
Photometry	II	

Atualização: 4/10/18 

AGA	5802:	Astro-sica	Observacional	
Jorge	Meléndez	



Data	reduc:on	
Photoelectric	photometry	
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Data	
reduc:on	

Photoelectric	photometry	
Flux	=	CountStar+Sky/s	-	CountSky/s	

m	=	-2.5	log	FX	
minstrument	=	-2.5	log	Flux		



Data	reduc:on	
•  Flux	=	CountStar+Sky/s	-	CountSky/s	
• minstrument	=	-2.5	log	Flux	
•  v	=	-2.5	log	Fluxv	
•  b	-	v	=	-2.5	log	(Fluxb	/	Fluxv)	
•  u	-	b	=	-2.5	log	(Fluxu	/	Fluxb)	
•  u,b,v	:	instrumental	magnitudes	to	be	
calibrated	(for	ex.	to	the	system	U,	B,	V)		



Is	it	really	a	
“pon:nho”?	



•  Advantages?	
•  Problems?	

CCD	photometry	



Bias:	zero-point	of	CCD	



CCD	data	reduc:on	
	

•  Bias	:	zero-point	level	
(for	t	=	0	exp.	:me).	Overscan	
region	also	indicates	bias	level.	

•  Flat	:	pixel-to-pixel	varia:on	
through	op:cal	system	



CCD	data	reduc:on	
Example	of	simple	processing	

	

•  Combine	bias	frames	(e.g.	median):	Bias.fits	
•  Combine	flat	frames	(e.g.	median):	Flat.fits	
•  FlatB	=	Flat	-	Bias	
•  FlatN	=	FlatB	/	median{FlatB}			[flat	normalized	to	~	1]	

•  Reduced_image	=	[Target_image		–	Bias	]	/	FlatN	

Note:	normalizing	the	flat	to	1.0	preserves	the	counts	



Simple	measurements:	aperture	
photometry	



Is	important	to	measure	the	FWHM	
of	the	star’s	profile	(in	pixels)	
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Aperture	photometry	
do	not	exaggerate	in	the	size	of	the	aperture!	

Sum inner 
2FWHM 
 
Sky: 5-7 FWHM 



In	a	crowded	
field,	it	is	
bejer	to	fit	
the	PSF	

http://panisse.lbl.gov/snphot/lec8_vitaliy_PSF_fit.pdf 



From	counts	to	magnitudes	
(ideal	case)	

•  Linear	response	of	the	detector	à	flux	�	counts	
•  If	F0	is	the	flux	of	an	object	with	m	=	0:	
•  m 	=	-2.5	log	(F/F0)	
	 	=	-2.5	log	(F)	+	constant	

•  The	“constant”	is	called	the	zero	point	(ZP)	
•  m	=	-2.5	log	(F)	+	ZP	



From	counts	to	magnitudes	
(real	case)	

•  m	=	-2.5	log	(F)	+	ZP	+	A*atmosphere_term	+	
B*color_term	+	C*atmosphere_term*color	+	...	

•  m	=	-2.5	log(F)	+	X	

For	a	good	calibra:on	to	a	photometric	system,	
we	need	many	standard	stars	covering	a	range	
of	colors	and	observed	at	different	airmasses	



Atmospheric	ex:nc:on	
airmass = sec z = ( senφ senδ + cosφ cosδ cosH )-1 

 
1 airmass = mass of air overhead (zenith) 
 

H = ST - α	

Extinction coefficient k: magnitudes/airmass 
 

Example, k = 0,16 mag/airmass  &  mobs(zenith) = 10,06 
 

à star outside the atmosphere: m0 = 10,06 - 0,16 = 9,90 
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Bouguer’s	law:	mz	=	m0	+	k	sec	z	
m0	:	outside	the	atmosphere	
mz	:	magnitude	at	zenithal	distance	z	
k	:	ex:nc:on	coefficient	

© Kitchin 



Example	of	ex:nc:on	k	at	OPD	
mz	=	m0	+	k	sec	z	

© Marcelo Tucci Maia (MSc dissertation, 2011) 



Atmospheric	ex:nc:on:	Wavelength	dependence	
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Atmospheric	ex:nc:on:	Wavelength	dependence	



Atmospheric	ex:nc:on	
Dependence	with	Wavelength	
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Atmospheric	ex:nc:on	
Second-order	exAncAon	(color	term)	
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Correc:ng	for	atmospheric	ex:nc:on	
Once	we	determine	the	ex:nc:on	coefficient	k,	
we	can	obtain	the	magnitudes:	

m0	=	mz	-	k	sec	z	

z:	zenithal	distance	
mz:	magnitude	observed	at	zenithal	distance	z	
m0:	magnitude	outside	Earth’s	atmosphere		

m0	=	mz	-	k	airmass	



Arer	the	instrumental	magnitudes	have	been	corrected	
for	atmospheric	ex:nc:on	…	

Most	simple	transforming	rela:ons:	

Observed instrumental magnitudes of standards: b0 , v0 , r0 , i0 
Magnitudes of standard stars in the BV(RI)C system: B , V , R , I 

Transformation 
coefficients 

Conversion	to	an	standard	system	



Standard	stars	(e.g.	Landolt)	

© Observational Astronomy, Birney et al. 





Photometric	standards	of	
Landolt	in	field	around	the	
Mira	variable	T	Phe	

Mira variable 
T Phe 



Conversion	to	a	standard	system	

© Observational Astronomy, Birney et al. 
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Another	op:on:	simultaneously	solve	for	
ex:nc:on	and	transforma:on	coefficients	

Jablonski et al. 1994 PASP 106, 1172 

X: airmass 
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obtained using the full sample of solar analogs. Decreasing the
Teff values of non-solar twin stars by 20 K gives agreement
within 0.001 mag for the mean (V − I )⊙ values, but the
(V − R)⊙ colors still differ by 0.007 mag. A Teff decrease of
about 70 K is necessary to make the (V − R)⊙ colors agree
perfectly. This is highly unlikely given the high precision of our
Teff determinations, and therefore suggests that there are small
systematic errors affecting our (V − R) colors.

Even though log g is included in the regression formula
(Equation (1)) for completeness, we find that the precision
of our results is not compromised if we choose to neglect it.
For example, a regression using only Teff and [Fe/H] gives
us the same solar (B − V ) colors of solar twins or analogs
within 0.001 mag. Moreover, the errors are identical to the case
when log g is also included. This is likely the result of having
selected only main-sequence stars for our sample. The impact
of [Fe/H] on these calculations, however, must not be ignored.
A regression on Teff only, or even Teff and log g, results in a
solar (B − V ) color with an error that is about twice as large
as that obtained using Equation (1). As mentioned earlier, the
metallicity dependence of UBV(RI)C colors is clearly seen in
Figure 4. We also tested regression formulas including quadratic
terms, i.e., T 2

eff , [Fe/H]2, and log g2, as well as mixed terms such
as Teff × [Fe/H], but found no noticeable improvements; the 1σ
scatter of the regression (i.e., data minus fit value residuals) did
not change by more than 0.001 mag, and the same was true for
the mean values obtained for the solar colors.

3.2. Spectral-line–Depth Ratios

The strength of a spectral line depends on many parameters.
In addition to the physical conditions of the gas in which the line
is formed, which makes the line strength sensitive to the model
atmosphere adopted, the properties of the atom, ion, or molecule
responsible for the absorption and those of the transition that
produces the line are all directly related to the line strength. Of
particular interest for our work is the excitation potential (EP)
of the feature. Spectral lines with very different EP values show
significantly different sensitivity to Teff . Thus, ratios of depths
of spectral line pairs with very different EP values are known to
be excellent Teff indicators (e.g., Gray & Johanson 1991; Gray
1994), and therefore they are expected to correlate well with
observed colors.

Gray (1992) was the first to use line–depth ratios (LDRs)
to infer solar colors. As pointed out by him, one of the great
advantages of using LDRs is that they are nearly insensitive to
the stellar metallicity, at least for nearby thin-disk stars, because,
to first approximation, the line strengths scale with [Fe/H]
regardless of the element producing the line. If, in addition,
the line pairs have similar wavelengths and the spectroscopic
data used are very homogeneous, particularly concerning the
continuum normalization, LDRs are also independent of spectral
resolution. Using LDRs to infer the solar colors also has the great
advantage of being a completely model-independent approach.

We used our high-resolution, high signal-to-noise ratio spec-
tra to measure as many LDRs as possible for all line pairs listed
in the study by Kovtyukh et al. (2003) and inspected the LDR
versus color relations obtained using our photometric data. We
fitted a straight line to each of these relations and computed
the standard deviation (1σ ) of the fit minus data residuals. Two
examples of these fits are shown in Figure 5. Then we mea-
sured the LDRs in our solar spectra, which are in fact reflected
Sun-light observations of bright asteroids, and used the LDR
versus color fits to infer a solar color for each line pair. The

Figure 5. Two examples of observed (B − V ) color as a function of line–depth
ratio measured in our spectra. The wavelengths of the lines used and the 1σ of
the linear fit shown with a solid line are given in the upper part of each panel.

weighted mean and average values obtained from all line pairs
used were adopted as the final solar colors. Not all line pairs
listed in the Kovtyukh et al. (2003) study were used in the end.
Line pairs for which the linear fits had a 1σ value with a signif-
icant contribution from observational errors in the spectra were
discarded. For example, for (B − V ) we excluded the fits with
1σ > 0.015 mag because the typical (B −V ) error is 0.01 mag,
and adopting only the pairs with 1σ < 0.015 mag implies that
the only pairs that are used are those in which the spectroscopic
errors (i.e., the errors in LDR), when propagated to the photo-
metric data in this relation, are similar to the photometric ones
or smaller. Although somewhat arbitrary, this automated pro-
cedure eliminates line pairs which may be affected by blends,
continuum normalization issues intrinsic to our data, and/or
instrumental imperfections.

As an example, in Table 7 we list all the line pairs used
to derive the solar (B − V ) color from LDR versus color
relations. For each pair, we provide the number of stars, N⋆, used
to construct the empirical relation and the standard deviation
of the fit minus data residuals (σfit). Also, for each pair we
provide the mean and standard deviation of the (B − V )
color that corresponds to the nine reflected Sun-light asteroid
observations used for solar reference (σss). This is because each
solar spectrum gives us a slightly different value for the LDR
of each pair. Note that the standard deviation from the mean
color of our nine solar spectra is very small; in many cases it
is below 0.005 mag. The weighted mean and sample variance
of the (B − V ) solar colors inferred from the 45 line pairs used
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ABSTRACT

Photometric data in the UBV(RI)C system have been acquired for 80 solar analog stars for which we have previously
derived highly precise atmospheric parameters Teff , log g, and [Fe/H] using high-resolution, high signal-to-noise
ratio spectra. UBV and (RI)C data for 46 and 76 of these stars, respectively, are published for the first time. Combining
our data with those from the literature, colors in the UBV(RI)C system, with ≃0.01 mag precision, are now available
for 112 solar analogs. Multiple linear regression is used to derive the solar colors from these photometric data and
the spectroscopically derived Teff , log g, and [Fe/H] values. To minimize the impact of systematic errors in the
model-dependent atmospheric parameters, we use only the data for the 10 stars that most closely resemble our Sun,
i.e., the solar twins, and derive the following solar colors: (B − V )⊙ = 0.653 ± 0.005, (U − B)⊙ = 0.166 ± 0.022,
(V − R)⊙ = 0.352 ± 0.007, and (V − I )⊙ = 0.702 ± 0.010. These colors are consistent, within the 1σ errors,
with those derived using the entire sample of 112 solar analogs. We also derive the solar colors using the relation
between spectral-line–depth ratios and observed stellar colors, i.e., with a completely model-independent approach,
and without restricting the analysis to solar twins. We find (B −V )⊙ = 0.653 ± 0.003, (U −B)⊙ = 0.158 ± 0.009,
(V − R)⊙ = 0.356 ± 0.003, and (V − I )⊙ = 0.701 ± 0.003, in excellent agreement with the model-dependent
analysis.
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1. INTRODUCTION

Our Sun is the primary reference in stellar astrophysics.
Its fundamental parameters are known with a precision and
accuracy far greater than those of any other astronomical object
known. Observationally, however, comparing the Sun with the
distant stars is not an easy task. Unless dedicated to solar
observation, or carefully adapted for that purpose, telescopes
and their instruments are designed to collect as much light as
possible from faint targets. Any attempt to observe the Sun with
the same instrumental setup used to observe the distant stars
will suffer from saturation. Fortunately, the Sun as a star can
be studied indirectly, in particular using stars that have spectral
features very similar to those observed in the solar spectrum,
i.e., solar analog stars (e.g., Cayrel de Strobel 1996).

A wealth of useful information on the physical properties
of stars can be inferred from their photometry. Narrowband
systems such as Strömgren’s uvby-β (Strömgren 1963) and
systems designed for very large, all-sky surveys such as the ugriz
system (e.g., Fukugita et al. 1996) are in many ways superior,
or at least complementary, to the Johnson–Cousins UBV(RI)C
system (Johnson & Morgan 1953; Cousins 1976). Nevertheless,
for historical reasons, one could argue that the latter is still one
of the most important systems (e.g., Bessell 2005). Much of our
knowledge on stars is based on this type of observational data,
and it is no surprise that whenever a new photometric system is
introduced, transformation equations to the UBV(RI)C system
must be determined.

Theoretical models can be used to translate photometric data
into physical parameters and vice versa. These relationships,

however, must be able to reproduce very well the solar values,
given the high precision and accuracy with which the solar
properties are known. The problem is that the solar colors cannot
be measured directly, i.e., in an identical fashion to those of the
distant stars, as explained before. Since they need to be derived
indirectly, they are typically very uncertain and not very useful
for the calibration of stellar models: thus the need for refinement
in the derivation of the solar colors whenever possible.

The solar colors in the UBV(RI)C system, in particular
(B − V )⊙, have been a subject of debate for many decades.
Values found in the literature, as derived by many different
authors using a variety of techniques, range from about 0.62
to 0.69. Using the effective temperature (Teff) versus (B − V )
relation of Casagrande et al. (2010), and adopting [Fe/H] = 0,
one finds that this range of (B − V ) color corresponds to a
Teff range of 216 K. Such large uncertainty in a fundamental
zero-point calibration represents a severe limitation for reliably
constraining stellar models.

A few direct measurements of the (B − V ) solar color have
been made (e.g., Stebbins & Kron 1957; Tüg & Schmidt-Kaler
1982), but the range of (B − V )⊙ values reported is essentially
the same as that corresponding to the indirect measurements,
suggesting that instrumental effects are very difficult to control
(e.g., van den Bergh 1965). Indirectly, the solar colors can be
measured using samples of stars with known physical properties
and interpolating the correlation between these parameters and
observed colors to the solar values (e.g., Chmielewski 1981;
Ramı́rez & Meléndez 2005b; Holmberg et al. 2006; Casagrande
et al. 2010). In some cases, other types of observations, for
example, spectroscopic or spectrophotometric, of the Sun and
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5 Departamento de Astronomia do IAG/USP, Universidade de São Paulo, Rua do Mãtao 1226, São Paulo, 05508-900 SP, Brazil
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1. INTRODUCTION

Our Sun is the primary reference in stellar astrophysics.
Its fundamental parameters are known with a precision and
accuracy far greater than those of any other astronomical object
known. Observationally, however, comparing the Sun with the
distant stars is not an easy task. Unless dedicated to solar
observation, or carefully adapted for that purpose, telescopes
and their instruments are designed to collect as much light as
possible from faint targets. Any attempt to observe the Sun with
the same instrumental setup used to observe the distant stars
will suffer from saturation. Fortunately, the Sun as a star can
be studied indirectly, in particular using stars that have spectral
features very similar to those observed in the solar spectrum,
i.e., solar analog stars (e.g., Cayrel de Strobel 1996).

A wealth of useful information on the physical properties
of stars can be inferred from their photometry. Narrowband
systems such as Strömgren’s uvby-β (Strömgren 1963) and
systems designed for very large, all-sky surveys such as the ugriz
system (e.g., Fukugita et al. 1996) are in many ways superior,
or at least complementary, to the Johnson–Cousins UBV(RI)C
system (Johnson & Morgan 1953; Cousins 1976). Nevertheless,
for historical reasons, one could argue that the latter is still one
of the most important systems (e.g., Bessell 2005). Much of our
knowledge on stars is based on this type of observational data,
and it is no surprise that whenever a new photometric system is
introduced, transformation equations to the UBV(RI)C system
must be determined.

Theoretical models can be used to translate photometric data
into physical parameters and vice versa. These relationships,

however, must be able to reproduce very well the solar values,
given the high precision and accuracy with which the solar
properties are known. The problem is that the solar colors cannot
be measured directly, i.e., in an identical fashion to those of the
distant stars, as explained before. Since they need to be derived
indirectly, they are typically very uncertain and not very useful
for the calibration of stellar models: thus the need for refinement
in the derivation of the solar colors whenever possible.

The solar colors in the UBV(RI)C system, in particular
(B − V )⊙, have been a subject of debate for many decades.
Values found in the literature, as derived by many different
authors using a variety of techniques, range from about 0.62
to 0.69. Using the effective temperature (Teff) versus (B − V )
relation of Casagrande et al. (2010), and adopting [Fe/H] = 0,
one finds that this range of (B − V ) color corresponds to a
Teff range of 216 K. Such large uncertainty in a fundamental
zero-point calibration represents a severe limitation for reliably
constraining stellar models.

A few direct measurements of the (B − V ) solar color have
been made (e.g., Stebbins & Kron 1957; Tüg & Schmidt-Kaler
1982), but the range of (B − V )⊙ values reported is essentially
the same as that corresponding to the indirect measurements,
suggesting that instrumental effects are very difficult to control
(e.g., van den Bergh 1965). Indirectly, the solar colors can be
measured using samples of stars with known physical properties
and interpolating the correlation between these parameters and
observed colors to the solar values (e.g., Chmielewski 1981;
Ramı́rez & Meléndez 2005b; Holmberg et al. 2006; Casagrande
et al. 2010). In some cases, other types of observations, for
example, spectroscopic or spectrophotometric, of the Sun and
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1. INTRODUCTION

Our Sun is the primary reference in stellar astrophysics.
Its fundamental parameters are known with a precision and
accuracy far greater than those of any other astronomical object
known. Observationally, however, comparing the Sun with the
distant stars is not an easy task. Unless dedicated to solar
observation, or carefully adapted for that purpose, telescopes
and their instruments are designed to collect as much light as
possible from faint targets. Any attempt to observe the Sun with
the same instrumental setup used to observe the distant stars
will suffer from saturation. Fortunately, the Sun as a star can
be studied indirectly, in particular using stars that have spectral
features very similar to those observed in the solar spectrum,
i.e., solar analog stars (e.g., Cayrel de Strobel 1996).

A wealth of useful information on the physical properties
of stars can be inferred from their photometry. Narrowband
systems such as Strömgren’s uvby-β (Strömgren 1963) and
systems designed for very large, all-sky surveys such as the ugriz
system (e.g., Fukugita et al. 1996) are in many ways superior,
or at least complementary, to the Johnson–Cousins UBV(RI)C
system (Johnson & Morgan 1953; Cousins 1976). Nevertheless,
for historical reasons, one could argue that the latter is still one
of the most important systems (e.g., Bessell 2005). Much of our
knowledge on stars is based on this type of observational data,
and it is no surprise that whenever a new photometric system is
introduced, transformation equations to the UBV(RI)C system
must be determined.

Theoretical models can be used to translate photometric data
into physical parameters and vice versa. These relationships,

however, must be able to reproduce very well the solar values,
given the high precision and accuracy with which the solar
properties are known. The problem is that the solar colors cannot
be measured directly, i.e., in an identical fashion to those of the
distant stars, as explained before. Since they need to be derived
indirectly, they are typically very uncertain and not very useful
for the calibration of stellar models: thus the need for refinement
in the derivation of the solar colors whenever possible.

The solar colors in the UBV(RI)C system, in particular
(B − V )⊙, have been a subject of debate for many decades.
Values found in the literature, as derived by many different
authors using a variety of techniques, range from about 0.62
to 0.69. Using the effective temperature (Teff) versus (B − V )
relation of Casagrande et al. (2010), and adopting [Fe/H] = 0,
one finds that this range of (B − V ) color corresponds to a
Teff range of 216 K. Such large uncertainty in a fundamental
zero-point calibration represents a severe limitation for reliably
constraining stellar models.

A few direct measurements of the (B − V ) solar color have
been made (e.g., Stebbins & Kron 1957; Tüg & Schmidt-Kaler
1982), but the range of (B − V )⊙ values reported is essentially
the same as that corresponding to the indirect measurements,
suggesting that instrumental effects are very difficult to control
(e.g., van den Bergh 1965). Indirectly, the solar colors can be
measured using samples of stars with known physical properties
and interpolating the correlation between these parameters and
observed colors to the solar values (e.g., Chmielewski 1981;
Ramı́rez & Meléndez 2005b; Holmberg et al. 2006; Casagrande
et al. 2010). In some cases, other types of observations, for
example, spectroscopic or spectrophotometric, of the Sun and
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ABSTRACT

Photometric data in the UBV(RI)C system have been acquired for 80 solar analog stars for which we have previously
derived highly precise atmospheric parameters Teff , log g, and [Fe/H] using high-resolution, high signal-to-noise
ratio spectra. UBV and (RI)C data for 46 and 76 of these stars, respectively, are published for the first time. Combining
our data with those from the literature, colors in the UBV(RI)C system, with ≃0.01 mag precision, are now available
for 112 solar analogs. Multiple linear regression is used to derive the solar colors from these photometric data and
the spectroscopically derived Teff , log g, and [Fe/H] values. To minimize the impact of systematic errors in the
model-dependent atmospheric parameters, we use only the data for the 10 stars that most closely resemble our Sun,
i.e., the solar twins, and derive the following solar colors: (B − V )⊙ = 0.653 ± 0.005, (U − B)⊙ = 0.166 ± 0.022,
(V − R)⊙ = 0.352 ± 0.007, and (V − I )⊙ = 0.702 ± 0.010. These colors are consistent, within the 1σ errors,
with those derived using the entire sample of 112 solar analogs. We also derive the solar colors using the relation
between spectral-line–depth ratios and observed stellar colors, i.e., with a completely model-independent approach,
and without restricting the analysis to solar twins. We find (B −V )⊙ = 0.653 ± 0.003, (U −B)⊙ = 0.158 ± 0.009,
(V − R)⊙ = 0.356 ± 0.003, and (V − I )⊙ = 0.701 ± 0.003, in excellent agreement with the model-dependent
analysis.
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1. INTRODUCTION

Our Sun is the primary reference in stellar astrophysics.
Its fundamental parameters are known with a precision and
accuracy far greater than those of any other astronomical object
known. Observationally, however, comparing the Sun with the
distant stars is not an easy task. Unless dedicated to solar
observation, or carefully adapted for that purpose, telescopes
and their instruments are designed to collect as much light as
possible from faint targets. Any attempt to observe the Sun with
the same instrumental setup used to observe the distant stars
will suffer from saturation. Fortunately, the Sun as a star can
be studied indirectly, in particular using stars that have spectral
features very similar to those observed in the solar spectrum,
i.e., solar analog stars (e.g., Cayrel de Strobel 1996).

A wealth of useful information on the physical properties
of stars can be inferred from their photometry. Narrowband
systems such as Strömgren’s uvby-β (Strömgren 1963) and
systems designed for very large, all-sky surveys such as the ugriz
system (e.g., Fukugita et al. 1996) are in many ways superior,
or at least complementary, to the Johnson–Cousins UBV(RI)C
system (Johnson & Morgan 1953; Cousins 1976). Nevertheless,
for historical reasons, one could argue that the latter is still one
of the most important systems (e.g., Bessell 2005). Much of our
knowledge on stars is based on this type of observational data,
and it is no surprise that whenever a new photometric system is
introduced, transformation equations to the UBV(RI)C system
must be determined.

Theoretical models can be used to translate photometric data
into physical parameters and vice versa. These relationships,

however, must be able to reproduce very well the solar values,
given the high precision and accuracy with which the solar
properties are known. The problem is that the solar colors cannot
be measured directly, i.e., in an identical fashion to those of the
distant stars, as explained before. Since they need to be derived
indirectly, they are typically very uncertain and not very useful
for the calibration of stellar models: thus the need for refinement
in the derivation of the solar colors whenever possible.

The solar colors in the UBV(RI)C system, in particular
(B − V )⊙, have been a subject of debate for many decades.
Values found in the literature, as derived by many different
authors using a variety of techniques, range from about 0.62
to 0.69. Using the effective temperature (Teff) versus (B − V )
relation of Casagrande et al. (2010), and adopting [Fe/H] = 0,
one finds that this range of (B − V ) color corresponds to a
Teff range of 216 K. Such large uncertainty in a fundamental
zero-point calibration represents a severe limitation for reliably
constraining stellar models.

A few direct measurements of the (B − V ) solar color have
been made (e.g., Stebbins & Kron 1957; Tüg & Schmidt-Kaler
1982), but the range of (B − V )⊙ values reported is essentially
the same as that corresponding to the indirect measurements,
suggesting that instrumental effects are very difficult to control
(e.g., van den Bergh 1965). Indirectly, the solar colors can be
measured using samples of stars with known physical properties
and interpolating the correlation between these parameters and
observed colors to the solar values (e.g., Chmielewski 1981;
Ramı́rez & Meléndez 2005b; Holmberg et al. 2006; Casagrande
et al. 2010). In some cases, other types of observations, for
example, spectroscopic or spectrophotometric, of the Sun and
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ratio spectra. UBV and (RI)C data for 46 and 76 of these stars, respectively, are published for the first time. Combining
our data with those from the literature, colors in the UBV(RI)C system, with ≃0.01 mag precision, are now available
for 112 solar analogs. Multiple linear regression is used to derive the solar colors from these photometric data and
the spectroscopically derived Teff , log g, and [Fe/H] values. To minimize the impact of systematic errors in the
model-dependent atmospheric parameters, we use only the data for the 10 stars that most closely resemble our Sun,
i.e., the solar twins, and derive the following solar colors: (B − V )⊙ = 0.653 ± 0.005, (U − B)⊙ = 0.166 ± 0.022,
(V − R)⊙ = 0.352 ± 0.007, and (V − I )⊙ = 0.702 ± 0.010. These colors are consistent, within the 1σ errors,
with those derived using the entire sample of 112 solar analogs. We also derive the solar colors using the relation
between spectral-line–depth ratios and observed stellar colors, i.e., with a completely model-independent approach,
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1. INTRODUCTION

Our Sun is the primary reference in stellar astrophysics.
Its fundamental parameters are known with a precision and
accuracy far greater than those of any other astronomical object
known. Observationally, however, comparing the Sun with the
distant stars is not an easy task. Unless dedicated to solar
observation, or carefully adapted for that purpose, telescopes
and their instruments are designed to collect as much light as
possible from faint targets. Any attempt to observe the Sun with
the same instrumental setup used to observe the distant stars
will suffer from saturation. Fortunately, the Sun as a star can
be studied indirectly, in particular using stars that have spectral
features very similar to those observed in the solar spectrum,
i.e., solar analog stars (e.g., Cayrel de Strobel 1996).

A wealth of useful information on the physical properties
of stars can be inferred from their photometry. Narrowband
systems such as Strömgren’s uvby-β (Strömgren 1963) and
systems designed for very large, all-sky surveys such as the ugriz
system (e.g., Fukugita et al. 1996) are in many ways superior,
or at least complementary, to the Johnson–Cousins UBV(RI)C
system (Johnson & Morgan 1953; Cousins 1976). Nevertheless,
for historical reasons, one could argue that the latter is still one
of the most important systems (e.g., Bessell 2005). Much of our
knowledge on stars is based on this type of observational data,
and it is no surprise that whenever a new photometric system is
introduced, transformation equations to the UBV(RI)C system
must be determined.

Theoretical models can be used to translate photometric data
into physical parameters and vice versa. These relationships,

however, must be able to reproduce very well the solar values,
given the high precision and accuracy with which the solar
properties are known. The problem is that the solar colors cannot
be measured directly, i.e., in an identical fashion to those of the
distant stars, as explained before. Since they need to be derived
indirectly, they are typically very uncertain and not very useful
for the calibration of stellar models: thus the need for refinement
in the derivation of the solar colors whenever possible.

The solar colors in the UBV(RI)C system, in particular
(B − V )⊙, have been a subject of debate for many decades.
Values found in the literature, as derived by many different
authors using a variety of techniques, range from about 0.62
to 0.69. Using the effective temperature (Teff) versus (B − V )
relation of Casagrande et al. (2010), and adopting [Fe/H] = 0,
one finds that this range of (B − V ) color corresponds to a
Teff range of 216 K. Such large uncertainty in a fundamental
zero-point calibration represents a severe limitation for reliably
constraining stellar models.

A few direct measurements of the (B − V ) solar color have
been made (e.g., Stebbins & Kron 1957; Tüg & Schmidt-Kaler
1982), but the range of (B − V )⊙ values reported is essentially
the same as that corresponding to the indirect measurements,
suggesting that instrumental effects are very difficult to control
(e.g., van den Bergh 1965). Indirectly, the solar colors can be
measured using samples of stars with known physical properties
and interpolating the correlation between these parameters and
observed colors to the solar values (e.g., Chmielewski 1981;
Ramı́rez & Meléndez 2005b; Holmberg et al. 2006; Casagrande
et al. 2010). In some cases, other types of observations, for
example, spectroscopic or spectrophotometric, of the Sun and
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1. INTRODUCTION

Our Sun is the primary reference in stellar astrophysics.
Its fundamental parameters are known with a precision and
accuracy far greater than those of any other astronomical object
known. Observationally, however, comparing the Sun with the
distant stars is not an easy task. Unless dedicated to solar
observation, or carefully adapted for that purpose, telescopes
and their instruments are designed to collect as much light as
possible from faint targets. Any attempt to observe the Sun with
the same instrumental setup used to observe the distant stars
will suffer from saturation. Fortunately, the Sun as a star can
be studied indirectly, in particular using stars that have spectral
features very similar to those observed in the solar spectrum,
i.e., solar analog stars (e.g., Cayrel de Strobel 1996).

A wealth of useful information on the physical properties
of stars can be inferred from their photometry. Narrowband
systems such as Strömgren’s uvby-β (Strömgren 1963) and
systems designed for very large, all-sky surveys such as the ugriz
system (e.g., Fukugita et al. 1996) are in many ways superior,
or at least complementary, to the Johnson–Cousins UBV(RI)C
system (Johnson & Morgan 1953; Cousins 1976). Nevertheless,
for historical reasons, one could argue that the latter is still one
of the most important systems (e.g., Bessell 2005). Much of our
knowledge on stars is based on this type of observational data,
and it is no surprise that whenever a new photometric system is
introduced, transformation equations to the UBV(RI)C system
must be determined.

Theoretical models can be used to translate photometric data
into physical parameters and vice versa. These relationships,

however, must be able to reproduce very well the solar values,
given the high precision and accuracy with which the solar
properties are known. The problem is that the solar colors cannot
be measured directly, i.e., in an identical fashion to those of the
distant stars, as explained before. Since they need to be derived
indirectly, they are typically very uncertain and not very useful
for the calibration of stellar models: thus the need for refinement
in the derivation of the solar colors whenever possible.

The solar colors in the UBV(RI)C system, in particular
(B − V )⊙, have been a subject of debate for many decades.
Values found in the literature, as derived by many different
authors using a variety of techniques, range from about 0.62
to 0.69. Using the effective temperature (Teff) versus (B − V )
relation of Casagrande et al. (2010), and adopting [Fe/H] = 0,
one finds that this range of (B − V ) color corresponds to a
Teff range of 216 K. Such large uncertainty in a fundamental
zero-point calibration represents a severe limitation for reliably
constraining stellar models.

A few direct measurements of the (B − V ) solar color have
been made (e.g., Stebbins & Kron 1957; Tüg & Schmidt-Kaler
1982), but the range of (B − V )⊙ values reported is essentially
the same as that corresponding to the indirect measurements,
suggesting that instrumental effects are very difficult to control
(e.g., van den Bergh 1965). Indirectly, the solar colors can be
measured using samples of stars with known physical properties
and interpolating the correlation between these parameters and
observed colors to the solar values (e.g., Chmielewski 1981;
Ramı́rez & Meléndez 2005b; Holmberg et al. 2006; Casagrande
et al. 2010). In some cases, other types of observations, for
example, spectroscopic or spectrophotometric, of the Sun and
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Basic	photometry	with	IRAF	
•  Example	using	the	images	of	M92	from	basic	
IRAF	tutorial	(see	readme	and	intro.tar)	

•  im010.fits	
•  im011.fits	
•  Call	iraf	(type	cl)	
in	a	xgterm	window	
in	the	directory	iraf	

	





Imexam	to	es:mate	the	sky	(m)	

It is not necessary to subtract previously the sky, 
because the photometry talks will fit the sky level. 
However, in a first approximation: 
 
imarith imagem.fits – sky image_without_sky.fits 
In the example above, sky ~ 40. 



epar: edit parameters 

To exit: CTRL-D 



Put cursor on the 
labeled star and press 
“r” (radial profile) 

1 

2 
3 

4 
5 

6 

7 



1 

m=14.56 
flux=15019 
sky=41.33 
Peak=1118 
FWHM = 3.06 
R=9.2 

“r” at ds9 
(centered on star) 



2 
m=15.18 
Flux=8438 
sky=41.33 
Peak=646 
FWHM = 2.94 
R=8.8 

“r” at ds9 
(centered on star) 



cl>!gedit	imexam.log	(for	linux)	
or	

cl>	!open	–a	textedit	imexam.log	(for	mac)	
	



Some	addi:onal	:ps	
hjp://www.astronomy.pomona.edu/astro101/iraf.phot.html	
•  For	a	more	complete	photometry	of	a	sample	of	
stars	you	could	use	the	package	digiphot	

cl>	digiphot	
apphot.			daophot.		photcal.		ptools.	
Usar	o	sub-pacote	apphot	
•  di>	apphot	
•  						aptest								findpars@					pconvert						polymark						psort 	center								fitpsf								

pdump									polypars@					qphot						centerpars@			fitsky								pexamine						polyphot						
radprof						daofind							fitskypars@			phot										prenumber					wphot			datapars@					
pcalc									photpars@					pselect				

and	perform	photometry	with	the	task	phot	
To	create	lists	of	stars	use	the	task	daofind	
To	extract	photometry	from	the	magnitude	files	you	can	use	the	task	txdump	



Surface	brightness	
•  For	extended	objects	the	
brightness	is	not	necessarily	
homogeneous	

•  We	can	define	the	surface	
brightness	as	the	brightness	
observed	by	solid	angle	Ω:	

Units:	[mag/arcsec2]	



Conversion	of	magnitude	to	
surface	brightness	µ	

For	an	object	of	magnitude	m	and	with	an	area	on	
the	sky	A	(em	arcsec2),	the	surface	brightness	µ:	

µ	=	m	+	2.5	log10	A	



Some	values	of	surface	brightness	µ		
Sky	at	night	
-  New	Moon:	µB	=	22.7,	µR	=	20.9,	µH	=	13.7	[mag/”2]		
-  Full	Moon:	µB	=	19.5,	µR	=	19.9,	µH	=	13.7	[mag/”2]		
	

Sky	at	day:	µV	~	3	[mag/”2]	
	

Sky	is	brighter	in	the	IR.	Moon	affects	more	the	op:cal	
	

The	rela:on	between	µ &	I:	Iobject/Isky	=	10(2/5)(µsky-µobject)	
	

For	example,	µ = 25	mag/”2	R	band	à	Iobject	~		14%	Isky	
Adopting µR (sky) ~ 20,4 



From	counts/pixel	à	mag/”2	
µ0	=	µfit	-		µzero	

	
µzero:	photometric	calibra:on	
Comparison	of	field	stars	with	known	magnitudes	and	
the	number	of	counts/pixel	
	

	µ	[mag/”2]	=	magref		-2.5	log[counts/countsref]	+	2.5logpix2	
	

pix	=	in	arcsec	
magref	=	magnitude	of	reference	star	
countsref	=	total	counts	of	reference	star	


