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Abstract

Aims. We report on the finding of a newborn active galactic nucleus (AGN), based on the observation of current AGN activity in a galaxy previously classified as non-active. We subsequently characterize the AGN’s evolution.

Methods. Black hole ignition event candidates were selected from a parent sample of spectrally classified non-active galaxies (2 394 312 objects), which currently show optical flux variability indicative of a type I AGN, according to the ALeRCE light curve classifier. A second epoch spectrum for a sample of candidate newborn AGNs was obtained with the SOAR telescope to search for new AGN features.

Results. We present the spectral results for the most convincing case of new AGN activity for a galaxy with a prior star-forming optical classification, where the second epoch spectrum shows the appearance of prominent, broad Balmer lines, without any significant changes seen in the narrow line flux ratios. The long-term optical light curves show a steady increase in luminosity starting 1.5 years after the SDSS spectrum was taken and continuing for at least 7 years. Mid-infrared (MIR) colors from the WISE catalog have also evolved from typical non-active galaxy colors to AGN-like colors. Recent X-ray flux detections confirm its nature as an AGN.
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1. Introduction
Observations and models indicate that the fraction of active galaxies in the local Universe is about ∼10% (Schulze & Wisotzki 2010; Shankar et al. 2013; Sun et al. 2015). This can be interpreted as a duty cycle, whereby 10% of galaxies are active at any given time. Indirect evidence also suggests that activity varies by several orders of magnitude on timescales of Δt ∼ 104 − 107 yr, effectively turning the active nuclei on and off (Hickox et al. 2014; Ichikawa et al. 2019, and references therein). Estimating this activation rate (alternatively, how many times each galaxy has switched on and off) is important for constraining central black hole feeding mechanisms in galaxy evolution models.
Newborn AGN, which involve a galaxy transitioning from a quiescent or star-forming (SF) state to a type I active galactic nucleus (AGN), are exceptionally challenging to detect. Part of the difficulty arises from the data available, since the largest spectroscopic survey (from SDSS) was originally shallow, it would target mostly galaxies that were bright at that time and might have later become dimmer – and not the other way around. Among all the possible signatures of AGN activity, here we focus on optical spectral classification. This choice is justified by the availability of archival spectral data and the ease of obtaining new spectra for a few sources. Moreover, AGN activity can be identified largely unambiguously through this approach. A key characteristic of Seyfert I galaxies and quasars is the presence of broad emission lines in their optical spectra, with widths of thousands of km s−1 (Baldwin & Netzer 1978). Therefore, the identification of broad emission lines in a previously spectroscopically-classified quiescent galaxy could serve as compelling evidence for a black hole ignition event.
In the public archives, there are approximately two million galaxies with optical spectra showing no broad emission lines (or other features that identify them as AGN) obtained (on average) about a decade ago. Detecting ignition events within this vast dataset is possible if they occur more frequently than about 1/20 000 000 per year. Re-observing all these galaxies, however, is impractical, thus, alternative criteria for target selection are needed. Fortunately, there is another distinguishable characteristic of quasars and Seyfert I galaxies, which is their persistent and stochastic optical flux variability (e.g., MacLeod et al. 2010; Sánchez-Sáez et al. 2018). Such variations are considerably rare in even type II AGN (López-Navas et al. 2023) and even rarer in quiescent galaxies as discussed below.
In this study, we present our first successful identification of a transition from a non-active to a type I AGN, accomplished by selecting targets based on optical variability and further validated by the appearance of broad permitted emission lines in the optical spectrum.
2. Selection method
We used the Automatic Learning for the Rapid Classification of Events (ALeRCE) light curve classifier (lcc)1 (Sánchez-Sáez et al. 2021; Förster et al. 2021) to select galaxies which are currently varying as type I AGN. This classifier uses the alerts (i.e., a 5σ change in flux with respect to a previous epochs) of the Zwicky Transient Facility (ZTF, Masci et al. 2019) to characterize the variability of objects in the g and r bands. We cross-matched this sample to a sample of probable quiescent galaxies with SDSS spectra and classifications in the DR16 (Ahumada et al. 2020), namely, 2 300 000 objects with no detection of broad emission lines and no Seyfert or LINER classification according to the BPT (Baldwin et al. 1981) diagrams or other AGN classification. This match produced our ignition candidate sample of only 86 objects, demonstrating how rare significant fluctuations are in non-active galaxies. From these, 18 galaxies were targeted for a confirmation optical spectrum, selected based on their visibility from Cerro Pachón, Chile, in the first semester, and on their brightness, with time awarded through CNTAC program SOAR2022A-010. The galaxy SDSS J080304.74+220734.0 (ZTF ID: ZTF20aaglfpy2, z = 0.1245) showed the most significant change of activity and is presented in detail below.
3. Confirmation spectrum
A spectrum of ZTF20aaglfpy taken in MJD 52943 (2003-10-31, plate 1584) with the SDSS spectrograph led to a Galaxy classification. This spectrum showed no evidence for broad emission lines, and the ratios of its narrow emission lines corresponded to the star forming portions of the BPT diagnostics diagrams. We obtained a new optical spectrum for ZTF20aaglfpy with the Goodman High Throughput Spectrograph (Goodman HTS) mounted on the SOAR telescope. Two exposures of 700 s each were taken with a 1″ slit, using grating SYZY 400, as well as lamp flats and arc exposures before and after the target. Observations were carried out on 2022-02-07. The data were reduced using the SOAR pipeline3 and the flux calibration was done using standard IRAF routines and stellar spectra obtained on the same night. Figure 1 shows the comparison of the old (SDSS) and new (SOAR) spectra for this source in the top panel. Broad permitted lines have appeared in the new spectrum together with a bluer continuum, which is most evident in the “residuals” part of the top panel.
	[image: thumbnail]	Fig. 1. Original SDSS spectrum (yellow) and new SOAR spectrum (red) of ZTF20aaglfpy, shown at the top. Both spectra are normalized at 6200 Å (vertical dot-dashed gray line). Vertical dotted lines indicate the main emission lines, while red dashed lines correspond to the Mg and Na absorption lines. Inset panel shows the galaxy field of a 40″ × 40″ region around the galaxy, taken from the SDSS database. The residuals in this panel highlight the difference spectrum, with a blue slope and broad Balmer lines. Horizontal lines indicate the zero-level (black line), and the rms limits at 1σ (red line) and 2σ (green line), respectively. Middle panels: regions around Hβ and Hα for the old (left) and new (right) spectra, together with the fitted model, narrow emission lines in orange, broad emission lines in green, and blueshifted components for O[III] (blue). Bottom panels show three BPT diagnostics diagrams for different combinations of narrow emission line fluxes. The green circles represent our fits to the archival SDSS spectrum and red stars to the new SOAR spectrum. Black squares are the values derived for the archival SDSS spectrum presented in the RCSED2 catalog.



4. Spectral fitting and results
We performed the fitting with pPXF (Cappellari & Emsellem 2004; Cappellari 2017), including templates for the stellar contribution of the host galaxy, a composite powerlaw component for the AGN accretion disc, and two emission line templates of linked widths and velocity shifts for the lines: one for permitted and forbidden lines together and one for permitted lines only; although the width of Hα was left free due to the evidence of possible smaller widths with respect to Hβ (Reines et al. 2013). The stellar templates correspond to the population synthesis models of Falcón-Barroso et al. (2011), which are based on the spectra of the MILES library. For the AGN continuum, we used a linear combination of powerlaws with indices between −3 and +2 with steps on 0.1, with free normalizations. FeII pseudo-continua are also included in the model.
The archival SDSS spectrum was well fitted with a combination of stellar populations and one template of narrow emission lines. For the SOAR spectrum, we took the stellar template fitted to the SDSS spectrum, with a variable normalization, and allowed all other parameters to vary. The resulting fit requires the addition of broad Balmer lines and a power law of negative slope indicating the relevance of the accretion disk emission. The middle panels in Fig. 1 show the spectral regions around Hβ–O[III] and Hα–NII–SII for the old SDSS spectrum (left) and the new SOAR spectrum (right), plotted in black, together with the best-fitting model in cyan, after subtraction of the continuum. The broad Hβ and Hα lines, marked in green, are only required in the new spectrum.
The narrow emission lines fitted to each spectrum, plotted in orange in the same panel, have flux ratios as shown in the bottom row of panels. These plots correspond to the emission line diagnostics of Baldwin et al. (1981), with the limiting lines for star-forming, AGN and LINERs of Kewley et al. (2001) and Schawinski et al. (2007). The line dividing the SF and composite regions was taken from Kewley et al. (2006). The symbols correspond to our fits to the archival SDSS spectrum (green circle), the new SOAR spectrum (red star) and an alternative fitting routine to the archival SDSS spectrum available from the RCSED2 database (Chilingarian & Zolotukhin 2012; Chilingarian et al. 2017)4 (black square). In all cases the narrow line emission is consistent with star formation or composite between star formation and LINER activity. Therefore this galaxy shows evidence of a broad line region typical of type I AGNs, but a potential narrow line region close to the AGN is either absent of insufficiently illuminated by the nucleus to produce AGN-like line ratios, yet, pointing to no AGN activity for the last thousands of years.
5. Long-term flux evolution
The top panel in Fig. 2 shows the long-term optical flux evolution of ZTF20aaglfpy, where we combine data from the Catalina Real Time Survey Drake et al. (2009; CTRS, black), with the ZTF forced photometry light curves in g (green) and r (red) bands, all averaged in 50-day bins and shifted vertically as stated in the figure legend. The CTRS data cover the period from 2005-04-09 to 2016-04-27 and the ZTF data from 2018-03-28 to 2023-04-25, therefore the SDSS spectrum (taken on 2003-10-31) predates the beginning of the light curves by 1.5 years; meanwhile, the SOAR spectrum was taken during the ZTF monitoring, when the source was already showing variability typical of a type I AGN. The CTRS data are acquired with an open CCD, without filters, so their magnitudes are not readily comparable to standard systems. Here, we plot it shifted downward in the y-axis to acknowledge the fact that this light curve traces a broad wavelength range which includes the g and r bands used by ZTF.
	[image: thumbnail]	Fig. 2. Optical light curves of ZTF20aaglfpy, as labeled in the legend (top). The CRTS has been shifted vertically by 0.8 mag and the ZTF g-band light curve by −0.3 mag to reduce the vertical scale. Middle panel shows the MIR flux in the WISE W1 and W2 filters from the unTimely catalog. Bottom panel show the MIR color evolution, based on the magnitudes in the middle panel. The horizontal line in the bottom panel marks the AGN-like region at W1 − W2 > 0.6. In all panels, the black vertical line marks the date of the SDSS spectrum and the blue line marks the date of the SOAR confirmation spectrum.



The CRTS light curve shows that the optical flux had been rising steadily from about MJD 55000, and all light curves show several more rapid flares by 0.1 (in CTRS and ZTF r band) to 0.2 (in ZTF g band) magnitudes, starting from around MJD 57000. This long rise time and repeated flaring is inconsistent with other sources of optical variability such as SNe and TDEs, pointing to the brightening of an AGN component.
5.1. Evolution of the MIR flux
The middle panel in Fig. 2 shows the mid-infrared (MIR) light curves of ZTF20aaglfpy in the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010) W1 (3.4 μm) and W2 (4.6 μm) filters, obtained by Meisner et al. (2023) from images co-added over periods of six months (i.e., from the unTimely catalog). These light curves start around MJD 55000, close to the date when the CTRS optical light curve begins to rise steadily. The W1 and W2 light curves show significant, correlated variability over timescales of several years, and their peaks and dips appear to line up with the optical fluctuations shown in the panel above (see also Brogan et al. 2023).
The MIR color of W1 − W2 can be used as a diagnostic of the origin of the MIR emission. For example, Fig. 9 in Comparat et al. (2020) shows the W1 − W2 (Vega) color in the y-axis, for a variety of astronomical sources, where quiescent galaxies typically have values W1 − W2 < 0.4 and type 1 AGN and quasars have mainly W1 − W2 between 0.6 and 1.6. These authors propose a limit of W1 − W2 > 0.7 to classify an object as AGN since very few stars and galaxies lie above this level, although many AGN show lower values. The bottom panel of Fig. 2 shows the W1 − W2 color evolution of ZTF20aaglfpy, built from the unTimely light curves (Meisner et al. 2023). The color evolves from typical of quiescent galaxies in the very beginning to colors more typical of type 1 AGN. In other words, although only one point reaches the W1 − W2 > 0.7 limit in the color curve, all the final point go above W1 − W2 = 0.6, placing this galaxy in AGN territory.
5.2. X-ray detections
X-ray emission usually accompanies AGN activity but it does not represent an unambiguous criterion on its own, although high-amplitude persistent X-ray variability does. Recent X-ray fluxes could be obtained for ZTF20aaglfpy from the eROSITA (extended ROentgen Survey with an Imaging Telescope Array, Predehl et al. 2021) All-Sky Surveys (eRASS1 to eRASS4). The data were processed with the eROSITA Standard Analysis Software System (eSASS, Brunner et al. 2022) version c020, similarly to that used for the eROSITA Data Release (Merloni et al. 2024).
The 0.2–2.3 keV X-ray fluxes from eROSITA, all obtained after the onset of optical variability, are summarized in Table 1, showing variations of up to a factor of 2. These variations point to an AGN rather than star formation origin, for at least part of the X-ray emission. Unfortunately there were no previous pointed observations with other X-ray telescopes, so we cannot confirm an overall brightening of the X-ray source over time. Upper limits are available from the XMM-Newton Slew Survey and from the ROSAT all sky survey, via the ESA multimission upper limit server5, which fall above the eROSITA detections. These upper limits, one taken even before the archival SDSS spectrum (ROSAT) and one during the optical/MIR brightening phase (XMM-Newton) at least confirm that the source was not much brighter in X-rays then than it is now.
Table 1. 
X-ray flux measurements and archival 2σ upper limits of ZTF20aaglfpy.

6. Characterization of the AGN in SDSS J080304.74+220734.0
The current X-ray flux can be used to estimate the bolometric luminosity of the AGN. Assuming a luminosity distance of D = 586.5 Mpc based on the redshift obtained from the optical spectrum z = 0.1245 and a 2–10 keV flux of 2.15 × 10−13 erg cm−2 s−1 (calculated assuming a powerlaw spectrum with photon index Γ = 2, and an average 0.2–2.3 kev flux of 2.5 × 10−13 erg cm−2 s−1) results in a 2–10 keV luminosity L2 − 10 = 9 × 1042 erg s−1. Using the hard X-ray bolometric correction for type I AGN of this luminosity of Duras et al. (2020), KX = 13.5, results in a bolometric luminosity of Lbol, 2 − 10 = 1.2 × 1044 erg s−1.
The bolometric luminosity can also be estimated from the optical continuum attributed to the AGN component. From the spectral analysis of the SOAR spectrum, we estimated a luminosity at 5100 Å of the power-law component of log L5100 = 43.39 ± 0.08 erg s−1. Using the scaling relation of Shen et al. (2008), we obtained Lbol, 5100 = 2.3 × 1044 erg s−1. Considering that both scaling relations carry an uncertainty of about 0.3 dex and that the X-rays vary by a factor of about 2, the estimates of Lbol from X-ray and optical bands are consistent. Therefore, the relative flux between X-ray and optical bands is as expected for AGN of this luminosity.
The detection of the powerlaw component in the SOAR spectrum allows us to estimate the size of the broad line region through the radius-luminosity relation found by Bentz et al. (2013), resulting in 16.8 light days. The broad component of Hβ has a width of 3852 ± 73 km s−1. Following the description given by Mejía-Restrepo et al. (2018), we estimated a virial factor of f = 1.22 ± 0.31 for Hβ. We thus obtained a black hole mass of log(M/M⊙) = 7.75 ± 0.12, where the error is only statistical. Alternatively, the black hole mass can be estimated using the width and luminosity of the broad Hα line to bypass uncertainties on the continuum flux. The luminosity and FWHM of the Hα broad component are log LHα = 41.79 ± 0.09 erg s−1 and 3745 ± 205 km s−1, respectively. Thus, using the scaling relation shown in Eq. (5) of Reines et al. (2013), we obtained a black hole mass of log M/M⊙ = 7.67 ± 0.06. These two estimates based on the optical spectral modelling are in good agreement. Combined with the black hole mass estimated above, this results in a current Eddington ratio of L/LEdd = 0.4.
7. Discussion and conclusions
We have identified a current type I AGN in a galaxy previously classified as starforming. The candidate was selected by showing optical variations in ZTF light curves, classified as AGN or QSO by the ALeRCE light curve classifier in a parent sample of inactive galaxies with archival optical spectra. The evidence in favor of a newborn AGN is primarily comprised of: the appearance of prominent, broad Balmer emission lines and a blue continuum on top of the stellar population, along with narrow emission lines visible in both the old and new spectra. Additional evidence for a transition from inactive to active galactic nucleus are a steady rise in the optical flux for at least 2500 days, since about MJD 55000, as seen in the CRTS light curve, as well as a change in the MIR color W2 − W1. The latter is consistent with an inactive galaxy around MJD 55500 and later became consistently more AGN-like.
Additional evidence for current nuclear activity is the detection of a variable X-ray source, with a 2–10 keV luminosity of about 1043 erg s−1. Only one massive star explosion to date, AT2020mrf, has been reported to have reached a similar luminosity, with L0.3−10 keV ∼ 2 × 1043 erg s−1 (Yao et al. 2022). The X-ray flux of the stellar explosion AT2020mrf, however, declined by an order of magnitude a year later, while ZTF20aaglfpy remained at a similar flux level for the 550 days spanned by the four all-sky surveys of eROSITA. The optical light curves also differ strongly, with AT2020mrf showing a steep rise and slow decline, while ZTF20aaglfpy shows a slow steady rise with recurrent, shorter timescale flaring.
The narrow emission lines continue to show a ratio indicative of star formation and not AGN. This lack of reaction can be explained if the differential light travel time to the observer via the narrow line region is longer than the time since the ignition of the AGN. We take the difference in time between both spectroscopic observations (i.e., 6674 days) as an upper limit for the time between AGN ignition and the observation of the narrow lines in the second spectrum. In this scenario, the differential light travel path should be longer than 18.3 light years or, equivalently, a distance greater than 5.6 pc, which is modest compared to typical sizes of NLRs. As a comparison Bennert et al. (2006) determined NLR sizes of 700 pc to over 3 kpc with spatially resolved BPT diagrams of nearby Seyfert galaxies, with transitions to HII-like emission line ratios at similar radii in some objects.
Broad Balmer lines have been found in a few galaxies with star forming classification based on their narrow line flux ratios, for example by Reines et al. (2013), who focused on dwarf galaxies. Follow-up spectroscopy of these sources, presented by Baldassare et al. (2016), showed that all of the broad lines in star-forming galaxies had either faded away or were ambiguously detected, pointing to contamination by type II SNe in the spectra with broad lines. Such a stellar explosion scenario is unlikely in the case of ZTF20aaglfpy, as discussed above, thereby strengthening the case for a newborn AGN.


1 Publicly available at https://alerce.online


2 https://alerce.online/object/ZTF20aaglfpy


3 https://github.com/soar-telescope/goodman_pipeline


4 http://rcsed-dev.sai.msu.ru/


5 http://xmmuls.esac.esa.int/upperlimitserver/
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Appendix A:  Considerations of the different apertures for old and new spectra
We note that the SDSS spectrum was taken with a 3″ diameter circular fiber, so it included more starlight than the 1″-wide slit spectrum taken with SOAR. To check whether this difference could have hidden the broad emission lines we re-extracted the SOAR spectrum from a region of 3″ along the spatial axis, removing the flux from the central 1″, to sample the spectra in the "missing" outer regions. Adding three times this external spectrum to the central 1″ spectrum simulates what would be obtained from the SDSS 3″ fiber, even overcorrecting for the missing starlight. This experiment still resulted in very significant broad Hα line, proving that additional starlight in the SDSS spectrum was not hiding broad lines emission. Figure A.1 displays the result of this experiment.
	[image: thumbnail]	Fig. A.1. Different extractions of the new, SOAR spectrum of ZF20aaglfpy. The spectrum extracted along the slit with a 1″ length along the spatial axis, labeled "small" in the figure, has just a slightly stronger broad Hα line than the spectrum extracted from a longer, 3″ region ( labeled "large"). It is also very similar to the spectrum of the difference between both (labeled "diff"). The "SDSS-like" spectrum is the sum of "large" plus two times "diff" and should account for all the light in the 3″ aperture of the SDSS spectrum, even including additional starlight. The broad component in Hα is still very significant in this compound spectrum.
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	[image: thumbnail]	Fig. 1. Original SDSS spectrum (yellow) and new SOAR spectrum (red) of ZTF20aaglfpy, shown at the top. Both spectra are normalized at 6200 Å (vertical dot-dashed gray line). Vertical dotted lines indicate the main emission lines, while red dashed lines correspond to the Mg and Na absorption lines. Inset panel shows the galaxy field of a 40″ × 40″ region around the galaxy, taken from the SDSS database. The residuals in this panel highlight the difference spectrum, with a blue slope and broad Balmer lines. Horizontal lines indicate the zero-level (black line), and the rms limits at 1σ (red line) and 2σ (green line), respectively. Middle panels: regions around Hβ and Hα for the old (left) and new (right) spectra, together with the fitted model, narrow emission lines in orange, broad emission lines in green, and blueshifted components for O[III] (blue). Bottom panels show three BPT diagnostics diagrams for different combinations of narrow emission line fluxes. The green circles represent our fits to the archival SDSS spectrum and red stars to the new SOAR spectrum. Black squares are the values derived for the archival SDSS spectrum presented in the RCSED2 catalog.
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	[image: thumbnail]	Fig. 2. Optical light curves of ZTF20aaglfpy, as labeled in the legend (top). The CRTS has been shifted vertically by 0.8 mag and the ZTF g-band light curve by −0.3 mag to reduce the vertical scale. Middle panel shows the MIR flux in the WISE W1 and W2 filters from the unTimely catalog. Bottom panel show the MIR color evolution, based on the magnitudes in the middle panel. The horizontal line in the bottom panel marks the AGN-like region at W1 − W2 > 0.6. In all panels, the black vertical line marks the date of the SDSS spectrum and the blue line marks the date of the SOAR confirmation spectrum.
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        Optical light curves of ZTF20aaglfpy, as labeled in the legend (top). The CRTS has been shifted vertically by 0.8 mag and the ZTF g-band light curve by −0.3 mag to reduce the vertical scale. Middle panel shows the MIR flux in the WISE W1 and W2 filters from the unTimely catalog. Bottom panel show the MIR color evolution, based on the magnitudes in the middle panel. The horizontal line in the bottom panel marks the AGN-like region at W1 − W2 > 0.6. In all panels, the black vertical line marks the date of the SDSS spectrum and the blue line marks the date of the SOAR confirmation spectrum.
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	Date
	0.2–2.3 keV flux
	Mission



	MJD
	[10−13erg cm−2 s−1]
	





	48163
	< 4.2
	ROSAT all sky survey



	57116
	< 8.2
	XMM-Newton slew survey



	




	58961
	3.2 ± 0.7
	eROSITA



	59147
	1.9 ± 0.5



	59329
	2.6 ± 0.5



	59514
	1.7 ± 0.5
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