band light curves.

faint samples (lower panels of Figure 8). The rising rates
of the PS1 samples in g-band is |∆m/∆t| < 1 mag day−1,
which do not fulfill our criterion. However, PS1 data are
taken with ∼ 3 days cadence, and thus, the rising rate
measured with a shorter interval can be faster. In fact, if
the rising part is interpolated with f = (t− t0)2, the ris-
ing rate can be as fast as that measured for our samples.
Especially, three of our samples (SHOOT14ha, 14jr, and
14ef) show a good match if the epochs of these objects
are shifted so that Day 2 corresponds to t ∼ −2 days.
Then, our data at later epochs are also consistent with
the PS1 samples at the declining phase. Since the esti-
mated epoch of zero flux for PS1-10ah and PS1-10bjp is
t0 ∼ −4.2 days from the peak, the epochs of our observa-
tions correspond to ∼ 1.5− 2.2 days after the explosion.

The agreement between the luminous 2 objects in our
samples (SHOOT14gp and 14or) and PS1 faint samples is
not as good as that for the faint 3 objects (SHOOT14ha,
14jr, and 14ef). Note that the direct comparison at the
perfectly matched wavelengths is not possible (< 3000
Å for SHOOT14gp and 14or while > 4000 Å for the
PS1 faint samples). Nevertheless, SHOOT14gp and 14or
show faster rises than the PS1 faint samples. The rising
rates of SHOOT14gp and 14or are > 3.10 and 3.12+1.11

−0.70

mag day−1, respectively (Table 3). On the other hand,
the rising rate of the PS1 faint sample is |∆m/∆t|< 1.3
mag day−1 even at the fastest phase in the interpolated
light curves (see dashed lines in Figures 8 and 9). The
nature of these objects are discussed in Section 5.

4. RISING RATES OF TRANSIENTS

Figure 9 shows a summary of rising rate and absolute
magnitudes of our samples and other transients shown
in Figures 4, 6, and 8. The figure is shown as a function
of rising timescale τrise ≡ 1/ |∆m/∆t|, time to have 1
mag rise. For our objects, SN 2010aq, PS1-13arp, and
the PS1 samples, the rising rates are measured only at an
interval on the rise as there are no time-series data before
the peak. The time interval is ∆t ∼> 0.5 days. For normal
SNe, for which good time-series data are available, we
measure the rising rate |∆m/∆t| as a function of time
(connected with lines in Figure 9). In order to match
the time interval with other objects, the time interval
is kept to be ∆t ∼> 0.5 days. For example, although
fine time-series data are available for SN 2006aj before
the peak, we measure the rising rate from t=0.082 and
t=0.541 days from the burst (∆trest = 0.45 days). For
the PS1 faint samples (PS1-10ah and PS1-10bjp), the
green dashed lines show the the rising rate measured with
∆trest = 0.5 days using the light curves interpolated with
f = (t− t0)2.

In this diagram, as also discussed in Section 3.2, it is
clear that Type Ia SN shows the fast rise only at the
very early phase with faint magnitudes. Core-collapse
SNe after a few days from the explosion are located at
the region with fainter magnitudes and longer timescales
compared with our samples.

Our samples share a region similar to SN 2010aq and
PS1-13arp, SNe with early UV detection by GALEX
(Gezari et al. 2010, 2015), as expected from the com-

Rising timescale vs magnitudes
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Evolution of Seed BHs
Volonteri 2011, Greene 2012

because they were shining via the energy released as material falls
into (or is accreted by) the central supermassive black hole23. The
existence of real supermassive black holes, with masses of
hundreds of millions of times the mass of the Sun became
commonly accepted, but it was far less clear whether these
monsters represented a rare and long-lived phenomenon, or
whether all galaxies contained supermassive black holes with
short-lived bright episodes.

Twenty years later we finally learned that supermassive black
holes are common. In fact, we believe that most massive galaxies
contain a central supermassive black hole. The evidence came
from both stellar dynamics and accretion (Box 1). A survey by Ho
et al.24 searched the centres of nearby, ‘normal’ galaxies for subtle
evidence that trace amounts of gas was falling into a central black
hole. Amazingly enough, most (B70%) massive galaxies showed
clear signs of accretion onto a supermassive black hole (see review
in ref. 25). At the same time, stellar dynamical work was
providing increasing evidence that every bulge-dominated galaxy
harbours a supermassive black hole1. It became clear that black
holes were preferentially associated with galaxy bulges. (Bulges
are ellipsoidal in shape and comprises mostly old stars that move
on random orbits through the galaxy. In contrast, disks are flat
components of galaxies, where stars all orbit the galaxy on
coplanar circular paths. Disks contain gas and ongoing star
formation. If a bulge component contains no disk, we call it an
elliptical galaxy). Furthermore, the ratio of black hole to bulge
mass was apparently constant to within a factor of two to three26.

Unfortunately, understanding the black hole population
becomes increasingly challenging as one considers lower and
lower-mass galaxies. Low-mass galaxies typically contain more
cold gas, more dust and higher levels of ongoing star formation.
The dust obscures emission from accretion, while the star

formation masks it. Furthermore, if the correlation between black
hole mass and bulge mass applies, the black holes in smaller
galaxies are less massive, which makes their emission weaker.

Dynamical evidence for black holes in low-mass galaxies. For
the handful of low-mass galaxies nearest to us, it is possible to
search for the gravitational signature of a central black hole. In
stark contrast to bulge-dominated galaxies, these nearby small
galaxies show no evidence for a central massive black hole, with
an upper limit of 1,500 M} for the galaxy M33 (ref. 27) and of
104 M} for NGC 205 (ref. 28). Lora et al.29 and Jardel and
Gebhardt30 find that the black hole masses of two very-low-mass
dwarf galaxies in our local neighbourhood cannot be larger
than t104 M}. While most massive, bulge-dominated galaxies
contain black holes (an ‘occupation fraction’ close to unity),
clearly the occupation fraction drops in low-mass galaxies
without bulges. Do 50% of dwarf galaxies contain black holes
or only 1%? And how does that fraction change with the mass of
the galaxy? I adopt a transition mass of 1010 M}, based on the
findings from the Sloan Digital Sky Survey (SDSS) that active
galaxies become rare below this stellar mass31.

Apart from M33 and NGC 205, there are very few galaxies near
enough to place interesting limits on the presence or absence of a
black hole based on the motions of stars or gas at the galaxy
centre (Box 1). Barth et al.32 studied the nuclear kinematics of the
bulgeless galaxy NGC 3621. This galaxy also shows some evidence
for accretion (Box 1). They place a very conservative upper limit
of 3! 106 M} on the mass of a central massive black hole, which
would be improved by better measurements of the stellar ages in
the star cluster surrounding the black hole. Seth et al.33 used the
motions of a gas disk in the centre of the small S0 galaxy NGC
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Figure 1 | Evolution of seed black holes. Schematic of the evolution of seed black holes assuming two different formation mechanisms (the death of the
first generation of massive stars versus the direct collapse of gas into a black hole). Dark matter halos and the galaxies in them grow through merging. Black
holes grow both via merging and by accreting gas. One additional complication is that after merging, gravitational radiation ‘recoil’ (see text for details) may
send the black hole out of the galaxy. At present, we can distinguish between the two scenarios based on the fraction of small galaxies that contain massive
black holes (we call this the ‘occupation fraction’).
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“Lowest-Mass” Black Hole in a nearby dwarf galaxy

E(B–V) = 0.032 for RGG 118 (Schlafly & Finkbeiner 2011).
For the inner Sérsic component (consistent with a pseudobulge,
as discussed in Section 3), we measure g r 0.49 0.19� � o ,
which gives log (M L) 0.23r10 � and M*,inner = M108.8 0.2o

:.
For the exponential disk component we measure
g r 0.41 0.07� � o , which yields log (M L) 0.15r10 � and
M*,disk = M109.3 0.1o

:. Combined, the masses of the bulge and
disk are consistent with the NASA-Sloan Atlas total stellar
mass of M* = M109.3

:. We also obtain a bulge-to-disk mass
ratio of ∼0.3.

3. BH MASS AND SCALING RELATIONS

Strong evidence for BH accretion in RGG 118 comes from
narrow emission line ratios (Figure 1), broad Hα emission, and
a nuclear X-ray point source (see Section 2.2). Assuming the
broad emission is indeed the signature of gas rotating around a
nuclear BH, we can estimate the BH mass using standard virial
techniques which assume the gas in the broad line region
surrounding the BH is in virial equilibrium (Peterson
et al. 2004; Bentz et al. 2010). The virial relationship gives
M R V GBH BLR

2r % , where RBLR is the radius of the broad
line emitting region, and V% is a characteristic velocity of gas
in the broad line region. We use the Hα emission line to
estimate V% (Greene & Ho 2005), and LHB as a proxy for
RBLR (Kaspi et al. 2000; Peterson et al. 2004; Greene &
Ho 2005; Bentz et al. 2009, 2013). The final equation used to
estimate BH mass is given in Reines et al. 2013; we also adopt
a scale factor of 1�� .

Each of the empirical relations used for this BH estimation
technique has an associated scatter which contributes toward an
uncertainty in the BH mass. Additionally, the scatter in the
M *BH T� relation ( 0.32 dex; Shen & Liu 2012) also con-
tributes to the total uncertainty, since the dimensionless scale
factor ϵ is determined by calibrating the ensemble of
reverberation-mapped AGNs against the local M *BH T�

relation for non-active galaxies. Summing in quadrature gives
a total uncertainty of 0.42 dex (a factor of ∼2.7).
For our three different narrow line modeling techniques (see

Section 2.1.2), we obtain BH mass estimates ranging from
2.7 10 6.2 104 4q � q M: (Table 1) and thus adopt a
nominal BH mass of 5 104_ q M:. This is the smallest mass
reported for a BH in a galaxy nucleus.
Additionally, assuming a X-ray to bolometric correction of

10 (Marconi et al. 2004), we calculate a total accretion-
powered luminosity L 4 1040� q erg s−1 for the BH in RGG
118. This corresponds to an Eddington ratio of ∼1%, similar to
AGN in more massive systems.
While the broad Hα emission in typical AGN (i.e., FWHM

 thousands of km s 1� ) is due to gas dominated by the gravity
of a BH, some dwarf AGN have broad Hα line widths
consistent with broadening from stellar processes. Thus, we
have also considered the following alternate explanations for
the broad Hα in RGG 118.

1. Supernovae: the broad Balmer emission and luminosities
of SNe II can often cause their spectra to resemble those
of AGN (Filippenko 1989). However, a supernova is a
transient event; the marginal detection of broad Hα seen
in the SDSS spectrum taken 6 years prior to the MagE
spectrum makes this an unlikely source of the broad Hα.

2. Wolf–Rayet stars: outflows from Wolf–Rayet stars can
produce broad spectral features. However, the spectra of
galaxies with Wolf–Rayet stars typically feature a
characteristic “bump” at λ4650–4690 (Guseva
et al. 2000); we do not observe this feature in either the
SDSS or MagE spectra of RGG 118.

3. Luminous blue variables: outbursts from luminous blue
variables can produce broad Hα emission, but they are
fainter than SNe II (Smith et al. 2011). Additionally, this
phenomenon is transient and so is also ruled out by the
persistent broad Hα emission of RGG 118.

Figure 3. Left: smoothed SDSS gri image of RGG 118 (filters colored blue, green, and red, respectively). Inset: Chandra ACIS-S image of the field of view of RGG
118. An X-ray source is clearly detected at a position consistent with the nominal SDSS position (indicated by a green circle with a radius of 2″). The image has been
smoothed with Gaussian kernel of 3T � pixels. Right: r band surface brightness versus radius for RGG 118. Surface brightness profile measurements from IRAF’s
ELLIPSE package are shown as gray dots. The dark and light blue shading represents the 1σ and 3σ uncertainties, respectively, due to the sky background. The solid
black lines plot the r-band PSF. The solid red line shows the best-fit Sérsic+exponential disk profile as determined by GALFIT (dashed red lines are individual
components).
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(Kewley et al. 2006), they identified 136 galaxies with
emission line ratios consistent with (at least some) photo-
ionization from an accreting BH. RGG 118 fell into the
“composite” region of the [O III]/Hβ versus [N II]/Hα diagram,
indicating photoionization from both an accreting BH and
stellar processes (Figure 1). The SDSS spectrum of RGG 118
(2007 May 14) shows evidence for broad Hα emission (see top
right of Figure 2), but it was not identified by Reines et al.
(2013) because it falls below their broad Hα detection limit
of 2 1039_ q erg s−1 (at their sample median redshift of
z ∼ 0.03).

2.1.2. MagE

Spectra of RGG 118 were taken on 2013 April 18 with the
6.5 m Magellan II telescope at Las Campanas Observatory,
using the Magellan Echellette Spectrograph (MagE; Marshall
et al. 2008). MagE is a moderate resolution ( 4100M M% � )
echelle spectrograph, with wavelength coverage extending
from 3000 to 10000 Å over 15 orders. Using the arc lamp
exposures, we measure an instrumental dispersion

28 5 km sinstrument
1T � o � . Two 1200 s exposures of RGG

118 were taken using a 1″ slit. Flat fielding, sky subtraction,
extraction, and wavelength calibration were carried out using

Figure 1. Diagnostic diagrams that characterize the photoionizing continuum in RGG 118 (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al. 2006). All
diagrams plot log([O ] H )III C on the y-axis. On the x-axis, ratios of [N II] 6583M , [S ] 6716, 6731II M , and [O I] 6300M to Hα are shown from left to right. Blue diamonds
represent values from SDSS data (Reines et al. 2013), while red circles represent MagE data. All three diagrams indicate that the photoionization in RGG 118 is at
least partly due to an AGN.

Figure 2. In all panels, the black line is the observed spectrum, the red dashed line is the best-fit total profile, and the gray line is the residual between the observed
spectrum and best fit, offset by an arbitrary amount. Top: MagE (left) and SDSS (right) spectra showing the Hα-[N II] complex. The yellow and teal solid lines
represent the best-fit narrow and broad components, respectively. The narrow line model used for the MagE fit shown here is based on the [O III] line (Model C; see the
text). The SDSS best-fit parameters yield a BH mass of ∼91,000 M:. The MagE Hα FWHM and luminosity imply a BH mass of ∼50,000 M:. Bottom: regions of the
MagE spectrum of RGG 118 showing the emission lines most relevant to our analysis.
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We do not consider the above to be likely explanations for
the detected broad Hα emission. Additional spectroscopic
observations can further rule out the possibility of a stellar
origin for the broad Hα emission.

We also find that RGG 118 falls on the extrapolation of the
M *BH T� relation to low BH masses, but falls an order of
magnitude below the MBH–Mbulge relation (Figure 4). We did
not detect stellar absorption lines in the spectra of RGG 118, so
instead use the gas velocity dispersion as a proxy for stellar
velocity dispersion; the two have been shown to correlate,
though the scatter in the relation is ∼0.15 dex (Barth
et al. 2008; Xiao et al. 2011). Using the [N II] line, we measure
a gas velocity dispersion of 27 5 km s[N ]

1
IIT � o � , after

correcting for instrumental dispersion. This yields a stellar
velocity dispersion estimate of * 27 km s10

12 1T � �
� � , after

adding uncertainties in quadrature.
We compute a bulge mass of M108.8 0.2o

: for RGG 118; this
gives a MBH–Mbulge ratio of 8 10 5_ q � and places RGG 118
roughly an order of magnitude below the MBH–Mbulge relation
(Figure 4). This is typical of galaxies with pseudobulges
(Hu 2008), which are more disk-like, flat, and rotationally
dominated than classical galaxy bulges, and tend to have
younger stellar populations (Kormendy & Ho 2013). We find
the Sérsic index of the inner component to be n = 1.13 ± 0.26,
which is consistent with a pseudobulge (Kormendy &
Kennicutt 2004). The high ellipticity of the bulge ( 0.63�� )
is also in accord with expectations for pseudobulges.

4. DISCUSSION

Dwarf galaxies currently offer the best opportunity to
understand BH seed formation and growth in the early
universe. By itself, the BH in RGG 118 indicates that

formation pathways must exist that produce BH seeds of its
mass or less. Additionally, both the fraction of dwarf galaxies
containing BHs and the slope/scatter of the low-mass end of
M *BH T� depend on the mechanism by which BH seeds form
(Volonteri et al. 2008; Miller et al. 2015). While searching for
AGN in dwarf galaxies can produce only a lower limit on the
BH occupation fraction for dwarf galaxies, it contributes
toward constraining the low-mass end of M *BH T� . In
particular, if BH seeds are generally massive (i.e.,  105

M:) the slope of M *BH T� is expected to flatten and the scatter
to increase (Volonteri & Natarajan 2009). We are in the
process of measuring BH masses and velocity dispersions for
additional targets identified by Reines et al. (2013).
SDSS imaging reveals evidence for a pseudobulge in RGG

118. Pseudobulges do not seem to correlate with BH mass in
the same way that classical bulges do. For a sample of BHs
with M 2 10BH

6� q M:, Greene et al. (2008) found that most
of the host galaxies were either compact systems or disk
galaxies with pseudobulges. The BHs in these systems tended
to be an order of magnitude less massive for a given bulge mass
than those found in classical bulges. Kormendy & Ho (2013)
argue that BHs in non-active galaxies with pseudobulges do not
correlate at all with host galaxy properties, i.e., fall below both
the M MBH bulge� and M *BH T� relations. However, they note
that low-mass AGNs, which probe down to BH masses of

105_ M: and *T values of 30 km s 1_ � , do seem to sit on the
extrapolation of M *BH T� while simultaneously falling below
M MBH bulge� . This behavior is also seen for RGG 118.
However, further work is needed to understand the nuclear
structure of RGG 118. At a distance of ∼100Mpc, the spatial
resolution of the SDSS imaging ( 0. 4_ ´ ) can only resolve
structures with sizes of several hundred parsecs. Higher
resolution imaging is needed to detect nuclear features such

Figure 4. Both: black solid/dashed lines represent various determinations of scaling relations. Circles and squares represent systems having dynamically measured BH
masses (Kormendy & Ho 2013) with classical and pseudobulges, respectively. Left: M *BH T� relation. RGG 118 is plotted as the pink star. Error bars on the mass
account for the scatter in the correlations used to determine the BH mass; velocity dispersion errors include scatter in the relation between stellar and gas velocity
dispersion (Barth et al. 2008). We also show the well-studied dwarf AGN POX 52 (Barth et al. 2004; Thornton et al. 2008) and NGC 4395 (Filippenko & Ho 2003)
(turquoise diamonds). For NGC 4395, which is bulgeless, the velocity dispersion is an upper limit and refers to the nuclear star cluster (Filippenko & Ho 2003). Right:
dashed black line gives the M MBH bulge� relation. Total masses are plotted for POX 52 (Thornton et al. 2008), and NGC 4395 (Filippenko & Ho 2003).
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blind survey (SDSS optical spectroscopy) + 
follow-up spectroscopy (Baldassare+2015)


RGG 118

z = 0.0243 (~100 Mpc)

5x104 Msun BH


X-ray + SED (Schramm+2013)

rapid optical variability (TM+2016)



Light Curve (optical, ~4000A@rest-frame)

original


sub

TM+2016, PASJ, 68, 40

Subaru/HSC

2 consecutive nights

same data as that 
for SN studies


Subaru/FOCAS 
spectroscopy



2 candidates observed

AGN w/ 2.7x106 Msun BH @ z=0.164

Identification: Subaru/FOCAS Observation

TM+2016, PASJ, 68, 40



10% variability assumed

Compared with SDSS spectroscopic survey…

fainter / lower luminosity

larger FWHM(Ha)

lower L(Ha)

high-end BH mass

lower Eddington rate

Subaru/Prime Focus Spectrograph

            
Subaru/Hyper Surpime-Cam

TM+2016, PASJ, 68, 40



Summary & Near-Future

Subaru+HSC is powerful for rapid transient studies. 

Machine learning technique works well for efficient 
real-time selection of real transients. 

One-hour cadence surveys were done. 


several rapidly rising supernovae found at z=0.3-0.8

shock breakout from a dense wind and cooling 
envelope


3x106 Msun BH identified via broad Ha emission line.

Transient Surveys in COSMOS (2016-2017) & SXDS 
(2017-2018) within HSC Strategic Survey Program. 


