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Abstract:



This work is devoted to multi-frequency studying of the blazar 3C 454.3. The study includes spectroscopic and photometric observations in the optical, IR, and gamma-ray bands. We investigate whether a correlation exists in the light curves at different wavelengths. We have carried out observations of the optical spectrum (from 4000 to 7000 Angstroms) between 2007 and 2009, and identified MgII [2800 Angstroms] and FeII emission line features. We have obtained optical magnitudes and color indices of the quasar and performed a correlation between the optical, IR, and gamma-ray light curves. We have found statistically significant correlations between the light curves at different wavelengths.
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1. Introduction


3C 454.3 is a blazar classified as a high polarized quasar (HPQ) with a redshift of z = 0.859. This is one of the brightest blazars, and it has a strong variability at all frequencies observed across the spectral energy distribution (SED). It exhibits superluminal motion of its radio jet components. The AGILE space telescope found that at energies greater than 100 MeV, 3C 454.3 has a variable flux. Due to the high variability, this is known as “Crazy Diamond”.



A high activity was detected in 2007 by AGILE in gamma rays [1]. Gu et al. [2] concluded that the quasar contains a binary system of black holes with masses of 0.5–4 × 109 M⊙, and an Eddington luminosity that ranges from 6 × 1046 to 5 × 1047 erg/s [3]. Additionally, variability of the gamma-ray continuum has been observed by the Fermi Gamma-ray Space Telescope since its launch.



This work presents unpublished results from observed data—a light curve and a spectrum were created. Section 1 gives the observational information and the instruments used. Section 2 details the data reduction for the optical band. Section 3 presents the results obtained in this work. Section 4 contains a discussion of the results, and Section 5 draws the conclusions of our study.




2. Methods


2.1. Observations


Observations of the optical spectrum (4000 to 7000 Angstroms) and at near-infrared frequencies were carried out with the 2.1 m telescope of the Observatorio Astronomico Guillermo Haro (OAGH) in Mexico toward the blazar 3C 454.3 between 2007 and 2009 (Table 1). The observations were pointed at the position RA(J2000) = 22:53:57.748 DEC(J2000) = +16:08:54; Feige 66 was the calibration star. Public data from the FERMI Gamma-ray Space Telescope were obtained between 2008 and 2009.



Table 1. Epoch of observations and the spectrograph used.







	
Epoch

	
Spectrograph






	
16 August 2007

	
Boller and Chivens




	
30 June 2008

	
Boller and Chivens




	
2 November 2008

	
Boller and Chivens




	
16 June 2009

	
LFOSC




	
13 September 2009

	
LFOSC










A Boller and Chivens spectrograph was used with a 2.5[image: there is no content] slit, and a Tektronix CCD (1024 × 1024 pixels of 24 [image: there is no content]m × 24 [image: there is no content]m). The spectrograph was mounted over a f/12 Cassegrain telescope equipped with a collimator, and a camera with focal lengths of 1080 mm and 465 mm. This also contained a reflection grid, which can change orientation with a micrometer every five minutes, a grating of 150 l/mm, a blaze angle of 3 in a spectral region of 4000–7000 Angstroms with an effective spectral resolution of 8–10 Angstroms, and a Versarray detector. A LFOSC spectrophotometer also was used. The optics accept a f/12 beam over a field of 4.0[image: there is no content] × 4.0[image: there is no content] for direct imaging at Cassegrain focus of the 2.1-m telescope of the OAGH; filters V, B, and R were used in photometry. The CANICA (Cananea Near-Infrared Camera) [4] camera has a spectral range of 0.85–2.40 [image: there is no content]m. The pixel scale of 0.32[image: there is no content]/pixel allowed a total field of view of 5.5[image: there is no content] × 5.5[image: there is no content] of the sky. Filters J, H, and K were used in the IR band. A HeAr lamp comparison was used with the spectrograph to calibrate the wavelength. During the observations, the air mass was 1.022 and the seeing was 1.5 arcsecs. The observation time at each epoch was 1200 s for 3C 454.3 spectra, while it was 60 s for Feige 66.



Photometric observations with LFOSC were carried out toward 3C 454.3 at four epochs of 2009, but only three were used because one had CCD problems. Table 2 shows the observation information.



Table 2. Photometric observations of the blazar 3C 454.3 at four epochs in 2009. The table shows the observation date, filter, the exposure time (ExpT), and notes about the night.







	
Date

	
Filter

	
ExpT 

	
Notes






	
26 July 2009

	
B

	
120

	
Not Photometric night




	

	
V

	
90

	




	

	
R

	
60

	




	
14 August 2009

	
B

	
120

	
Not Photometric night




	

	
V

	
10

	




	

	
R

	
10

	




	
13 September 2009

	
B

	
120

	
Not Photometric night




	

	
V

	
30

	




	

	
R

	
12

	











2.2. Data Reduction and Analysis


2.2.1. Spectroscopic Data


We used IRAF (Image Reduction and Analysis Facility) for reduction and calibration. We also employed a grid of CCD images to obtain the signal-to-noise ratio in order to get counts proportional to the observed flux.



In addition, a correction of cosmic rays was done. BIAS and dark currents of combined images were removed. Flats were taken, combined, normalized, and filtered every night to get the flat field. The subroutines imcombine, imarith, and response were used to calibrate the FLAT spectrum, while for the photometry, imfilter was used.



With the BIAS eliminated and the flat field ready, the cosmic rays from the images of the standard star and the blazar, the comparison lamp, and the principal object were removed. For this, we used the tasks imedit, identify, noao, twodespect, longlist, and reidentify. The images are more affected by cosmic rays toward 3C 454.3 using much longer exposures.



The spectral inclination was corrected with the fitcoords task. In addition, we calibrated the spectra in wavelength using the lamp with thetransform task, which converts pixels to Angstroms. To get better images, the background function was used. Using the subroutine apall, the aperture was extracted wherever there was a signal. Using the functions noao, onedspec, and standard, the standard star was calibrated. The sensibility curve and extinction function were constructed with the sensfunc task to get the one-dimensional spectrum of the source. Finally, by applying extinction corrections, flux calibration, and the calibrate task, the final spectra of the source and the standard star were obtained.



The instrumental resolution of the spectrum in the object can be determined from the spectral lines of the comparison HeAr lamps. First, the FWHM is obtained on every date of observation before the calibration of the wavelength, and the line width is measured in pixels (refer to Table 3).



Table 3. Instrumental resolutions used in the observations. Different dispersion values associated with the same grid are due to the collimator calibration.







	
Date

	
FWHM (pix)

	
Grid (L/mm)

	
Dispersion (Å/pix)

	
Resolution (Å)






	
16 August 2007

	
1.008

	
150

	
2.7

	
2.72




	
30 June 2008

	
0.941

	
150

	
2.71

	
2.55




	
2 November 2008

	
1.459

	
150

	
2.69

	
3.92











2.2.2. Photometry Data


The object was observed three times with the same filter to get a better resolution of the image. Images of 3C454.3 in different filters were de-biased and normalized by corresponding flat fields using the tasks imexam and phot.






3. Results


Five epochs of the blazar 3C 454.3 were reduced from 2007 to 2009. At two epochs, the observations used the LFOSC spectrograph, but calibration problems were detected from this spectrograph, so this data was eliminated. Consequently, only the information obtained with the Boller and Chivens spectrographs will be presented in the rest of this article. The spectrum obtained in June 2008 (Figure 1) shows an emission line of MgII [2800]. The spectra obtained in 2008 were similar to those published in literature [13].


Figure 1. Spectrum of 3C 454.3 achieved in June 2008; the spectrum is given in the observer frame. A bright and intense emission line correspond to MgII [2800 Angstroms], absorption lines are telluric.
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3.1. Corrections toward Spectra


Continuum Process


In order to obtain the continuum, the continuum task was used in IRAF (noao, onedspec) with the image corrected for redshift.



A visual analysis of the blazar 3C 454.3 spectrum was conducted by identifying three regions of FeII emission lines from λ = 2100 Å to λ = 2675 Å, λ = 2925 Å to λ = 3090 Å, and the MgII (λ = 2800 Å) region over the wings, similar to that measured by [11]. An average rms of 0.058 from the values of the rms obtained at each epoch: 0.026 (August 2007), 0.040 (June 2008), and 0.11 (November 2008). Using the rest and the observed frequencies, an average redshift of z = 0.85 was obtained.





3.2. Photometry Results


The method of differential photometry by Bruce L. Gary [5] calculates the magnitude from the apparent flux, the color sensitivity S of the star, and the zero point Z. The basic equation for this method is:


Mag = Z − 2.5Log(flux/g) − K’ × MA + S × StarColor,








where Z is the zero point, g is the exposition time, K[image: there is no content] the extinction, S is the color sensitivity, and MA the air mass. The color index is defined by using two filters. For example, C=V–R, where C is determined as a typical star, and C is approximately 0; the color term can be ignored if this is unknown. The zero points are presented in Table 4. The obtained results are shown in Table 5.



Table 4. Zero point table for the 3C 454.3 blazar using B, V, and R filters at each epoch.







	
Date (JD 245)

	
ZB

	
ZV

	
ZR






	
5039.78494

	
22.904 ± 0.034

	
23.421 ± 0.043

	
23.095 ± 0.019




	
5059.77083

	
23.564 ± 0.001

	
24.144 ± 0.015

	
24.536 ± 0.006




	
5088.83382

	
22.887 ± 0.151

	
24.395 ± 0.149

	
23.949 ± 0.121










Table 5. Magnitudes B, V, and R with errors at each epoch obtained from differential photometry using the Bruce L. Gary and Hereford method.







	
Date

	
Mag B ± err

	
Mag V ± err

	
Mag R ± err






	
14 August 2009

	
16.437 ± 0.01

	
15.760 ± 0.03

	
15.276 ± 0.01




	
13 September 2009

	
15.601 ± 0.26

	
14.904 ± 0.26

	
14.267 ± 0.21











3.3. Correlations of Light Curves: IR vs. Gamma and Optical vs. IR


The blazar 3C 454.3 shows a strong variability correlation between the peak synchrotron component in IR, optical, UV waves, and the gamma ray component. These results suggest an increase in variability caused by changes in the number of energetic electrons inside a compact region in the jet [1]. The results presented here agree with [12,13], which did a similar work. For an extensive analysis, the results of this work were presented in the thesis of Villicaña-Pedraza in 2010 [9].





4. Discussion


From 2007 to 2009, five epochs were observed for spectroscopic analysis toward the blazar 3C 454.3 and the Feige 66 standard star. Three of them used the Boller and Chivens, and two used the LFOSC spectrophotometer. However, data from one epoch obtained with LFOSC was discarded due to bad spectral quality.



Four observations were done with a direct image using the LFOSC spectrophotometer. One of them was eliminated due to CCD problems. The photometric analysis—following the method of differential photometry by Bruce L. Gary and Hereford—agrees with the high variability of our source. Using our photometric results, a light curve correlation was found between the optical and public gamma and IR data.




5. Conclusions


Spectroscopic observations at five epochs were conducted from 2007 to 2009 for the blazar 3C 454.3. Two of these were eliminated due to bad quality spectra. Redshift corrections and a baseline continuum were made to obtain the corrected spectra. An emission line of MgII, FWHM, rms, velocity, and the contribution of FeII line were obtained for the final spectra. Photometric analysis was carried out toward the blazar 3C 454.3 at four epochs using a LFOSC spectrophotometer; data from one epoch was discarded due to CCD problems. Differential photometry was conducted using the method by Bruce L. Gary and Hereford. Values of flux and colors for 3C 454.3 in July, August, and September of 2009 were calculated. The light curve calculated in this work and the public data from 2008 to 2009 corroborate the existence of a high correlation of the light curve between the optical, IR, and gamma bands for the blazar 3C 454.3.
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