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Un manuscrito péstumo e inédito de 200 afios:
Cuaderno de viajes y observaciones de
Francisco José de Caldas entre 1802 y 1807

Francisco José de Caldas naci6 en Popayan a comienzos del mes
de octubre de 1768 y muri6 en Bogota 48 afios después, en 1816, a

VISTADE LA 3 .
CADEMIA COLOMEIANA finales del mismo mes de octubre.
il 2

Doscientos afos después de su muerte, la Pontificia Universidad
Javeriana pudo recuperar en Francia uno de sus cuadernos
manuscritos, con doce estudios de viaje y observaciones cientificas
que abarcan los siguientes temas y folios:

1- Relacion de un Viage a Ybarra y demas Pueblos circunvesinos al
Nordeste de Quito hecho en 1802 (28)

2- Aves (35)

3- Quito (8)

4- Descripcion casa Marqués de Selva alegre en Chillo (3)

5- Huerto y jardin de Chillo (1)

6- Viage a las piramides y base de Yaruqui (15)

7- Viage a Pitchincha (28)

8- Viage al Panecillo (4)

9- Materiales para la Memoria sobre los arboles de Quina (1)

10- Determinacion del término de la nieve perpetua en las cercanias del ecuador (5)

11- Determinacion del término de la vegetacion en las cercanias del ecuador (Trigo, Cinchona, Spondias,
Tabaco, Coccos butyracea, Bambusa exandra, Caucho (Ficus), Heliconia, Canelo (Laurus cinamomoides),
Grandes cocos de Cali (Coccos nucifera), Chuquiraga, Musa (Platano), Theobroma cacao (13)

12- Trabajos geodésicos sobre Ymbabura (4)

Los contenidos de estos doce estudios estan registrados en 118 folios manuscritos, ademas de 76 folios en
blanco que los separan en un volumen encuadernado en 1802.

La amplitud tematica que revelan estos titulos se amplia considerablemente al seguir folio tras folio su
contenido, muy rico en conceptos y mediciones originales. El analisis detallado de cada uno de ellos
revela nuevas apreciaciones de Caldas sobre su entorno en la primera década del siglo XIX, y permite
fundamentar nuevas hipotesis sobre el alcance de sus trabajos a partir de su vinculacion a la Expedicion
Botanica a mediados de ese mismo afio de 1802, cuando atn vivia en los territorios que hoy hacen parte
del Ecuador.

Estos trabajos son particularmente significativos en lo que se refiere a la geografia de las plantas,
materia que se ha asociado usualmente al nombre de Alexander von Humboldt, pero que, gracias al
detalle de las observaciones de este diario, puede asociarse también a Francisco José de Caldas como
su gestor simultaneo.

La primera noticia de este cuaderno manuscrito se encuentra en el inventario de la biblioteca de Caldas
elaborado en mayo 22 de 1816, algo mas de cinco meses antes de su fusilamiento en Bogota. La segunda
mencion se halla en el avaluo “de lo que quedaba de esta biblioteca” el 18 de junio, menos de un mes
después, cuando Caldas se registro como “emigrado”, dos semanas antes de ser apresado en su hacienda
de Paispamba, al sur de Colombia.
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Los 12 estudios de este manuscrito inédito hacen parte de una serie total de 44 textos caldasianos fechados
entre 1795 y 1808 que se han podido registrar hasta hoy, es decir que configuran cerca de la tercera parte
de sus estudios antes de iniciar la publicacion del Semanario del Nuevo Reyno de Granada, antes del
fallecimiento de Jos¢ Celestino Mutis, quien se convirtié en su protector a partir de 1802, y antes de
cumplir 40 afios.

Un buen complemento de estos 44 textos, varios de ellos aun inéditos, son las 32 cartas que Caldas escribid
a Mutis en el curso de su vida, las cuales fueron editadas en 1978 en la Academia Colombiana de Ciencias
Exactas, Fisicas y Naturales, gracias a la coordinacion de Alfredo Bateman y de Jorge Arias de Greiff.

La Pontificia Universidad Javeriana pondra este manuscrito inédito a disposicion del publico general y
de los académicos interesados en el 2017, una vez haya sido debidamente digitalizado y analizado en
profundidad por un nimero plural de profesores.

Alberto Gomez Gutiérrez, PhD FLS
Director Instituto de Genética Humana
Facultad de Medicina

Pontificia Universidad Javeriana
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Inaugural article | Ciencias quimicas

The complexity of genome integration process in human lentivirus

Felipe Garcia-Vallejo

Laboratory of Molecular Biology and Pathogenesis, Universidad of Valle, Cali, Colombia

Inaugural article by number member of the Colombian Academy of Exact, Physical and Natural Sciences in May 13, 2016.

Abstract

Introduction. The distribution of human lentiviral cDNA into the host genome has been studied using a linear
structural approach, however such analysis is incomplete because do not consider the dynamics and topology of
interphase chromatin and the gene expression networks in infected cells.

Objective. To correlate using a non-linear approach the multifractality of human chromosomes, with the composition
and disturbing of chromatin topology, as complex effect promote by the lentiviral cDNA integration.

Methods. From 2,409 human genome sequences flanking the 5’LTR of human and simian lentiviruses obtained
from GeneBank (NCBI) database, several human genomic variables were correlated with the multifractality values
AvAD(q of chromosomes covering more than 98.6% of the human genome. Moreover Cytoscape v.2.63 was used to
simulate the effects of viral cDNA integration on gene expression networks in macrophages.

Results. The 54.21% of lentivirus cDNA integrations were registered in chromosomes with high and medium
fractality; 18.14% of these cDNA integrations was exclusively located in chromosomes 16, 17, 19 and 22
corresponding to that with high multifractality values. High scores of Pearson’s correlation for AvADq/
chromosome vs integrations/chromosome; percentage of Alu sequences were recorded. 2,770 interactions among
28 genes located closed to HIV-1 proviruses in human macrophages were recorded. cDNA integration alters the
gene interaction networks in infected cells, the topological parameters of non-infected macrophage network gene
was dramatically changed upon HIV-1 integration.

Conclusion. Some topological changes in those regions with high frequency of cDNA viral integrations would
synergistically configure local topological chromatin environments that alters the gene interaction networks in
infected cells. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.

Key words: Retrovirus; Retroviral co-integration; Lymphocytes; CpG Island; Class Il Genes; Computational simulation.
Complejidad del proceso de integracion sistémica de los lentivirus humanos
Resumen

Introduccion. La distribucion del DNAc lentiviral en el genoma hospedero ha sido estudiada usando un enfoque
estructural, sin embargo éste es incompleto pues no considera la dindmica y la topologia de la cromatina interfasica y
las redes de expresion de genes en la célula infectada.

Obijetivo. Utilizando un enfoque no linear, correlacionar la multifractalidad de los cromosomas humanos con la
composicion y el disturbio de la topologia de la cromatina como un efecto complejo promovido por la integracion
de ADNCc lentiviral.

Meétodos. De 2.409 secuencias gendomicas obtenidas del GeneBank y flanqueantes al 5’LTR de lentivirus humanos,
(cobertura mayor del 98,6% del genoma humano), se correlacionaron con los valores de multifractalidad (AvADQq)
de la cromatina humana. Adicionalmente se empled el programa Cytoscape v.2.63 para simular computacionalmente
los efectos de la integracion sobre las redes de expresion de genes humanos.

Resultados. El 54,21% de la integracién lentiviral ocurri6 en aquellos cromosomas con valores altos e intermedios
de multifractalidad; el 18.14% de estas integraciones se localizo en los cromosomas con mas altos valores de
multifractalidad (16, 17, 19, 22). La multifractalidad se correlaciond con el porcentaje Alu. Se registraron 2.770
interacciones entre 28 genes localizados cerca de provirus VIH-1 en macréfagos humanos. La integracion del DNAc
lentiviral alter6 dramaticamente, la topologia de la red de expresion de genes en macréfagos.

Conclusion. Algunos cambios topoldgicos asociados a las regiones con elevada frecuencia de integracion del
ADNCc, podrian, de manera sinérgica, reconfigurar localmente la topologia del ambiente cromatinica que las redes
de expresion de genes en la célula infectada. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.

Palabras clave: Retrovirus; Cointegracion retroviral; Linfocitos; Isla CpG; Genes clase I1; Simulacién computacional.

Corresponding author: Felipe Garcia-Vallejo, labiomol@gmail.com. Received: April 13, 2016. Accepted: August 10, 2016
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Introduction

The study of particular systems is the source of inspiration
that guides the formation of general ideas from specific
cases to general principles. Therefore the systemic approach
extends towards the study of fundamental biological ques-
tions, such as gene assembly, protein folding and the nature
of functional specificity (Diehl y Boyle, 2016). Such issues
extend beyond the current perception of bioinformatics
as a support discipline and address aspects of biological
complexity, including the simulation of molecular interaction
networks and the dynamics of chromatin using nonlinear
methods (Polychronopoulos, et al, 2016; Karimi-Busheri
y Rasouli-Nia, 2015).

The two closely related human lentiviruses HIV-1 and
HIV-2 are responsible for the 21th century AIDS pandemic
(Piot, et al, 2015; UNAIDS, 2013). Most current therapeutic
approaches use combinations of antiviral drugs that inhibit
activities of viral enzymes such as reverse transcriptase,
protease and integrase; nevertheless none of those have
succeeded in controlling infection (Margolis, et al, 2015;
Balakrishnan, 2009; Wang, et al, 2010; Zaccarelli, et al,
2005). One option to overcome the problem is to explore
new therapies that include the study of the viral cDNA
integration dynamics of human Lentiviruses. It would permit
to understand the underpinnings behinds of alterations of
cellular homeostasis when a cell is infected (Moore, 2000).
Additionally, analysis of integration process is important in
HIV-induced disease, in Lentivirus-based gene therapy and
new therapeutic options actually developed (Saayman, et
al, 2015; Cereseto y Giacca, 2004).

Integration is a crucial step in the life cycle of retrovirus
permitting the incorporation of viral cDNA into the host
genome (Coffin, 1996; Hindmarsh y Leis, 1999). Lenti-
viral cDONA integration is mediated by the virally encoded
integrase enzyme and other viral and cellular proteins in a
molecular complex called the pre-integration complex (PIC)
(Le Sage, et al, 2014; Van Maele, et al, 2006). Previously
Lentiviral integration process has been extensively studied
using a wide array of molecular biology, biochemistry
and structural biology approaches [Lewinski, et al, 2006].
However, is critical to directly identify the viral distribution
inside human genome in order to understand, at geno-
mic, level the relationships between the composition and
topology of chromatin with the target sites selection (Wong,
et al, 2015; Soto-Girén and Garcia-Vallejo, 2012).

As shown by previous studies, the preferences in target
site selection for integration are not entirely random (Ferris,
et al, 2010; Jordan, et al, 2001; Wu, et al, 2003; Hematti,
et al, 2004; Soto, et al, 2011); being pronounced favored
and disfavored chromosomal regions which differ among
retroviruses (Benleulmi, et al, 2015; Rick, et al, 2004).
These preferential regions of host genomes are characterized
by having a high frequency of integrational events, as known
as “hotspot” and are distributed along the genome of host
cell (Maxfield, et al, 2005; Soto, et al, 2010). In HIV-1,

Integration Process of Lentivirus

most of proviruses are localized into transcriptionally active
regions not only in exons and introns, but also in sequences
around start transcription sites (Schroder, et al, 2002; Derse,
et al, 2007).

As the scenario of retrovirus cDNA integration process
is the human genome at once, it is necessary to consider it as
one of a complex molecular structures ever seen in nature. Its
extraordinary information content has revealed a surprising
mosaicims between coding and non-coding sequences
(Moraes and Goes, 2016; Lander, et al, 2001; Venter,
et al, 2001; Levy, et al, 2007). This highly regionalized
structure introduces complex patterns for understanding the
gene structure and repetitive DNA sequence composition
providing a new scenario to study biological process such
as Lentivirus cDNA integration and its consequences into
host genome.

The human genome coding regions are defined, in part,
by an alternative series of motifs responsible for a variety of
functions that take place on the DNA and RNA sequences,
such as, gene regulation, RNA transcription, RNA splicing,
and DNA methylation. The sequencing of the human genome
revealed a controversial number of interrupted genes
(approximately 26,000) with their regulatory sequences
[Venter, et al, 2001] representing about 2% of the genome.
These genes are immersed in a giant sea of different types
of non-coding sequences which make up around 98% of the
genome. The non-coding regions are characterized by many
kinds of repetitive DNA sequences, where almost 10.6% of
the human genome consists of Alu sequences, a type of
SINE (short interspersed elements) sequence (ENCODE
Project Consortium, 2007; Versteeg, et al, 2003). They
can act as insertional mutagens and the vast majority
appears to be genetically inert (DeCerbo y Carmichael,
2005). LINES, MIR, MER, LTRs, DNA transposons, and
introns are other kinds of noncoding sequences, which
together conform about 86% of the genome. In addition,
some of these sequences are overlapped one to another, for
example, the CpG islands (CGl), which complicates analysis
of the genomic landscape. In turn, each chromosome is
characterized by some particular properties of structure
and function (The ENCODE Project Consortium, 2012;
ENCODE Project Consortium, 2007).

Beyond the linear approach of the retroviral cDNA
integration process, is also necessary to understanding in toto
all variables involved in the process. To extend the knowledge
about the complexity of integration process, a new field of
analysis by using nonlinear methods is necessary. One of
such approach is to apply the fractal analysis, which put in
context the variable dynamics of chromatin topology as a
new scenario to better understand the process of lentiviral
integration (i, et al, 2015). In this sense our group have
previously reported the fractality in the human genome
sequence. This behavior correlates strongly on the presence
of Alu elements and to a lesser extent on CpG islands and
(G+C) content. In contrast, no or low relationship was found
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for LINE, MIR, MER, LTRs elements and DNA regions
poor in genetic information. Gene function, cluster of
orthologous genes, metabolic pathways, and exons tended to
increase their frequencies with ranges of multifractality and
large gene families were located in genomic regions with
varied multifractality (Moreno, et al, 2011). Furthermore,
the multifractal analysis of the human genome permitted to
classify the human chromosomes into three different groups
according with their multifractality: The first group were
chromosomes 19, 17, 22 and 16 that exhibit the highest
multifractality values and also the highest Alu contents; a
second group included chromosomes 15, 20, 1, 10, 12, 9, 7,
14 and 21 which have medium multifractality; and a third
group of chromosomes 2, 11, 8, 6, Y, 3, 18, 5, 13, X, and 4
with the lowest multifractality (Moreno, et al, 2011).

In the current work | report the complexity of the human
c¢DNA lentivirus integration process using different sources
of genome information obtained from several genome data-
bases. The computational simulation in association with the
use of strong statistical methods and a chaos game algorithm,
revealed the high level of complexity of lentiviral cDNA
integration which is dependent on not only of the genome
structure itself but the dynamics and topology of host human
chromatin. As a general conclusion of the analyses was
the close association between high frequency of lentivirus
integration zones in that human chromosomes with high
multifractality as a potential effect of chromatin regions that
are far from of equilibrium.

Methods

Mapping of Lentivirus integration sites in the human
genome.

A total of 2,409 human genome sequences flanking the
5’LTR of human and simian lentiviruses were obtained from
GenBank (NCBI) database. They were previously deposited
by several authors using different experimental approaches
and also several type of host cells (table 1) (Ikeda, et al,
2007; Crise, et al, 2005; Mitchell, et al, 2004; Wu, et al,
2003; Schroder, et al, 2002). Using the BLASTN algorithm
(http://blast.ncbi.nIm.nih.gov/Blast.cgi), all sequences were
aligned to the draft human genome (hg18) and those that met
the following criteria were considered authentic integration
sites: (i) contained the terminal 3’ end of the HIV-1 HIV-2,

Table 1. Integration site datasets used in present study.

Virus or Vector  Cell type Number of cDNA Source

integration sites

analyzed
HIV-1 PBMC 178 Ikeda et al. 2007.
HIV-2 CD4+ T-cell 177 Mac Neill et al. 2006.
SIvV CEMx174 220 Crise et al. 2005.
HIV vector PBMC 526 Mitchell et al. 2004.
HIV vector IMR-90 465 Mitchell et al. 2004.
HIV vector Suptl 436 Schrdder et al. 2002.
HIV/HIV vector  H9/Hela 407 Wau et al. 2003.
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SIV or HIV vectors LTR. (ii) had matching genomic DNA
within five base pairs of the end of the viral LTR. (iii) had
at least 95% homology to human genomic sequence across
the entire sequenced region. (iv) matched a single human
genetic locus with at least 95% homology across the entire
sequenced region. (v) had minimum size of 150 bp. Initially
the chromosomal band and the location of the sequence
under analysis were obtained from de NCBI map viewer
(http://lwww.ncbi.nlm.nih.gov/mapview/).

Several genomic variables were counted from different
files: C+G and CpG islands from seq cpg islands.gz
file, Alu, LINEs from seq repeat.md.gz file, genes and
genes/Mbp from seq gene.md.gz file. All these files were
downloaded from NCBI human build 36.2. The chromosomal
localization of the lentiviral provirus included in the present
study was performed by using the G pattern banding of
each chromosome according with the International System
for Human Cytogenetic Nomenclature -ISCN- (Simonis, et
al, 2006). The mean values of multifractality (AvADq) per
each chromosome were obtained from the analysis of the
multifractality that included 9,389 genomic fragments of 300
Kb each one, representing 2,816,700 Kb covering more
than 98.6% of the human genome (Moreno, et al, 2011).
Protein network construction
To construct a gene expression network associated with
HIV-1 integration process, we selected 28 genes of human
monocytes/macrophages, located in the vicinity of HIV-
1 integration sites and previously reported by (Soto, et
al, 2010): AXIN1, NFATS5, STAT5A, FLT1, AKT3, HTT,
RIPK2, DGCR8, WWOX, NRG1, DYRK1A, SLC2A14,
STAP1, ZNF36, PKD1, STX1A, RACGAPL, ATF-7, EXT1,
NOLC1, TCF4, PSMD13, RBMS3, CENTD1, ACAAZ2,
NFAT5, PI4KA, FLT1.

Cytoscape v.2.63 (Shannon, et al, 2003) was used to
construct a gene expression network from two kinds of files:
The first one from gene expression profiles as a text file
(.pvals) that were imported of expression data microarray
experiments (GEO profiles, NCBI). The second, as data
annotation in text files (.sif) that corresponds to each one
gene-gene interactions (online databases). In the first one,
gene expression values were collected from the microarray
data series GSE19236 composed by two Agilent platforms
(GPL6480 and GPL6848) with 48 samples of monocytes to
macrophages, macrophages and dendritic cells. These data
were previously reported (Klug, et al, 2010). Samples from
healthy donors were taken and analyzed using GeneSpring
GX 10.0.2 (Agilent). Data were normalized to the 75th
percentile and baseline-transformed to the median of
freshly isolated monocyte samples. These are available
from the National Center for Biotechnology Information
(NCBI), Gene Expression Omnibus (GEO) repository
(accession number GEO: GSE19236). For network analysis,
all macrophages expression samples with accession code
GSM476720, GSM476721, GSM476722, GSM476723,
GSMA476724, and GSM476725 were selected.
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To make the corresponding statistical analyses Multi
Experiment Viewer v4.1 was applied (Saeed, et al, 2006).
Using data from Biomolecular Network Data Bank
(BOND, http://bond.unleashedinformatics.com/Action),
Biological General Repository for Interaction Datasets
(BioGird, http://thebiogrid.org/) and Kyoto Encyclopedia of
Genes and Genomes (KEEG, http://www.genome.jp/kegg/),
a new file with the interaction data of 28 genes located
close to integration sites was constructed.

Functional analysis

Cytoscape v2.6 was used for visualizing and analyzing the
genetic interaction networks among 28 human monocyte/
macrophages genes and their interactions. Biological Net-
works Gene Ontology v2.6 plugin (BiNGO tool) was used to
determine which gene ontology (GO) terms are significantly
overrepresented in a set of genes. A hypergeometric test was
applied to determine which categories were significantly
represented (p-value <0.01); significant value was adjusted
for multiple hypotheses testing using the Bonferroni family
wise error rate correction (Maere, et al, 2005).

The network topology parameters were calculated using
network analyzer plugin, which includes network diameter,
the number of connected pairs of nodes and average number
of neighbors; it also analyses node degrees, shortest paths,
clustering coefficients, and topological coefficients (Max
Planck Institute Informatik).

To identify active sub-networks as highly connected
regions of the main network we used jActiveModules plug-
in that grouped genes according with significant p-values
of gene expression over particular subsets of samples. The
result shows active modules, listed according to the number
of nodes, and an associated Z-score. An active module with
Z-scores greater than 3.0 indicated significant response
upon the conditions of the experiment. We kept the standard
default values, as being the most effective for initial analyses
(Ideker, et al, 2002).

To compare the currently networks (normal and simu-
lated) to a randomized versions of itself, |1 performed a
comparison analysis to random network analysis using
the Random Network v.1.0 plugin of cytoscape previously
described by Mcsweeney, (2008). This plugin creates a
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number of randomized networks and analyzing several
metrics parameters. The metric parameters that we used
were clustering coefficient (measures how close the neigh-
borhood of a node is to being complete) and the average
degree (number of edges divided by number of nodes) and
the threads to run was 2 and the rounds to run (number of
randomizations to perform) were 100.

Effect of cDNA integration on the monocyte macrophage
network

One purpose of the study was to simulate the effect of
inactivation of some sets of genes that were previously
reported as target for proviral integration in non-infected
macrophages (Barr, et al, 2006).The effect of gene silencing
was made by turning off 5 genes with the highest number of
interactions (AXIN1, NFAT5, AKT3, FLT1, and STAT5A),
to remove them from the data matrix, that operation simulate
a HIV-1 infected network in monocyte/macrophage.

Statistical analyses

Bivariate and multivariate analysis were carried out using
STATISTICA 7.30. Linear correlation analyses for chro-
mosomal integration vs multifractality per chromosome
(AvADq) were performed; chromosomal integration vs Alu,
CpG island distribution and gene content per chromosome
were calculated; additional a non-parametric regression
was calculated for AvADq vs total lentivirus integration per
chromosome. For the multivariate analyses, we included
10 genomic variables which are described in table 2. The
fitness of variables in the Principal Component Analysis
(PCA) model was evaluated by the calculus of the Bartlett’s
sphericity test as well as by Eigen values; the number
of components included in the study was determined
considering a value of variance over 75%. The significant
statistical correlation among the genomic variables including
the AvADq was calculated by a Pearson’s correlation
matrix. A p-value <0.05 was considered as significant for
all tests performed.

To identify which genes were significant among samples
in microarrays an ANOVA test was calculated, considering
a p-value <0.001 as significant. Additionally, a hierarchical
clustering analysis of the samples using Euclidean Distance
Method and mean linking were performed.

Table 2. Operation of selected genomic variables included in the multivariate analyses of PCA performed in the study.

Variable Name

Symbol of Variable

Measuring Scale

Alu percent Alu
Genes per Mega base pair

Lentiviral integrations per chromosome

Mean of replication timing index per chromosome MRTR
Multifractality per chromosome AvADq
Number of CpG islands CpG
Number of genes Genes
Number of LINEs LINE
MIM diseases MIM
G+C content G+C%

Genes/Mb
Integrations

Percent of Alu sequences per chromosome

Genes per Mb/Chromosome

Number cDNA integrations/chromosome

Calculated according with the data of Woodfine et al. 2004
Calculated according with data of Moreno et al. 2011
Number of CpG islands/chromosome

No. of Genes /chromosome

Number of LINEs / chromosome

Total of diseases recorded in OMIM database

Percent of G+C per chromosome
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Statistical differences in the network’s topological
parameters (clustering coefficient, shortest paths, network
heterogeneity, the centralization, average number of neigh-
bors and characteristic path lengt), was performed using
Statistic 7 (STATSOFT, INC., 2004) applying a Kolmogorov-
Smirnov test, with a significance value at p<0.05.

Results

Patterns of provirus distribution

No gross significant differences were observed in the inte-
gration lymphocytic profiles between HIV-1 and HIV-2
(p>0.05, Mann-Whitney test). The integrational events for
both human Lentiviruses were recorded in all chromosomes
except the Y (figure 1). However, significant differences
between the number of HIV-1 and HIV-2 provirus were
observed for chromosomes 4, 8, 9, 11 and 16 (p<0.05, X2
test). The 12% (289/2,409), of total integrations occurred
in chromosome 17 (figure 1). Moreover a tendency to a
differential distribution of provirus towards telomeric and
subtelomeric regions of the most of human chromosomes
was observed. In this sense, other authors showed that cen-
tromeric alphoid repeat regions are disfavored as integration
sites (Carteau, et al, 1998). Although proviruses were
observed in all chromosomes, we identified some chromatin
regions with only HIV-1 integrations in chromosomes 4, 6
and 9 and only HIV-2 in chromosome 21.

Definition of the common genomic microenvironments
for integration

The results of multiple regression analysis conducted on
the HIV-1 and HIV-2 data sets showed that there were
differential distributions of CpG island, genes, and Alu
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elements that together conditioned a specific genomic
environment per chromosome (R?=0.91, p<0.05). Gene
density was the independent variable contributed most in
the prediction of the dependent variable (integrations) due
to the highest regression coefficients (B=0.83; p<0.05). The
highest relative likelihood of hosting a lentiviral integration
event in the human genome was registered in chromosome
17 (figure 2a).

To test weather integration events are favored by gene-
rich regions in all chromosomes, a comparison between
those variables was done indicating that a high gene density
in chromatin regions determine a favorable environment
for integration, even when the chromosome 17 is excluded
(figure 2b). Because chromosome 17 registered the highest
percentage of lentiviral integration events, a detailed analysis
of chromatin structure correlating several variables that give
data about the cellular chromatin status was performed. In
general the distal chromatin regions of p and g arms showed
similarities in the distribution of methylation in CpG islands,
methylation in several lysine residues of histone H3 (K4,
K27 and K36) and variable levels of open chromatin and
nucleosome occupancy.
cDNA integration and chromosomal multifractality
The 54.21% (1,306/2,409) of lentivirus cDNA inte-
grations were registered in chromosomes with high and
medium fractality; however 18.14% (437/2,409) of these
cDNA integrations was located in chromosomes 16, 17, 19
and 22 corresponding to that with high multifractality values
(figure 3). High scores of correlation coefficients for number
of integrations/chromosome vs MIM diseases (r=0.773); CpG
islands (r=0.888) and genes (r=0.895); AvADq/chromosome
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Figure 1. Chromosomal loci where 2,189 HIV-1 and HIV-2 cDNA have integrated into the human genome. Localization of chromosomal
sequences matching both lentivirus are indicated in the graphics. Upper for each chromosome. Blue lines identify HIV-2 integrations and

red lines identify HIV-1 integrations.
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vs MRTR (0.938); integrations/chromosome (0.620); per-
centage of Alu sequences (0.97) and genes/Mb (0.873) were
recorded (table 3). Furthermore in chromosome 17 with an
AvAD@=1.1572 and a gene density of 17.88 genes/Mb, had
the highest frequency of lentiviral cDNA integrations.
Although the association between multifractality per
chromosome and cDNA integration profiles were almost
similar for HIV-1, HIV-2, HIV vector and SIV, some
minor differences were recorded. The high frequencies
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of integration in chromosomes 17 and 19 were similar
in HIV-2, HIV-vector and SIV; however, in chromosomes
with medium fractality especially in 1 and 7, integration
frequencies were different for HIV-1 and HIV-2 in com-
parison with HIV-vector and SIV (figure 4).

The results of the Bartlett’s sphericity test (p<0.05) and
of those obtained in the correlations matrix test, showed a
high correlation among the selected genome characteristics
under analysis (table 2). The data indicated that the most
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Genes:CpG island:integrations: Multiple R(z/xy) = 0.9372 | p= 0.000000002 |

Variable Genes CpGisland | integrations
Genes 1,000000 | 0,859856 0,956965
CpGisland | 0,859856 | 1,000000 0,863332
integrations | 0,956965 | 0,863332 1,000000

Figure 2. Multiple-regression analysis among gene density, CpG island number, and frequency of HIV-1 and HIV-2 proviruses including
every human chromosome. A high statistical correlation is observed mainly for chromosome 17. (a) Analysis including all human

chromosomes. (b) The same analysis but excluding chromosome 17.
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Figure 3. Tridimensional representation of Lentiviral cDNA integration sites per chromosome and their values of multifractality per chromosome.
Color scale at right side shows the values of AvADq that correspond to each one pyramids on the tridimensional space representation.
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appropriate multivariate analysis for the hierarchical sta-
tistical processing of variables was PCA. It rendered two
combinations of genomic variables that accounted for
the 84.50% of the total variance. The first component
summarized 48.15% of the total variance, and the second
36.35%. The first one was a linear combination of variable
numbers per chromosome, of MIM diseases, cDNA
integrations, AvADq, Alu, CpG and Genes per Mb, while
the second component included, number of LINE and
genes per chromosome. As shown in figure 5, AvADq,
Alu %, Genes/Mb and integrations co-localized in the same
Cartesian quarter with high multifractal chromosomes 16,
17,19 and 22.

doi: http://dx.doi.org/10.18257/raccefyn.364

The effect of cDNA integration in monocyte/macrophage
protein networks

11,713 significant genes of 41,000 probes were clustered
in two significant different groups of cells; one of them
included only dendritic cells, meanwhile the second grouped
monocyte to macrophages and macrophages which are
sharing similar gene expression patterns. A total of 2,770
interactions among 28 genes which were located closed to
HIV-1 proviruses in human macrophages were recorded.
AKT3 was gene with highest number of interactions (456),
followed by FLT1 (381), STAT5A (356) and AXIN1 (328).
In contrast ZNF36, DYRK1A and RBMS3 genes had the
lowest number of gene interactions. The normal monocyte/

Table 3. Values of the Pearson’s correlation matrix. Values in bold are statistical significant.

Variables Diseases Integrations AvADq MRTR Alu (%) CpG islands LINE Genes Genes /Mb
Diseases 1 0.773 0.007 0.113 -0.018 0.754 0.670 0.872 0.231
Integrations 0.773 1 0.720 0.193 0.088 0.888 0.687 0.895 0.251
Av DDq 0.007 0.620 1 0.938 0.975 0.260 -0.448 0.223 0.873
MRTR 0.113 0.193 0.938 1 0.918 0.323 -0.308 0.346 0.944
Alu (%) -0.018 0.088 0.975 0.918 1 0.240 -0.483 0.214 0.861
CpG islands 0.754 0.888 0.260 0.323 0.240 1 0.599 0.876 0.327
LINE 0.670 0.687 -0.448 -0.308 -0.483 0.599 1 0.614 -0.270
Genes 0.872 0.895 0.223 0.346 0.214 0.876 0.614 1 0.423
Genes per Mb 0.231 0.251 0.873 0.944 0.861 0.327 -0.270 0.423 1
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Figure 4. Profiles of number of retroviral cDNA integrations per chromosome and their AvADq in different types of human and simian
lentivirus and HIV-1 vectors. (A). HIV-1; (B). HIV-2; (C). HIV vectors and (C). SIV. (SIV- Simian Immunodeficiency Virus)
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macrophage gene network showed tree components: the
main cluster composed by 26 genes and its interactions and
two minor clusters in which ZNF36 gene was the central
node with five interactions; and STX1A as central node with
twelve interactions.

Using the KEGG Pathway Database, 38 pathways were
associated to those 28 macrophages genes. This metabolic
signature contained pathways closely articulated with Whnt,
Jak-STAT, ErbB, and VEGF signaling pathways. The gene
transcriptional products involved in these cascades leads
to different signaling pathways, resulting in multitude of
signals for cell proliferation, differentiation and cellular
homeostasis.

In order to better understand the alteration of monocyte/
macrophages homeostasis by the HIV-1 integration, our
analyses were focused to simulate what are the effects of
viral cDNA integration in the alteration of several gene
expression networks in human macrophage. In general
the topology of non-infected macrophage network gene
was dramatically changed by the HIV-1 integration events
that lead to turned off the expression of five genes by the
integration of proviral cDNA.

The evaluation of the several topological parameters
such as clustering coefficient, shortest paths, network hetero-
geneity, the centralization, average number of neighbors and
characteristic path length, showed a changed in the values
of HIV-1 macrophage infected gene network, compared
with that of normal macrophage (figure 6). The non-
altered network was more condensed, had more number of
interactions, was wide open rich in shortest paths and also
was composed by one major component and two minor
clusters being more heterogeneous and multi-functional
table 4. Statistical differences between the topology states
of two networks were registered for topological coefficients,
closeness centrality and neighborhood connectivity distribu-
tion (Kolmogorov-Smirnov test p<0.05), but not in average
clustering coefficient distribution. These results indicate that
normal network was significantly more central and densely
connected in comparison with that of HIV-1 macrophage
infected network.

Using random network plugin by Cytoscape, it was
found that the clustering coefficient of the non-infected
network and simulated infected network in comparison with
those generated at random showed not statistical differences
(Kluskal Wallis test, p=0.317). The data confirmed that the
topology of both reported networks have a strong support
that the simulation of our gene network is valid.

The gene ontology (GO) enrichment analysis showed
that normal network was composed by 423 significant
functional categories of a total of 1190. These individual
significant categories could be further classified into two
major groups; cell function regulation and signaling of
biological process. In contrast HIV-1 infected macrophage
gene network was enriched with 10 significant functional
categories of a total of 40. The significantly over represented

Integration Process of Lentivirus
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Figure 5. Biplot showing the correlations between the values
in the 24 chromosomes of 11 genomic variables including the
multifractality that mapped onto first two principal components
(cumulative variance = 84.50%) of PCA. Diamonds in green
indicate those chromosomes with highest values of multifractility.

Figure 6. Effects in the topology gene expression network in
macrophage by HIV-1 integration. (A) Normal macrophage genes
expression network. (B) HIV-1 integration network when five
macrophage genes were turned off.

Table 4. Comparison of network parameter values in normal and
HIV-1 infected macrophages.

Parameter Normal HIV-1 infected
macrophage macrophage

Clustering coefficient 0.30 0.04
Connected components 3 3
Shortest paths 94% 90%
Network heterogeneity 5.63 3.75

Avg. number of neighbors 4.20 2.70
Characteristic path length 3.30 4.13
Centralization 3.75 0.21

categories indicated that this emergent new gene network
was composed by genes involved in metabolic process and
DNA repair process.
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Discussion

Data obtained from more than two thousands human
genome fragments flanking lentivirus integration sites,
showed a preferential distribution in medium and high
multifractality chromosomes as a characteristic of the
process. It could be interpreted in terms of chromatin
instability as a general effect of lentivirus infection. The
preferential lentiviral cDNA integration process to human
chromosomes with the high and medium multifractality,
significantly correlate with high density gene and Alu
densities per chromosome. Therefore, characterization of
the chromatin changes that occur by cDNA integration
represents an important issue to understanding the com-
plexity of crosstalk between retrovirus genome and host
genome (Colin, et al, 2014).

The results also remarks the importance of the dynamic
of a portion of the interphase chromatin which is far from
of equilibrium or in open-decondensed chromatin regions.
In this sense several variables including the nucleosomes
occupancy, methylation of CpG Islands, DNase hypersen-
sitive regions and transcriptionally active genes, play an
importantrole to provide an environment for DNAregulatory
processes associated with the cDNA integration such as
DNA replication, repairs and transcription (Albanese, et
al, 2008). We concluded that the structural characteristics
and the epigenetic modifications observed in those regions
with high frequency of cDNA viral integrations would
synergistically configure a local complex “genomic environ-
ment” that facilitates the target site selection during the
retroviral integration in host.

As the cDNA integration do not follow a random
model, some characteristics of the chromatin associated with
regions of high level of lentiviral cDNA integration, support
the hypothesis that a preferential integration is conditioned
by structural and functional states of local chromatin. These
states are defined by several genomic variables which were
studied in this work, and together with others, would define
local genomic environments (Alzate, et al, 2015; Craigie y
Bushman, 2014; Ciuffi, et al, 2005; Ciuffi, 2008; Bushman,
et al, 2005). However is important to state that beyond of
the intervention of some repetitive elements such as Alu
sequences, and CpG islands in a conformation of local
chromatin remodeling, the multifractality of chromosomes
is also a crucial variable that influence the dynamic of
remodeling the local genomic environment complexity; it is
a new approach that extent the analysis of complex retroviral
integration process (Losa, 2009).

Previous analysis using the two-dimensional density
correlation matrix, showed that all human chromosomes
have common characteristics in their multifractal spectrum
and deviate substantially from random and uncorrelated
sequences of the same size. Small deviations are observed
between the longer and the shorter chromosomes, especially
for the higher (in absolute values) statistical moments
(Provata and Katsaloulis, 2010). Moreover the multifractal
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analysis of human genome suggest that the chromosome
molecular structure might be organized as a system operating
far from equilibrium. In this sense, the analysis performed in
the present study validated the strong relationship of lenti-
virus integration process and chromosomal multifractality
found especially for chromosomes 17, 19, 22, and 16.

The high multifractal chromosomes have the highest
densities of Alu elements and genes per Mb (Moreno, et
al, 2011). Particularly chromosomes 17 and 19 are by far,
the most multifractal chromosomes have the highest gene
densities of the whole genome and a high and medium
frequencies of lentiviral integration. The results of the
PCA support the close association between genes density/
chromosome, AvADq and MRTR and highest multifractality
values chromosomes. These associations are important to
analyze in terms of chromatin stability through the cell
cycle process.

Mammalian interphase nucleus is a highly organized
and compartmentalized into three-dimensional discrete
chromosome territories or domains (CTs) (Folle, 2008;
Cremer, et al, 2008), surrounded by a network of
interchromatin compartment (IC) which harbors factors
involved in DNA replication or repair as well as RNA
transcription and processing (Chakraborty, et al, 2015;
Meaburn y Misteli, 2007; Lanct6t, et al, 2007), such
organization is the scenario that required to the process
of retroviral integration occur. Several studies comparing
transcriptionally inactive and active chromatin found a more
interior nuclear position for active chromatin mainly for
chromosomes 17 and 19 (Geyer, et al, 2011; Folle, 2008;
Lanct6t, et al, 2007).

Although the current knowledge shows that HIV-1
favors integration in transcribed chromosomal regions, thus
improving chances for efficient expression of the viral
genes for HIV-1 and HIV-2 and HIV vectors, actually it is
not fully understood how the genomic site for integration is
determined, (Cattoglio, et al, 2010; Felice, et al, 2009). In
this sense, our data present strong evidences that one of the
crucial factors to determine the integration site, among others,
is the topological conformation of chromatin associated to
chromosomes with high gene densities specially 19 and
17. The close association between high multifractality and
high frequency of lentivirus integration in both chromosome
would be dependent of the topological configuration of
interphase chromatin that is the scenario for the process of
lentivirus integration (Garcia-Vallejo, et al, 2015).

Experimental results taken from human fibroblast
nuclei in GO phase showed that regarding 16, 17, 19, and
22, were located in the most internal perimeter (Bolzer,
et al, 2005). In this sense, the results of the current work,
could be interpreted as such 3D localization would be a
result of different waves of fractal sates produced by the
machinery of the preintegration complex on the structure of
local associated chromatin. Taking together all sources of
evidence, is possible to correlate the multifractality with the
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high instability of chromatin associated mainly involved in
events of high rates of gene transcription as testing by the
differential localization of promoters inside the nucleus.

In this study we simulated at a systemic level, the
alterations of cellular pathways when HIV-1 provirus
integrates into genes by turning them off and produce
dysregulation of several local signaling pathways among
others in MAPK and Wnt signaling process. One of the
target genes associated with HIV-1 integration was AKT3,
also called PKB, which is a serine/threonine protein kinase
family member. It is involved in a wide range of biological
processes including cell proliferation, cell differentiation,
apoptosis, stimulating cell growth, and regulating other
biological responses (Coffer, et al, 1998; Song, et al,
2005). Also, it has been identified playing important roles of
regulation in the G2/M transition of the cell cycle (Lee, et
al, 2005). According with these previous data, is possible to
propose that, when AKT3 is turned off by HIV-1 integration,
the cross talk with JNK, NFTA and others is disrupted
leading to a signaling dysfunction of metabolic associated
pathways. When AKT3 was inactive, the direct interaction
with MKK?7 produce a disruption of JINK and after with JUN
that would result in a non-activation by phosphorilation of
apoptotic and cell cycle process (Oh, et al, 2005; Cui, et al,
2008; Kowalczyk y Zablocka, 2008).

I do get strong evidence to propose that HIV-1 inte-
gration in host genome disrupt several signaling pathways
that control the normal cell homeostasis changing towards
an anti-apoptosis gene signature associated with many
hub nodes with a high degree of interactions. As HIV-1
infected macrophage is an abnormal reservoir in which the
metabolic cascades are altered, it is feasible to propose that
the metabolism of macrophage adapt to perform survival
functions where the apoptotic process is interrupted and a
SOS metabolism make that the macrophage changes its life
style. Deciphering the signaling pathways involved in HIV-1
integration process in macrophage as viral reservoirs, shall
be critical to a better understand HIV-1 infection for early
stage viral transmission and dissemination within the host.

Studies on host genomics have revealed the existence of
identifiable HIV-1 specific protective factors among infec-
ted individuals who remain naturally resistant viraemia
controllers with little or no evidence of virus replication
(Kaur, et al, 2013), currently, a variety of strategies are
being tested in order to breakthrough this highly challenging
treatment barrier. Most of them consider the genome as a
target to perform either chemical modification or introduction
of stable molecular devices to alter the programing of gene
expression in infected host genome (Méndez, et al, 2015).

The current study provided new insights on the influence
of stable retroviral integration on nuclear chromatin orga-
nization and support evidence of recent studies indicating
that a fractal model of chromatin architecture is consistent
with structural data on chromatin interminglement, and with
the diffusion and binding properties of chromatin interacting
proteins (Bancaud, et al, 2012; Bancaud, et al, 2009).

Integration Process of Lentivirus

It is a new approach that would contribute to open new
points of view to extent the knowledge about the complex
mechanisms operating during the integration of lentiviral
cDNA into the genome of host cell with the aim, in a future,
develop novels and powerful therapeutic strategies to control
the lentivirus infection (Manjunath, et al, 2013; Bauman,
et al, 2012)
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Resumen

Las propiedades electromagnéticas de todos los materiales existentes en la naturaleza pueden ser determinadas a
partir dos parametros, la permeabilidad magnética y la permitividad eléctrica, los cuales nos permiten caracterizar la
respuesta de cualquier material cuando este interactla con una onda electromagnética. En principio, no existe limite
para el rango de valores que estos dos pardmetros pueden tomar. Por tanto, es posible disefiar y construir a voluntad
materiales con caracteristicas de respuesta electromagnética especificas no encontradas en la naturaleza. Estos
materiales fabricados en el laboratorio reciben el nombre genérico de metamateriales, y entre ellos se encuentran
los conocidos por LHM, asi llamados porque los vectores de campo de las ondas electromagnéticas que viajan
en su interior estan relacionados por la regla de la mano izquierda. La caracteristica distintiva de los LHM es que
para ciertas bandas de frecuencia presentan indice de refraccion negativo con modos propagativos posibles. Este
fendmeno se presenta solamente si ambos parametros u y ¢, dentro de dichas bandas de frecuencias son negativos
simultaneamente. El propdsito de este trabajo es presentar los principios y fundamentos de estos metamateriales de
manera que despierte el interés de lectores no especializados. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.

Palabras clave: Metamateriales; Anillos resonadores; Ondas electromagnéticas.
Metamaterials: main features and applications
Abstract

Electromagnetic properties of all materials existing in nature can be determined from two parameters, the magnetic
permeability and the electrical permittivity, which allow us to characterize the response of any material when this
interacts with an electromagnetic wave. In principle, there is no limit to the range of values that can be taken by
these two parameters. Therefore, it is possible to design and construct materials with specific characteristics of
electromagnetic response not found in nature will. These materials manufactured in the laboratory received the
generic name of Metamaterials, and among them the well-known by LHM, are so called because the vectors of
field of electromagnetic waves travelling in the interior are related by the rule of the left hand. The distinctive
characteristic of the LHM is that for certain bands of frequency they present negative index of refraction with
possible propagative modes. This phenomenon appears only if both parameters p and ¢, within these bands of
frequencies are simultaneously negative. The purpose of this paper is to present the principles and foundations
of these metamaterials so that it wakes up the interest of not specialized readers. © 2016. Acad. Colomb. Cienc.
Ex. Fis. Nat.

Key words: Metamaterials; Ring resonators; Electromagnetic waves.

| Ciencias fisicas

Introduccién

El principio fisico fundamental en el caso de un metama-
terial consiste en “sustituir” atomos por microestructuras
fabricadas en el laboratorio, las cuales al igual que los
atomos, presenten actividad electromagnética, es decir,
tienen una funcion dieléctrica ¢ (w) y una magnética W (w).
El tamafio de las microestructuras debe asemejarse a las
de un atomo, a fin de permitir la propagacion de una onda
electromagnética (OEM) en el interior del material sin que se
genere difraccion. De esta manera, cuando la OEM avanza
en el interior del metamaterial lo hace como si estuviera
avanzando en un material homogéneo. Este comportamiento

es asegurado por la condicion de homogeneidad efectiva
(Caloz & Itoh, 2005), la cual compara la longitud de la
onda que se propaga con el tamafio de la celda unitaria
del metamaterial,

d»a. (1)

Cuando una onda electromagnética se propaga en el
interior de un medio material, los parametros U (w) Y ¢
(w), dependen de la frecuencia de la onda incidente. Sin
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embargo, si tenemos en cuenta la frecuencia w_ del plasmon
asociado al medio material, esta dependencia podria incluso
inhibir la propagacion de la onda en el interior del medio
(Mark A. Heald, 1994), pues recordemos que el vector de
onda puede ser expresado como

2

k = Tw 1- %v (2)
donde k es la magnitud del vector de onda k, o es la
frecuencia de la onda, w, es la frecuencia plasmonica y c es
lavelocidad de la luz. De la ecuacion (2), es claro que la onda
se propaga solo si se cumple que la frecuencia de la onda es
mayor a la frecuencia plasmdnica (w>w,). Adicionalmente,
es importante recordar que k = -& n = -2 1€, es decir, todo
el comportamiento electromagnético (EM) del metamaterial
y su respuesta cuando dicho material interactGa con una onda
electromagnética (OEM) depende del indice de refraccion n
y por lo tanto de su permitividad eléctrica ¢ y su permeabi-
lidad magnética . Pero, ¢qué son en realidad los parametros
¢y W? De acuerdo con la teoria electromagnética, estos son
una medida de la capacidad de almacenar energia eléctrica'y
magnética que tiene determinada estructura. De lo anterior,
es evidente que para aumentar la actividad magnética y
eléctrica de un material, es necesario incrementar su capa-
cidad eléctrica y magnética, es decir, disefiar estructuras
que puedan almacenar energia eléctrica y magnética de
manera mas eficiente que las conocidas hasta este momento.
Donde tradicionalmente para llevar a cabo dicha funcién han
sido implementados arreglos de capacitores e inductores.
Uno de los sistemas que nos brinda la posibilidad de tener
simultaneamente estos dos mecanismos de almacenamiento
son los circuitos LC. Dichos circuitos, poseen una frecuencia
de resonancia asociada dependiente de la capacitancia e
inductancia del sistema, donde la frecuencia de resonancia
esta dada por w = %

Uno de los mecanismos mas simples que nos permiten
emular los circuitos LC es la implementacion de SRR (Split
Ring Resonator, por sus siglas en inglés) los cuales permiten
incrementar la capacitancia e inductancia de forma simul-
tanea de un sistema. En aras de dar mayor claridad al lector,

E

Rev. Acad. Colomb. Cienc. Ex. Fis. Nat. 40(156):395-401, julio-septiembre de 2016

doi: http://dx.doi.org/10.18257/raccefyn.345

dicha estructura es esquematizada en la Figura 1. Notese
cémo un rectangulo con una abertura de ancho d replica un
circuito LC, donde la inductancia L esta distribuida en toda la
extension geométrica del cuadrado y la capacitancia puede ser
modificada dependiendo del tamafio de la abertura d. Dicha
estructura fue el resultado de diversos estudios realizados en
la década de los 90’s, en la cual investigadores de diferentes
grupos de investigacion se preocuparon por proponer disefios
que permitieran lograr los objetivos mencionados antes. En
la siguiente seccidn presentamos una de las estructuras que se
ha constituido en la piedra angular para el estudio, disefio y
construccion de metamateriales, la cual funcionan muy bien
especialmente en el rango de las microondas.

Anillos resonadores

En 1999, Pendry y su grupo sugieren que ciertas configura-
ciones de medios conductores no magnéticos podrian tener
respuesta magnética considerablemente fuerte cuando son
sometidas a la presencia de un campo electromagnético
(J. B. Pendry, Holden, Robbins, & Stewart, 1999a). En
particular, predijeron que estas configuraciones tendrian
permeabilidad magnética negativa en un rango determinado
y finito de frecuencias. La estructura propuesta consistia
en un doble anillo con las aberturas orientadas en sentidos
opuestos como se muestra en la Figura 2.

La novedad de la estructura propuesta por Pendry radi-
caba en la disposicion de las aberturas de los anillos y tiene
la siguiente explicacion: Cuando la OEM se propaga en el
interior del material excita o induce una corriente eléctrica
(flecha en color azul) en la misma direccion en ambos
anillos (sentido horario en ambos anillos de la Figura 2).
Adoptando la convencion usual en ingenieria, segin la cual
los portadores de carga en la corriente son positivos, entonces
la abertura del anillo exterior dispone la acumulacién de
cargas positivas en la mitad superior del anillo, y por defecto,
de cargas negativas en la mitad inferior del anillo. En el anillo
interior, la abertura dispone las cargas positivas en la parte
inferior y, por defecto, las negativas en la parte superior.
El resultado final, como puede notarse a simple vista, es la
creacion de dos condensadores conectados en serie, cada uno

Figura 1. Un rectangulo con abertura de ancho la apertura funciona como capacitor, mientras la inductancia esta distribuida
en toda la estructura rectangular. Se puede representar por un circuito LC.
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de ellos con una apreciable capacidad eléctrica e inductancia
magneética distribuida. El nimero de anillos utilizados para
construir la estructura solo esté limitado, en principio, por la
condicion de homogeneidad efectiva.

Una vez aceptado que un anillo con abertura equivale a un
circuito LC, podemos construir estructuras con capacitancias
e inductancias apreciablemente mayores, agregando anillos
concentricos. Toda la estructura seria el resultado de conectar
eléctricamente los circuitos elementales equivalentes de cada
resonador. Las propiedades electromagnéticas de los SRR

Figura 2. Anillos resonadores, elemento propuesto por J. Pendry:
La disposicion de las aberturas es fundamental para lograr un
efecto de capacitancia eléctrica distribuida. EI nimero de anillos
que componen la estructura aumenta la inductancia.

| ||
ll I
Col2  Col2

=

|::> Lo/2

L~~~

Figura 3. En la parte superior se muestra una estructura compuesta
de dos resonadores SRR (propuesta por Pendry) y a la derecha su
modelo circuital equivalente En la parte inferior se muestra el
CSRR y su circuito equivalente a la derecha. Ndtese el cambio en
las conexiones de los capacitores y las inductancias. Un SRR se
construye imprimiendo sobre un substrato dieléctrico los anillos
conductores. Por el contrario un CSRR se obtiene “canalizando”
sobre un substrato conductor los anillos, donde habia anillos
conductores y substrato dieléctrico ahora hay anillos dieléctricos
y substrato conductor.

Metamateriales: principales caracteristicas y aplicaciones

han sido ampliamente analizadas en (Marqués, Medina, &
Rafii-El-Idrissi, 2002; Marques, Mesa, Martel, & Medina,
2003) y un modelo circuital equivalente para resonadores
SRR y CSRR (Complementary Split ring Resonator, por su
sigla en inglés) fue presentado en el 2005 por (Baena, et al.,
2005), como se ilustra en la Figura 3. Si las perdidas por
resistencia de los anillos no son considerables, el espesor
de los mismos no tiene influencia alguna y se observa un
comportamiento dual (Falcone, et al., 2004), es decir los
SRR se comportan esencialmente como dipolos magnéticos
resonantes susceptibles a ser excitados con campos magné-
ticos axiales (paralelos al eje perpendicular del plano del
anillo), mientras los CSRR se comportan como dipolos
eléctricos con la misma frecuencia de resonancia también
susceptible a ser excitados con un campo eléctrico axial.

Calculo de la Permeabilidad Magnética de un Resonador

Es posible obtener la permeabilidad magnética para un
resonador simple con abertura a partir de la teoria elemental
de circuitos. Para este caso en particular no existe capacitancia
distribuida y por lo tanto todo el efecto capacitivo es debido
a la abertura de ancho d presente en el anillo resonador. Asi,
cuando una OEM viaja con direccion y polarizaciéon como
se ilustra en la Figura 1 (es decir, el campo magnético # (t)
oscilando en la direccion perpendicular al plano del SRR.)
induce una corriente que al acoplarse con el campo eléctrico
oscilante £ puede entrar en resonancia con este. Ento-
nces podemos utilizar las leyes de Kirchhoff para obtener
el balance de energias del sistema. Para ello, basta con
representar los SRR o CSRR como circuitos LC (ver Figura
3), donde el potencial inducido por las oscilaciones de (t)
lo representariamos por una fuente de voltaje alterno y asi,
el balance de energia en un instante de tiempo t cualquiera
est4 dado por:

Vinducido = _(i)B =L+ CL J-(t) Idt. (3)
Derivando con respecto al tiempo obtenemos
by= LI+ CL I @)

Si ademas asumimos que la seccidn transversal del
campo magnético es uniforme sobre toda el area del
SRR, @ representa su flujo a través de dicha area. Por
otro lado, es razonable asumir que la corriente inducida |
y el campo inductor #(t) tienen la misma dependencia
arménica temporal, y recordando que la densidad de campo
magnético y el vector de magnetizacion estan dados por
B=yu,HyM=nmy respectivamente, donde m =I” u,. En
este caso especifico se tiene que n es el ndmero de espiras
de corriente por unidad de volumen, m = 112 es el momento
dipolar magnético y | el lado de la espira.

Después de operar y organizar términos es posible obtener
una expresion para la permeabilidad magnética dada por (5)
w(w)=(1 + =), ®)

) (0fe — @)
Donde 7=~-LL y N el nimero total de resonadores en
el volumen de la celda. De lo anterior, tenemos entonces
que todos los resonadores presentaran una permeabilidad
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magnética dada por la ecuacién (5) donde el factor F es un
parametro caracteristico de cada resonador. La Figura 4 nos
muestra la respuesta caracteristica obtenida para un anillo
resonador como el ilustrado en la Figura 1. Claramente
para este caso particular la permeabilidad magnética puede
tomar valores negativos para un rango de frecuencias entre
4.77 GHz y 6.77 GHz aproximadamente, donde dicho
rango puede ser alterado si modificamos la geometria de la
estructura empleada.
Metamateriales con indice de refraccion negativo
La posible existencia de materiales con indice de refraccion
negativo fue tedricamente explorada por primera vez en
1968, por el fisico ruso Victor Veselago (Veselago, 1968).
Estas sustancias deberian tener permitividad y permeabi-
lidad negativas. Veselago en ese momento las nombr6 zurdas
0 materiales izquierdos (LH: Left Handed en inglés), dado
que el trio que forman el vector de propagacion, el campo
eléctrico y el campo magnético siguen una ley de mano
izquierda a diferencia de los dieléctricos convencionales que
siguen una ley de mano derecha. Como consecuencia, en los
medios LH el vector de Poynting viaja en direccion contraria
a la direccion de propagacién de la onda como se puede
ver en la Figura 5b, al contrario de los medios RH (Right
Handed Material, por sus siglas en inglés) donde el vector
de Poynting viaja en la misma direccion de propagacion de
la onda (Figura 5a).

Esto se puede verificar facilmente a partir de las
ecuaciones de Maxwell y teniendo presente que los campos
E(r, t) y B(r, t), son de caracter ondulatorio:

=

ﬁxﬁ:—%ﬁ ?XEZwﬂﬁ (6)
Vet =~ DD, x E= ol )

Notese que si ¢ y J son ambos positivos los vectores
E, H,y # forman lo que se conoce como un triplo de mano
derecha y al medio activo a través del que se propagan se
le denomina RHM. Si por el contrario si ¢ y p son simul-
tdneamente negativos, estos formaran un triplo de mano
izquierda, y al medio se le denomina LHM.

Veselago predijo algunos efectos producidos por un
medio zurdo, entre los cuales se destacan:

1. La velocidad de fase y velocidad de grupo son anti-
paralelas.

2. Inversion del efecto Doppler.

3. Inversion de la radiacion de Vavilov- Cerenkov.

4. Inversion de las condiciones de contorno relativas a los
componentes normales de los campos magnéticos y eléctricos
en el area de contacto entre un medio zurdo y un medio diestro.

5. Inversion de la ley de Snell.

6. Indice de refraccion negativo en la superficie de
contacto entre un medio zurdo y un medio diestro.

7. Transformacion del punto fuente en un punto imagen
en un medio zurdo.

8. Intercambio de los efectos de divergencia y conver-
gencia en lentes convexas y concavas, respectivamente,
cuando estéan fabricadas con un medio zurdo.
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Figura 4. Respuesta magnética del SRR de la figura 1 con | =
2cm,w=04cm,d=05mm,t=30x10°m . El valor de la
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Figura 5. En un RHM el vector de Poynting S viaja en la misma
direccion que el vector de propagacion de onda #'. En cambio para
el caso de un LHM, dichos vectores tienen direcciones opuestas.

9. Fendmenos de tipo resonante ante plasmones.

Veselago solo describi6 el potencial e hipotético com-
portamiento de sustancias zurdas, dado que para la fecha
del estudio (1968) se desconocia material alguno que
pudiera presentar estas caracteristicas. Por esta razén ningun
experimento se pudo realizar y quedo solo como un postulado
tedrico hasta el afio 1999.
Construccion de los primeros materiales LHM
En 1999 se construy0 el primer material LHM. No se trataba
de ninguna sustancia, sino de una estructura artificial lo
suficientemente pequefia para ser considerada homogénea,
es decir, una estructura que cumplia la condiciéon de
homogeneidad efectiva. Dicha estructura fue concebida
por Smith y colaboradores (D. R. Smith, Padilla, Vier,
Nemat-Nasser, & Schultz, 2000) y se bas6 enteramente en
los trabajos de Pendry, (J. B. Pendry, et al., 1999a; J. B.
Pendry, Holden, Robbins, & Stewart, 1999b; J. Pendry,
Holden, Stewart, & Youngs, 1996). Entre 1996 hasta 1998
el grupo dirigido por J.B. Pendry propuso y demostré que
con alambres delgados, los cuales llamaremos en adelante
TW (Thin wires, por su sigla en inglés) se podian obtener
permitividades negativas para el rango de las microondas (J.
B. Pendry, et al., 1999b; J. Pendry, et al., 1996).
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Inmediatamente después del workshop de 1999 “Electro-
magnetics Crystal Structures”, en Laguna Beach, donde
Pendry presentd por primera vez la estructura de anillo
resonador, Smith y colaboradores, quienes asistieron al
evento, iniciaron un programa para construir el primer
medio con indice de refraccion negativo. La idea del
equipo de Smith fue juntar las dos estructuras presentadas
por Pendry para conseguir simultaneamente permeabilidad
y permitividad negativas, lo que presentaria un indice de
refraccion n real y, por lo tanto, permitiria propagacion.
El disefio de Smith consisti6 en construir por separado
una estructura TW y otra SRR para el mismo rango de
frecuencias y, posteriormente, combinarlas para la obtencion
de una estructura compuesta TW-SRR (D. Smith, Padilla,
Vier, Nemat-Nasser, & Schultz, 2000).

Adicionalmente, diversos trabajos de simulaciones
numéricas mostraron que la localizacion espacial de los
SRR con respecto a los alambres era de importancia critica
para construir una banda de propagacion LHM. Los mejores
resultados se obtuvieron cuando los alambres se colocaron
entre los SRR, con los ejes de los alambres intersectando los
ejes de los SRR. Esto llevo al grupo de Smith a concluir que
tal configuracion minimizaba la interaccion entre los anillos
y los alambres, permitiendo asi una division clara entre las
respuestas eléctrica (los alambres) y magnética (los SRR)
(D. R. Smith, et al., 2000; Yen, et al., 2004). Cuando no
se consideran pérdidas (lo cual se logra utilizando buenos
conductores para la construccion de la estructura TW-SRR),
dichas respuestas vienen dadas por

— 0)]23 . _ Fo? 8
e(w) =1- o M (w) = (l+(W)) €))

Para comprobar su naturaleza zurda se lanz6 una onda
electromagnética dentro de la banda de paso de ambas
estructuras constitutivas, y se comprobd que los parametros
constitutivos ¢ y | presentaban valores simultaneamente
negativos.

Aplicaciones de los metamateriales

Desde su descubrimiento, los metamateriales han sido invo-
lucrados en diversos campos de la ciencia y la ingenieria.
Una de las areas especificas que mayor interés ha tenido en su
implementacion ha sido el de las antenas, radio propagacién
y comunicaciones inalambricas, debido entre otras cosas
a que la implementacion de estructuras metamateriales
permitiria mejorar la respuesta eléctrica de antenas y filtros
de radiofrecuencia. En efecto, se ha reportado el incremento
del ancho de banda comparado con las antenas de microcinta
tradicionales (L.-W. Li, Li, Soon Yeo, Mosig, & Martin,
2011; Wang & Li, 20006), de la eficiencia de radiacion
de las antenas (Ouedraogo, Rothwell, Diaz, Fuchi, &
Temme, 2012), de la ganancia (Chaimool, Chung, &
Akkaraekthalin, 2010; Wu, et al., 2005) e incluso han sido
implementados en los tltimos afios con el fin de minimizar
las dimensiones de la antena, mientras simultaneamente se
mantienen las propiedades eléctricas, algo que era imposible
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lograr con la tecnologia tradicional. Este hallazgo sin duda
ha sido uno de los puntos destacados de los metamateriales
y su implementacion en aplicaciones de comunicaciones
inalambricas, pues incluso se han reportado resultados en
los cuales se ha logrado disminuir las dimensiones fisicas
hasta un 70%, lo cual, es un gran resultado si tenemos en
cuenta que la mayoria de dispositivos tecnoldgicos actuales
requieren de sistemas electrénicos y de comunicacién alta-
mente compactos para mejorar la eficiencia (Fan-Yi Meng,
Qun Wu, Bo-Shi Jin, Wang, & Jian Wu, 2007). Esto ha
permitido que las antenas basadas en esta tecnologia sean
facilmente integradas en formatos de electronica flexible o
en dispositivos micro y nanométricas para llevar a cabo no
s6lo comunicaciones inalambricas, sino también operaciones
de sensado en tiempo real (Cheng, Senior, Kim, & Yoon,
2011; Senior, et al., 2011; Xiaoyu Cheng, Jun Shi, Jao,
Senior, & Yong-Kyu Yoon, 2011). Es importante mencionar
algunos trabajos recientes que analizan el comportamiento
de antenas construidas con capas de materiales distribuidas
de forma periddica y sobre sustratos FR4, los cuales son de
bajo costo (Tauseef Asim & Ahmed, 2015). Los autores
utilizan la misma celda unitaria para fabricar una meta
pantalla para la parte inferior y un super sustrato para la
parte superior del parche y asi estudiar los efectos sobre la
impedancia, el ancho de banda, la ganancia y los patrones
de radiacion.

Las areas de sensores y filtros en RF son quizés las
gue mas han empleado los metamateriales para mejorar el
desempefio. Muestra de ello son los numerosos trabajos que
han sido publicados por los principales grupos de investiga-
cién a nivel mundial (Ebrahimi, Withayachumnankul,
Al-Sarawi, & Abbott, 2014; Ebrahimi, et al., 2014; Rusni,
Ismail, Alhawari, Hamidon, & Yusof, 2014). Cabe destacar
que estas aplicaciones no sélo se han restringido a la region
de las microondas, sino que han trascendido a otras zonas
del espectro electromagnético, lo cual sin lugar a dudas ha
incrementado su interés. Muchos autores han empezado a
demostrar su aplicabilidad en la region oOptica (Falcone, et
al., 2004; Linden, 2004; Linden, et al., 2006; Shelby, 2001).

Otras aplicaciones interesantes de los metamateriales
conciernen a la generacion de invisibilidad de superficies o
zonas, ya que a través de dispositivos fabricados con estos
materiales de permitividad y permeabilidad negativas,
es posible ocluir una zona determinada de modo que
un observador no pueda determinar si un objeto esta
presente en ella (Schurig, et al., 2006). Adicionalmente,
en los ultimos afos aplicaciones relacionadas con alma-
cenamiento de energia han sido exploradas por algunos
grupos de investigacién, los cuales han logrado demostrar
que, al implementar paneles con este tipo de estructuras,
se logra incrementar la eficiencia de conversion de energia
gracias a que como se menciono antes, este tipo de estruc-
turas nos permiten modificar la capacitancia y por ende la
capacidad de almacenamiento de energia (Almoneef &
Ramahi, 2015).
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Por Gltimo, en afios recientes se ha explorado el uso de
metamateriales y Meta superficies para el disefio y cons-
truccion de lentes especiales (stper lentes o hiper lentes) con
el fin de generar cambios que pueden revolucionar aspectos
de la éptica convencional, principalmente en algunos
aspectos asociados a aplicaciones ligadas a la holografia.
Diversos grupos han demostrado que a través de la combi-
nacion de dieléctricos y metales es posible desarrollar
lentes con mayor poder de focalizacion, de mayor calidad
(se disminuyen aberraciones y efectos difractivos), mayor
magnificacion y simultineamente mas compactas que las
lentes convencionales (Chen, Chang, & Chen, 2016;
Jacob, Alekseyev, & Narimanov, 2006; R. Li, et al., 2015;
Lipworth, et al., 2014) lo cual hace posible su integracion
en sistemas micro y nanométricos.

Recientemente, los autores han explorado el uso de
metamateriales, especificamente en el disefio y la construc-
cion de diferentes dispositivos de radiofrecuencia tales como
antenas y resonadores tipo parche para su utilizaciéon como
sensores o dispositivos para comunicaciones inalambricas.
Se han obtenido algunos resultados interesantes para la
medicion de la permitividad dieléctrica relativa de materia-
les acuosos y gaseosos con €<10, usando una estructura
de metamaterial basada en un resonador rectangular
grabado en una antena de microcinta. Demostrando que
este tipo de estructuras es altamente sensible a cambios
en la permitividad del medio que la rodea, principalmente
gracias al incremento en la capacitancia como se mencion6
anteriormente (Dominguez, Catafio, & Reyes, 2015).
Adicionalmente, han estudiado los efectos generados en la
respuesta eléctrica de antenas de microcinta cuando sobre el
parche es grabado un arreglo de CSRR. Demostrando que es
posible optimizar el acople de energia por parte de la antena,
minimizar las perdidas por retorno y sintonizar la frecuencia
de resonancia a través de la manipulacion de los parametros
geomeétricos del arreglo, como lo son el periodo del arreglo
y el tamafio de cada celda unitaria (Catano-ochoa, Senior,
Lopez, & Reyes-Vera, 2016).

Conclusiones

Hemos realizado una revision general e introductoria sobre
metamateriales, con el interés principal de mostrar qué
es y como se entiende un metamaterial y cuales son sus
posibles aplicaciones. Hemos mostrado que la posibilidad
de “fabricar materia” usando estructuras TW-SRR, con
propiedades segun requerimientos particulares, abre nuevos
horizontes en el estudio del electromagnetismo aplicado y
la ciencia de los materiales, que pueden llevar a nuevos e
interesantes resultados. Adicionalmente se ha demostrado
los grandes avances en ciertas areas de la ingenieria y las
ciencias gracias a la implementacion de estas estructuras.
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Abstract

A family of analytical potential-density pairs for flat galaxies with spheroidal halos is presented. The potential are
obtained by means of the sum of two independent terms: a potential associated with a thin disc and a potential
associated with a spheroidal halo, which are expressed as appropriated superpositions of products of Legendre
functions, in such a way that the model implies a linear relationship between the masses of the thin disc and the
spheroidal halo. By taking a particular case for the halo potential, we found that the circular velocity obtained
can be adjusted very accurately to the observed rotation curves of some specific galaxies, so that the models are
stable against radial and vertical perturbations. Two particular models for the galaxies NGC4389 and UGC6969 are
obtained by adjusting the circular velocity with data of the observed rotation curve of some galaxies of the Ursa
Mayor Cluster, as reported in Verheijen and Sancisi (2001). The values of the halo mass and the disc mass for these
two galaxies are computed obtaining a very narrow interval of values for these quantities. Furthermore, the values
of obtained masses are in perfect agreement with the expected order of magnitude and with the relative order of
magnitude between the halo mass and the disc mass. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.

Key words: Potential Theory; Disk Galaxies; Celestial Mechanics; Galactic Mass.

Potenciales analiticos para galaxias planas con halos esferoidales

Resumen

Se presenta una familia de pares analiticos potencial-densidad para galaxias planas con halos esferoidales. Los
potenciales son obtenidos por medio de la suma de dos términos independientes: un potencial asociado al disco
delgado y un potencial asociado al halo esferoidal, los cuales son expresados apropiadamente como la superposicion
de productos de funciones de Legendre, de tal manera que el modelo implica una relacion lineal entre las masas
del disco delgado y el halo esferoidal. Tomando un caso particular para el potencial del halo, encontramos que
la velocidad circular obtenida puede ser ajustada muy precisamente con la curva de rotacion de algunas galaxias
especificas, de tal manera que los modelos son estables contra perturbaciones radiales y verticales. Dos modelos
particulares para las galaxias NGC4389 y UGC6969 son obtenidos ajustando la velocidad circular del modelo con
datos de la curva de rotacion observada de algunas galaxias del Cluster de la Osa Mayor, reportados en Verheijen
and Sancisi (2001). Los valores de la masa del halo y la masa del disco para estas dos galaxias son calculados
obteniendo un intervalo muy estrecho de valores para dichas cantidades. Ademas, los valores de masa aqui obtenidos
estan en perfecto acuerdo con el orden de magnitud esperado y con el orden de magnitud relativo entre la masa del
halo y la masa del disco. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.

Palabras clave: Teoria del Potencial; Galaxias de Disco; Mecanica Celeste; Masa de Galaxias.

Introduction

One of the oldest and most important problems in galactic
dynamics is the determination of the mass distribution based
on the observations of the circular velocity or rotation curve
(Pierens and Hure, 2004), defined as the speed of the stars
moving inthe galactic plane in circular orbits around the center.
Now, if we assume a particular model for the composition of
the galaxy, the fit of that model with the rotation curve of a
particular galaxy can, in principle, completely determine the
distribution of mass. So then, the rotation curve provides the
most direct method to measure the distribution of mass of a
galaxy (Binney and Tremaine, 2008).
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Currently, the most accepted description of the compo-
sition of spiral galaxies is that a significant portion of
its mass is concentrated in a thin disc, while the other
contributions to the total mass of the galaxy come from a
spherical halo of dark matter, a central bulge and, perhaps,
a central black hole (Binney and Tremaine, 2008). Now,
since all components contribute to the gravitational field of
the galaxy, obtaining appropriate models that include the
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effects of all parts is a problem of great difficulty. However,
the contribution of each part is limited to certain distance
scales, so in a reasonably realistic model it is not necessary
to include the contribution of all components (Faber, 2006).

In particular, the gravitational influence of the central
black hole is appreciable only within a few parsecs around
the center of the galaxy (Schédel, et al., 2002), so it can
be completely neglected when studying the dynamics of
the disc, or in regions outside the central bulge, while the
bulge mainly dominates the inner region of the galaxy to
a few kiloparsec. So then, the main contributions to the
gravitational field of the galaxy come from the galactic
disc and the dark matter halo (Faber, 2006). However, it is
commonly accepted that many aspects of galactic dynamics
can be described, in a fairly approximate way, using models
that consider only the contribution of a thin galactic disc
(Binney and Tremaine, 2008).

Accordingly, the study of the gravitational potential
generated by an idealized thin disc is a problem of great
astrophysical relevance and so, through the years, different
approaches have been used to obtain such kind of thin disc
models (see Binney and Tremaine (2008) and referen-
ces therein). So, once an expression for the gravitational
potential has been derived, corresponding expressions for
the surface mass density of the disc and for the circular
velocity of the disc particles can be obtained. Then, if the
expression for the circular velocity can be adjusted to fit
the observational data of the rotation curve of a particular
galaxy, the total mass can be obtained by integrating the
corresponding surface mass density.

However, although most of these thin disc models
have surface densities and rotation curves with remarkable
properties, many of them mainly represent discs of infinite
extension and thus they are rather poor flat galaxy models.
Therefore, in order to obtain more realistic models of
flat galaxies, it is better to consider methods that permit
obtaining finite thin disc models. Now, a simple method
to obtain the gravitational potential, the surface density
and the rotation curve of thin discs of finite radius was
developed by Hunter (1963), the simplest example of a
disc obtained by this method being the well known Kalnajs
(1972) disc.

In a previous paper (Gonzalez and Reina, 2006)
we used the Hunter method in order to obtain an infinite
family of thin discs of finite radius with a well-behaved
surface mass density. This family of disc models was
derived by requiring that the surface density behaves as
a monotonously decreasing function of the radius, with a
maximum at the center of the disc and vanishing at the edge.
Furthermore, the motion of test particles in the gravitational
fields generated by the first four members of this family
was studied in Ramos-Caro, Lépez-Suspez and Gonzailez
(2008). So, although the mass distribution of this family of
discs presents a satisfactory behaviour in such a way that
they could be considered adequate as flat galaxy models,

Analytical potentials for flat galaxies with spheroidal halos

their corresponding rotation curves do not present a so good
behavior, as they do not reproduce the flat region of the
observed rotation curve.

On the other hand, in Pedraza, Ramos-Caro and
Gonzélez (2008) a new family of discs was obtained as a
superposition of members of the previously obtained family,
by requiring that the surface density be expressed as a well-
behaved function of the gravitational potential, in such a way
that the corresponding distribution functions can be easily
obtained. Furthermore, besides presenting a well-behaved
surface density, the models also presented rotation curves
with a better behavior than the generalized Kalnajs discs.
However, although these discs are stable against small radial
perturbations of disc star orbits, they are unstable to small
vertical perturbations normal to the disc plane. Then, apart
from the stability problems, these discs can be considered as
quite adequate models in order to satisfactorily describe a
great variety of galaxies.

Based on these works, in Gonzalez, Plata-Plata and
Ramos-Caro (2010) were obtained some thin disc models in
which the circular velocities were adjusted to very accurately
fit the observed rotation curves of four spiral galaxies of
the Ursa Major cluster, galaxies NGC3877, NGC3917,
NGC3949 and NGC4010. These models presented well-
behaved surface densities and the obtained values for the
corresponding total mass agree with the expected order of
magnitude. However, the models presented a central region
with strong instability to small vertical perturbations. Now,
this result was expected as a consequence of the fact that the
models only consider the thin galactic disc. Therefore, more
realistic models must be considered including the non-thin
character of the galactic disc or the mass contribution of the
spheroidal halo.

In agreement with the above considerations, in this paper
we will consider a family of models obtained by expressing
the gravitational potential as the superposition of a potential
generated by the thin galactic disc and a potential generated
by the spheroidal halo, in such a way that the model implies
a linear relationship between the masses of the thin disc
and the spheroidal halo. By adjusting the corresponding
expression for the circular velocity to the observed data of
the rotation curve of some specific galaxies, some particular
models will be analysed. Then, from the corresponding
expressions for the disc surface density and the density
of the halo, estimate values for the total mass of the disc
and the total mass of the halo will be obtained. The paper
is organised as follows. First we present the thin disc plus
halo model. Then, we obtain the corresponding expressions
for particular models, and then the models are fitted to data
of the observed rotation curve of some galaxies of the Ursa
Mayor Cluster, as reported in Verheijen and Sancisi (2001).
Finally, we discuss the obtained results.

The Thin Disc Plus Halo Model
In order to obtain galaxy models consisting of a thin galactic
disc and a spheroidal halo, we begin considering an axially
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symmetric gravitational potential ® = @ (R, z), where (R,
0, z) are the usual cylindrical coordinates. Also, besides the
axial symmetry, we suppose that the potential has symmetry
of reflection with respect to the plane z =0,

DR, 2)= (R, -2), 1)
which implies that the normal derivative of the potential
satisfies the relation

PR == -TR2), @
in agreement with the attractive character of the gravita-
tional field. We also assume that 0 ®@ / 0z does not vanish on
the plane z = 0, in order to have a thin distribution of matter
that represents the disc.

On the other hand, in order to separately describe the
thin disc and the spheroidal halo, we consider that the
gravitational potential can be written as the superposition of

two independent components

®(R,2)=,(R,2) + ¥, (R, 2), 3)
where @, (R, z) is the part of the potential generated by
the thin galactic disc, while @, (R, z) corresponds to the
spheroidal halo component. The disc component @, (R,
z) must be a solution of the Laplace equation everywhere
outside the disc,

V2O, =0, “
while the halo component @, (R, z) satisfies the Poisson
equation

V20, = 4nGo, (5)
where o(R, z) is the mass density of the halo.

So, given a potential ® (R, z) with the previous
properties, we can easily obtain the circular velocity v_(R),
defined as the velocity of the stars moving at the galactic disc
in circular orbits around the center, through the relationship

v® =R (6)
z=0

OR

while the surface mass density X(R) of the thin galactic disc
is given by

1 00
HR)= 221G 0z

which it is obtained by using the Gauss law and the reflection
symmetry of @ (R, 2).

Accordingly, in order that the potential of the spheroidal
halo does not contribute to the disc surface density, we will
impose the condition

, (7)

z=0 *

0Dy
0z |,
Furthermore, in order to have a surface density corre-
sponding to a finite disclike distribution of matter, we impose
boundary conditions in the form

=0. (8)

0Dy
- . <
az ZZO N 707 R —_— a’ (9a)
90| g, Rea (9b)
oz z=0 *
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in such a way that the matter distribution is restricted to the
disc z=0, 0 <R < a, where a is the radius of the disc.

In order to properly pose the boundary value problem, we
introduce the oblate spheroidal coordinates, whose symmetry
adapts in a natural way to the geometry of the model. These
coordinates are related to the usual cylindrical coordinates
by the relation (Morse and Fesbach, 1953)

R =a/(1+ &)1 - 1), (10a)
z = akn, (10b)

where 0 <& <o and —1 <n < 1. The disc has the coordinates
&=0,0<n2< 1 On crossing the disc, the n coordinate
changes sign but does not change in absolute value. The
singular behaviour of this coordinate implies that an even
function of n is a continuous function everywhere but has a
discontinuous n derivative at the disc.

Now, in terms of the oblate spheroidal coordinates, the
Laplace operator acting over any axially symmetric function

@ (&, n) gives

V2 - [(1+ %2)‘1’,&},@ + [ - 112)®,n],11 (11)
a’(§2 + n?) ’
Whereas the boundary condition (8) is equivalent to
0Dy
Zh =0, 12a
% | (12a)
9|y, (12b)
on =0
and the boundary conditions (9a) and (9b) reduce to
0Dy
— 0, 13a
2|, 7 (133)
0%l _y. (13b)
o

n=0

Moreover, in order for the gravitational potential to be
continuous everywhere, @ (&, n) must be an even function
of 1, which grants also the fulfilment of conditions (12b)
and (13b).

Accordingly, by imposing the previous boundary condi-
tions over the general solution of the Laplace equation in
oblate spheroidal coordinates, we can write the gravitational
potential of the galactic disc as (Bateman, 1944)

O, (&)= =Y Ca gu(OPu(n), (14)
=0

where n is a positive integer, which it defines the model of disc
considered. Here P, (1) are the usual Legendre polynomials
and q,, (§) = i "'Q* (i&), with Q,, (x) the Legendre func-
tions of second kind (see Arfken and Weber (2005) and,
for the Legendre functions of imaginary argument, Morse
and Fesbach (1953), page 1328). The coefficients C,, are, in
principle, arbitrary constants, though they must be specified
to obtain any particular model. We will do this later on, by
adjusting the circular velocity of the model with the observed
data of the rotation curve of some specific galaxies.

With this expression for the gravitational potential of
the disc, the surface density is given by
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Z(R)=

572G ;Cm(zl'*‘ D) g+ (0 Pu(n),  (15)
where, as ¢=0, y=+/1—- R2, with R = R/a. Then, by inte-
grating on the total area of the disc, we find the value

MaG _ ¢, (16)

a

for the total mass of the disc. Now, it is clear that the surface
density diverges at the disc edge, when # = 0, unless that we
impose the condition (Hunter, 1963)

> Cul+1) garer (0)P2(0) =0, 17)
1=0
that, after using the identities
P (@ = 1y S, (182)
2n)!!
gone1 (0) =% (18b)

which are easily obtained from the properties of the Legendre
functions, leads to the expression

CO — Z(_ 1)l+1 CZI, (19)
=1

which gives, through (16), the value of the disc mass M, in
terms of the constants C,, with 1 > 1.
Now, to properly choose the gravitational potential of

the spheroidal halo, we consider the superposition

m J
(&M= Y Y B ¢ (P (), (20)
j=0 k=0
where m is a positive integer, which defines the model of halo
considered, and the coefficients B, are arbitrary constants
which must be specified to obtain any particular model.
Here (Lamb, 1945)

L d*
G O=r) L, (21)
are the solutions of the differential equation
d iy _ § k
& {( +& ) dé {(/‘H) W} g; (), (22)

while the associated Legendre functions (Arfken and
Weber, 2005),

Phm = (=) L, 23)

are the solutions of the differential equatlon
L N/ kz - '
an [(1 n) n = JGHD [ Pr(m),  (24)

where j and k are integers, Wlth j > k. On the other hand,
due to the discontinuous character of n, @, (&, ») will be
continuous everywhere only if we take (j — k) as an even
number in order that P¥ (n) be an even function of #.

With the previous expressions, and using the Laplace oper-
ator in oblate spheroidal coordinates (11) in the Poisson
equation (5), we obtain for the mass density of the halo the
expression

1 & J
Q(f”?):mZZB.M o (&), (25)

j=0 k=0
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e o (En)= K (P () . (26)
‘ a?(1+ &)1 = »?)

Now, from (23) and (26) it is easy to see that at the z
axis, when n = %1, the function ij (&, ) diverges for k =
1 and vanishes for k > 2. Accordingly, in order to have a
well behaved mass density for the halo, we only consider
in expression (20) the terms with k = 0 and k = 2 and so, in
order to grant the continuity of the potential, we must take |
as an even number. Furthermore, in order to have a nonzero
mass density for the halo, we must consider models with m
> 2. Finally, as P (n) is finite at the interval =1 <n <1 and
q"j (&) goes to zero when & — o, (&, n) properly vanishes
at infinity.

A simple possibility for the halo potential in agreement
with the above considerations is given by taking (20) with
m=4,

O (&)= B @(HP5()+ B g2 (P2 (n)
+ Bn ¢(OPI(N)+ Ba G(OPI(n) (27)

+ By g (OPi(n),
in such a way that at least two terms in (25) contribute to the
mass halo density. Then, after using the explicit expressions
for g¥ (&) and P (n), the halo density can be written as

5437,
I+ &)

5By (Tn* = 1) {%(1 +7 &)acot & (28)

814190 & +105 &)
B A1+ @y } }

which is maximum at the disc surface, when & = 0, and

then fastly decreases being constant at the oblate spheroids

defined by &= cte.

By integrating over all the space, we obtain the expression
MG
) 2
16a 29)
Where M, is the total mass of the halo. Furthermore,
from the condition (12a), we obtain the relations

3 {Bzz {3 acot & —

Byn+6Bsp=

5Bo , B
=220 220
B2 9% T (30a)
3B oo 3B
By = — - 30b
40 < T (30b)
_ _Bow B
Bo="56" s (30c)

Finally, solving the system of equations (29) and (30),
we obtain

Bog=— MG, (31a)
M, G
By= Z’a — 288B4, (31b)
Byn= MG — 6Bg, (310)
16a
By=—216B4, (31d)

and so all the constants in (27) are expressed in terms of
the halo mass M, and the coefficient B,,.
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On the other hand, if we restrict to particles moving in
the thin disc, the circular velocity is written in terms of the
spheroidal coordinates as

2 (P -1 oo

Ve = ——

noon ey

which, by using (3), (14), (27) and the properties of the Le-
gendre functions, reduces to

(32)

Zm
ve(R) = RT Z C21P3i(n), (33)
where =
Cx = ¢(0) |:C2 +66 By + Aﬁ’f} , (34a)
Ca= qu(0)[Cs +24 B ], (34b)
and
Car = q21(0) Cay, (35)

for 1> 3. Then, by using (19), (34a), (34b) and (35), it is easy
to establish that

MGMG(
R Y

l+| CZ[
= QZ/(O)

and thus the model implies a linear relationship between
M, and M,, where the independent term is determined by
the constants C,, with | > 1, and the coefficient B,,. Now,
it is clear that the above relationship makes sense only if
the right hand side it is positive, which should be checked
for every set of constants C,, corresponding to any particular
model. The coefficient B,, must be chosen in such a way that
the model represent galaxies with a surface density mass and
vertical frequency with a physically acceptable behavior.
Obtaining Particular Models

In order to obtain particular models, we must specify the
constants C,, of the general model. So, we will adjust these
constants in such a way that the circular velocity v?, (R) fits
with the data of the rotation curve of some particular galaxy.
As expression (33) for the circular velocity only involves
derivatives of the Legendre polynomials of even order, it can
be written as the rotation law (Gonzalez, Plata-Plata and
Ramos-Caro, 2010)

— 42B .y, (36)

ve(R)=""AuR", (37)
=1
where the A, constants are related with the previous
constants C2|, for | # 0, through the relation
~ 47+ 1
Cy = A0 ZAzka/, (38)
where ;
fo = [ =) Phondn (39)
-1

which is obtained by equaling expressions (33) and (37)
and by using the orthogonality properties of the associated
Legendre functions (Arfken and Weber, 2005).

Then, if the constants A, are determined by a fitting of the
observational data of the corresponding rotation curve, the
corresponding values of the coefficients C,, can be determined
by means of relation (38), obtaining then a particular case of
(36) corresponding to a specific galaxy model, which can
be written in terms of the constants A, as
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MiG M;,
a

— 42B.4,.(40)

Z (D" @1+1) sl
421 +1) q2(0)
However, th1s relatlon does not determine completely

the values of M, and M,, but only gives a linear relationship
between them. So, in order to restrict the allowed values of
these masses, it is needed to analyse the behaviour of some
other quantities characterizing the kinematics of the model.
These features are the epicycle or radial frequency, k*(R),
and the vertical frequency, v3(R), which describe the stability
against radial and vertical perturbations of particles in
quasi-circular orbits (Binney and Tremaine, 2008). These
frequencies, which must be positive in order to have stable
circular orbits, are defined as

RN
KR | (41)
0% ey
vi(R)= 622“ , (42)
where o
[2
Oer = D(R2)+ 7o (43)

is the effective potential and £ = Rv_ is the specific axial
angular momentum. Then, by using expression (6) for the
circular velocity, we can write the above expressions as

1 a’vc 2v2
1 av?
ViR)= V| - TR (45)

where we also used the expression for the Laplace operator
in cylindrical coordinates.

Now, by using (37), the epicycle frequency can be cast as

F(R)=>20+1)AyR*"?, (46)
=1

where & = ax. It is easy to notice that the above expression
is completely determined by the set of constants A,,, which
are fixed by the numerical fit of the rotation curve data, such
that it is not possible to find a relation between the disc and
halo masses that can be adjusted by requiring radial stability.
On the other hand, by using the Poisson equation (5), the
expression (28) for the halo density and the expression (37)
for the circular velocity, we find that the vertical frequency
can be written as

V(R)= fv(My,Bi,R)
where v = av,
fo(lMy, Bi2,R) =

- f1(R), (47)

9rGM,, +567 7By — 157577:3421’{“2’ (48)
8a 2
and
S1R)= > 2045 R 2 (49)

=

Thus, as 72 must be positive everywhere at the interval
0 <R <1 in order to have vertically stable models, it must
satisfy that

fy (M, By, R) = fi(R), (50)
which give us a range for M, y B, such that v2> 0.
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Now, we also need to consider the behavior of the
surface mass density, which by using the condition (17)
and replacing (34a) and (34b) in (15), can be written as

~ —R2 ~ ~
Z(R)=%{ﬁ(R)—faz(Mh,Bn,R)}, (51)

Where N
~ &L CyuI+ 1) quni(0) [Pa(n)— Pau(0)
R)= > (52
20 ; Vi-Rr2 4200 { ] ¢2)

and

+238B4 — 280BpR*.  (53)

fi(M), Ba, By = MG
4a

So, in order for the surface mass density to be positive
in the interval 0 < R < 1, it must be met that

R = fy(My, B, B). (54)
The relation (54) give us another range of values, not
necessarily equal to the relation (50), for which we obtain
a surface density mass with a acceptable behavior. Then,
in order that the model make sense, we must verify that it
meets the relation

fo My Bip. B) = fi R) O /o (R) = fy (M. By R). (55)
which should be checked for every set of constants
corresponding to any particular model.

Adjusting Data to Models

In order to illustrate the above model to the real observed
data, we have taken a sample of spiral galaxies of the Ursa
Major cluster. We pick the corresponding data out from
Table 4 of the paper by Verheijen and Sancisi (2001),
which presents the results of an extensive 21 cm-line
synthesis imaging survey of 41 galaxies in the nearby of
the Ursa Major cluster using the Westerbork Synthesis
Radio Telescope. The mean distance between this telescope
and the cluster is 18.6 Mpc. At this distance, 1 arcmin
corresponds to 5.4 kpc.

For each rotation curve data, we take as the value of a, the
value given by the last tabulated radius, i.e. we are assuming
that the radius of each galaxy is defined by its corresponding
last observed value. Although this assumption about the
galactic radius do not agrees with the accepted standard
about the edge of the stellar disc (Binney and Merrifield,
1998), we will make it since we are assuming that all the
stars moving in circular orbits at the galactic plane are inside
the disc and that there are no stars moving outside the disc.
Thereafter we take the radii normalized in units of a to fit the
rotation curve of every galaxy by mean of the model (37).

The fits are made through a non-linear least squares
fitting using the Levenberg-Marquardt algorithm, imple-
mented internally by ROOT version 5.28 (Brun and
Rademakers, 1997), which minimizes the weighted sum
of squares of deviations between the fit and the data. We
assigned weights to the data points inversely proportional
to the square of their errors. These errors corresponding to
2VAv being Av the galaxy velocity measurement error. For
each galaxy, initially we look for all the possible fits starting
atm=1uptom=N — 1, with N the number of measured

Analytical potentials for flat galaxies with spheroidal halos

data pairs (R, v?), hence we find a value for m such that we
get the minimum reduced chi square y? (the best fit). Now
we can discard the galaxies that do not pass the reduced chi
squared test with a confidence level of 95% (Bevington and
Keith, 2003).

The C,, constants are calculated by using the relations
(19), (35) and (38). Therefore, by using this set of constants
in (49) and (52) we find for each galaxy the functions f,
and f,. Finally, through a routine made in Mathematica 8.0.,
we check for each galaxy of the sample the validity of the
condition (55). However, when we check the consistency
of the adjust, we found that only the fit of the data for the
galaxies NGC4389 and UGC6969 it agrees with these
conditions, whereas that for all the other galaxies we found
that the solution interval for M, and B,,, given by (55),
is empty.

In Table 1 we present the values of the constants A,,, in
units of 10°m2s72, obtained by the numerical adjust with the
rotation curve data for galaxies NGC4389 and UGC6969.
With this values for the constants, we obtain, from (40), for
the galaxy NGC4389 the relationship

M, +4 M, =5.72442 x 10" — 4.2641 x 10%B,,, (56)
and for the galaxy UGC6969 the relationship
M, +4 M, =2.42036 x 10" - 3.56507 x 10%B,,, (57)

where all the quantities are in kg.

In Figure 1, we present the region that represent the
solution interval of the condition (55) for the galaxies
NGC4389 and UGC6969. This region represent the values
that the halo mass and the coefficient B,, can take, in order
to obtain galaxy models with a vertical frequency always
positive and with a surface density that has a maximum
value at the disc centre and then decreases as R increases,
vanishing at the disc edge.

In Table 2 we present, based on the values obtained by
the condition (55) and plotted in the Figure 1, the minimum
and maximum values for the halo mass of each galaxy
and the disc mass calculated from the relations (56) and
(57), in units of 10°°Mo, whereas in Table 3 we present the
respectives values of the coefficient B, in units of 10° m?s™.

In Figure 2, we show the adjusted rotation curve for
these two galaxies. The points with error bars are the obser-
vations as reported in Verheijen and Sancisi (2001), while
the solid line are the circular velocity determined from
(37) and the A, parameters given by the best fit. As we can
see, for the two galaxies we get a fairly accurate numerical
adjustment with the observational rotation curve.

42!

Table 1. Constants Ay in units of 10°m?s2

NGC4389 UGC6969
A2 30087.0 + 2489.3 16387.4 + 3322.3
Ad -57552.0 + 16144.7 -46813.5 +22369.7
A6 67317.2 +30484.7 71401.6 + 43160.4
A8 -27760.5 + 16936.1 -34747.1 £24192.1
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Figure 1. Solution interval of the condition (55). In (a) we show the interval of parameters M, and B,, for the galaxy NGC4389. In (b) we

show the interval of parameters M, and B,, for the galaxy UGC6969.

Table 2. Mp, and Mg in units of 10®Me.

NGC4389 NGC6969
min max min max
Mp 0.962 2.327 0.507 0.903
My 0.065 0.378 0.036 0.137
Table 3. Coefficient B, in units of 10° m%s—2,
NGC4389 NGC6969
min max min max
By 18.82 13.56 8.97 9.48

In figure 3 we show the epicycle frequency for the
two galaxies. It is easy to see that this quantity is always
positive, which means that the galaxies are stable against
radial perturbations. In figure 4 we present the vertical
frequency for the two models. For the two galaxies, the solid
line represent the vertical frequency by taking the minimum
value for the halo mass, whereas the dashed line represent the
vertical frequency by using the maximum value for the halo
mass. As can be notice in the figure, for the two galaxies the
vertical frequency is positive over the entire range of R, S0
the models are stable against vertical perturbations. It is easy
to verify that for any other value of the halo mass and the
corresponding parameter B,,, as determined from figure 1,
the vertical frequency remains positive in all range R.

In Figure 5 we present the corresponding plots of the
surface mass density for the two galaxies. As in the previous
case, for both galaxies the solid line represents the behavior

408

of the surface mass density by taking the minimum value
for the halo mass, while the dashed line is the surface
mass density for the maximum value of the halo mass. The
behavior of this quantity is similar for both galaxies, i.e. the
surface mass has a maximum value at the disc centre and
then decreases as R increases, vanishing at the disc edge.

Finally, from (28), in figure 6 we show the contours of
the halo density distribution for the galaxy NGC4389. In plot
(a), the contours are drawn using the minimum value for the
halo mass, while in plot (b) we present the contours using the
maximum value for the halo mass. Similarly, in figure 7 we
show the same quantities, but for the galaxy UGC6969. In
both cases, the density profiles are positive and do not have
discontinuities in all range R, z, taking a maximum value at
center and smoothly decreasing to zero when R — co.

Concluding Remarks

We have presented a family of analytical potentials for flat
galaxies with spheroidal halos characterised by a linear
relationship between the halo mass and the disc mass. The
models are stable against radial and vertical perturbations,
and their circular velocities can be adjusted very accurately
to the observed rotation curves of some specific galaxies.
The here presented models are a generalisation of the
models presented in Gonzalez, Plata-Plata and Ramos-
Caro (2010), where only models with a thin galactic disc
are considered. The generalisation was obtained by adding
to the gravitational potential of the thin disc the gravitational
potential corresponding to a spheroidal halo, in such a way
that we have solved the problem of vertical unstability
presented by the previous models.
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Figure 2. Circular velocity v, as a function of the dimensionless radial coordinate R, for the galaxies NGC4389 and UGC6969. Error bars
represent the observed data by Verheijen and Sancisi (2001), while the solid line are the circular velocity determined from (37), and the
A, parameters given by the best fit.
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Figure 3. Epicycle frequency % 2 X102 in (km/s)?, as a function of the dimensionless radial coordinate R, for the galaxies NGC4389
and UGC6969.
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Figure 4. Vertical frequency v2 x 107 in (km/s)?, as a function of the dimensionless radial coordinate R, for the galaxies NGC4389 and
UGC6969. The solid line represents the vertical frequency by taking the minimum value for the halo mass, whereas the dashed line
represents the vertical frequency by using the maximum value for the halo mass.
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Figure 5. Surface mass density = x 1072 in (kg/m?), as a function of the dimensionless radial coordinate R, for the galaxies NGC4389 and
UGC6969. The solid line represents the surface mass density by taking the minimum value for the halo mass, whereas the dashed line
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Figure 6. Contours of the halo density distribution for the galaxy NGC4389. In (a) we show the contours for the minimum value of halo
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Figure 7. Contours of the halo density distribution for the galaxy UGC6969. In (a) we show the contours for the minimum value of halo
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Two particular models were obtained by a numerical
fit of the general expression (37) for the circular velocity
with the observed data of the rotation curve of galaxies
NGC4389 and UGC6969. For these two galaxies we have
obtained a fairly accurate numerical adjustment with the
rotation curve and, from the constants A, obtained with the
numerical fit, we compute the values of the halo mass, the
disc mass and the total mass for these two galaxies in such a
way that we obtain a very narrow interval of values for these
quantities. Furthermore, the values of masses here obtained
are in agreement with the expected order of magnitude,
between about 108 and 10* Mg, and with the relative order
of magnitude between the halo mass and the disc mass, M/
M, = 0.1, (Ashman, 1990). Accordingly, we believe that the
values of mass obtained for the two studied galaxies may
be taken as a very accurate estimate of the upper and lower
bounds for the mass of the galactic disc and for the mass of
the spheroidal halo in these two galaxies. Additionally, the
density profiles obtained satisfy several conditions which
are necessary to describe real galactic systems, i.e. they are
positive and not have discontinuities in all range R, z, taking
a maximum value at center and smoothly decreasing its
value to zero when R — oo.

However, although we tested the applicability of the
present model with all the galaxies reported by Verheijen
and Sancisi (2001), consistent models were obtained only
for the two galaxies NGC4389 and UGC6969, whereas
for all the other galaxies were obtained models with
values of the halo mass such that the condition (55) is not
satisfied. Now, it can be considered that this result occurs
as a consequence of the simple halo model that we have
taken here. Indeed, as we can see from expressions (26)
and (27), only one term of the gravitational potential of the
halo contributes to their density, what leaves only one free
constant to be determined in order to fit the model to the
imposed consistency conditions. This constant is precisely
the mass of the halo, M,, which is determined by requiring
the positiveness of the vertical frequency and the surface
mass density. On the other hand, if we consider additional
terms in expression (27) for the halo potential, we will have
new free parameters that perhaps allow to better adjust the
model to properly describe the behavior of other galaxies
besides the two considered here.

In agreement with the above considerations, we can
consider the simple set of models here presented as a fairly
good approximation to obtaining quite realistic models of
galaxies. In particular, we believe that the values of mass
obtained for the two galaxies here studied may be taken as a
very accurate estimate of the upper and lower bounds for the
mass of the galactic disc and for the mass of the spheroidal
halo in these two galaxies. Accordingly, we are now working
on a more involved model, obtained by including additional
terms in expression (27) for the halo potential, in order to
get some particular models that can be properly adjusted
with the observed data of the rotation curve of some other
galaxies besides the two here considered.

Analytical potentials for flat galaxies with spheroidal halos
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Abstract

Hydrophobically modified polymers (HMPs) have become of great importance as modifiers of rheological behavior,
and as thickening agents for a great variety of products such as paints, foods, cosmetics, and medicines. HMPs
are able to dissolve hydrophobic and hydrophilic molecules, just like surfactants. This means that HMPs combine
the properties of surfactants and polymers. In this paper, the ability of HMPs to self-aggregate in water and in the
presence of soy lecithin (a natural lipid which behaves as a dipolar surfactant) was studied. The characterization of
the micellar phase of the soy lecithin/polyethelyne glycol 40 stearate (Acid S40P, nonionic)/water ternary system is
presented by way of surface tension, optic microscope, and rheology methods. From the results, it is deduced that
non-spherical micellar aggregates are formed, which orient in the direction of the flow under shear stress. Oscillation
tests allowed for the determination that the viscous modulus G is greater than the elastic modulus G’, with behavior
described by the Maxwell model. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.
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Estudio y caracterizacion de la fase micelar del sistema formado a partir del polietilenglicol 40 estearato,
agua y lecitina de soja

Resumen

Los polimeros hidrofébicamente modificados (PHM) han adquirido una gran importancia como modificadores de
comportamiento reoldgico, agentes espesantes en una gran variedad de productos como son pinturas, alimentos,
cosmética o medicamentos. Estos polimeros PHM tiene la capacidad de solubilizar moléculas hidrofobicas al igual
que los tensioactivos. Es decir, los PHM combinan las propiedades de los tensioactivos y de los polimeros. En este
trabajo en general se estudiara la capacidad de los PHM de autoagregarse y comportarse como tensioactivos. Se
presenta el estudio de la fase micelar del sistema ternario lecitina de soja (lipido natural que se comporta como
tensioactivo doblemente i6nico)/ polietilenglicol 40 estearato (Acid S40P, no idnico)/agua. La caracterizacion se
realiza mediante los métodos de tension superficial, microscopia optica y reologia. De los resultados se deduce que
se forman agregados micelares no esféricos que se orientan en la direccion del flujo bajo los esfuerzos de cizalla.
Los ensayos de oscilacion permitieron determinar que el modulo viscoso G™” es superior al elastico G, con un
comportamiento descrito por el modelo de Maxwell de un elemento. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.

Palabras clave: Lipidos; Lecitina de soja; Polimeros hidrofobicamente modificados; Polietilénglicol 40
estearato; Reologia.

Introduction

The interaction between surfactants and polymers in solu-
tions has received much attention due to the numerous
applications ranging from pure science to everyday life and
industry (e.g. pharmaceuticals, biomedical applications,
detergents, oil recovery, paints, foods, and mineral
processing) (Goddard & Ananthapadmanaban, 1993;
Kwak, 1998; Jonsson, et al., 1998).

Amphiphilic molecules such as lipids or surfactants
spontaneously form a great variety of stable structures with
their corresponding properties. The control of said supra-
molecular structures at a microscopic level, adjusting for

412

the different intermolecular interactions that are responsible
for their arrangement, leads to a broad range of different
microscopic properties of the material. This is particularly
important for the application of multifunctional devices,
but requires a complete understanding of the transformation
mechanisms of the structures involved in order to take
complete advantage of their nature to create a variety of
new functional materials (Koynova & Tenchov, 2001).
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In aqueous solutions, amphiphilic molecules form
micelles. These are generally spherical structures where
the polar groups are on the surface and the non-polar parts
remain immersed on the inner side of the micelle. In non-
polar structures, reverse micelles are formed, with their
hydro-phobic groups on the exterior. Polymeric micelles
are formed by chains of polymers made up of hydrophilic
and hydrophobic parts separated in blocks. Surfactants have
the ability to modify the surface tension of the solutions to
which they are added, and at a certain concentration they
begin to form molecular aggregates known as micelles.
The formation of micellar aggregates begins to occur at the
critical micelle concentration, or CMC, whose value can be
determined using surface tension measurements. The critical
micelle concentration (CMC) is the concentration at which
micelles begin to form, and it is a characteristic of every
amphiphilic system. The lower the CMC, the more stable the
micelles are at lower concentrations of amphiphiles in the
medium. For double-chain lipids and amphiphilic molecules,
the formation of lamellar phases (bilayers of surfactants
separated by layers of water) is preferred to micelles. They
can have an open and extended bilayer structure, or enclosed
bilayers forming vesicles or liposomes.

Polyethylene glycol (PEG) is a frequently used polymer,
as it is highly soluble and a good stearic protector of micro-
particles in biological media due to its biocompatibility.
In many cases, PEG is modified by grafting hydrophobic
molecules of cosmetic or pharmaceutical interest (such
as certain antibiotics) to its polymer chain, which also
facilitate the formation of micelles (Torchelin, 2002).
Although composites derived from PEG are widely used in
mixtures with lipids, the nature of the interactions between
the lipids and polymers are unknown, and in some cases
present contradictory results. Through previous research,
it is known that the presence of polyethylene glycol of
different molecular weights (PEG-6000 or PEG-2000) does
not significantly affect the interactions between water
molecules and the choline groups of lecithin (Khan, et al.,
1994). Nevertheless, other authors suggest that the presence
of PEG-8000 induces the dehydration of the polar head of
the phospholipids due to changes in the size and shape of
the phospholipid vesicles (Bartucci, et al., 1996). When
PEG is grafted onto the phospholipid chains, it results
in improved stability of the liposomes that are formed
(Nikolova & Jones, 1998).

Polyethylene glycol 40 stearate (PEG 40 monostearate)
is considered a nonionic surfactant and emulsifier for
cosmetic formulations of the oil-in-water emulsion type,
with a hydrophilic-lipophilic balance (HLB) of 16.9. It has
also been used as a cosurfactant in solid lipid nanoparticles
(Torchelin, 2002; Khan, et al., 1994; Bartucci, et al.,
1996). Soy lecithin is also a phospholipid that is dipolar
in nature (zwitterionic) and comes from natural sources.
It is biodegradable, and does not present problems from a
toxicology standpoint. For this reason, the system formed
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by both of these components is also environmentally
friendly. This is of great interest for applications in the
administration of pharmaceuticals (Torchelin, 2002; Khan,
etal., 1994; Bartucci, et al., 1996). The advantages of using
a derivative of polyethylene glycol (PEG), with its high
hydrophilic nature, is that it is biologically inert and does
not affect the other parts of the body (Nikolova & Jones,
1998), though few studies have been conducted regarding
the effects of PEG stearate in lipid formulations (Li, et al.,
2008; Xia, et al., 2008; Xia, et al., 2009; Naumann, et
al., 2001).

For these reasons, this paper centered on the rheologi-
cal phase study of the micellar phase of the ternary soy
lecithin/PEG 40 stearate/water system. Firstly, the binary
PEG 40 monosterate/water system was characterized for
the determination of the critical micelle concentration
(CMC) and of its viscoelastic properties using rheology.
The viscoelastic characterization of this system is of great
interest, as the industrial process for manufacturing commer-
cial products with these components implies the application
of shear stress. The following observations were noted:
the aggregation or phase behavior of the ternary system in
the area of interest at lecithin contents of less than 20% by
weight, and the viscoelastic behavior of the micellar phase,
which is the only single-phased region that was formed in
the area under study.

Materials and methods

Preparation of samples. The soy lecithin (Epikuron
200) was obtained from Degussa and was used without
further purification. This lecithin is a mixture of phos-
phatidylcholines with fatty acid chains of varying lengths
and degrees of unsaturation. The main component is linoleic
acid, which has 18 carbons. The PEG 40 monostearate,
known commercially as TEGO or Acid S40P (referred to
hereinafter as S40P), was purchased from Goldschmidt
GmbH of Essen, Germany. Its chemical structure (CH,-
(CH2),,CO(-OCH,CH,),,-OH) shows that it is a hydropho-
bically modified PEG polymer and that it has surfactant
properties due to a hydrophobic tail of 17 carbons
(stearate) and a large hydrophilic head of 40 groups of poly
(oxyethylene). The presence of groups not containing
ethylene oxide was negligible.

All of the samples were prepared in deionized water
and all of the appropriate quantities of each component
were weighed in small flasks with screw caps. The
system was homogenized using a Heidolph Reax 2000
test tube shaker. When a sample did not mix well at room
temperature, it was gently heated to a temperature of no
more than 60 °C to aid solubilization. Once the samples
were ready, they were stored in a water bath at 30.0 £
0.1°C for the time necessary so that no changes in their
appearance. Once thermodynamic equilibrium was reached
at the desired temperature, the samples were visually ana-
lyzed. The presence of foam, precipitate, color, turbidity,
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transparency, homogeneity, or any other characteristic that
presented itself was addressed. The optical birefringence
was observed using crossed polarizers.

Surface Tension. The surface tension of the aqueous
solutions of various concentrations of S40P was measured
with a LAUDA TE-1C Tensiometer using the ring method.
All measurements were carried out at 30.0 + 0.1 °C, and
each experiment was repeated multiple times, obtaining
good reproducibility.

The surface excess concentration (I',) was estimated
using the Gibbs adsorption isotherm equation (Eq. 1) and
the hydrophilic surface area per molecule in the air-water
interface using Eq. 2

_ 1 dy
B=-2r [dln cj 1)
o
A )

R is the ideal gas constant (J/mol-K); T is the temperature
in 'K; C is the concentration of the surfactant S40P in the
solution; y is the surface tension of the solution in N/m; N,
is Avogadro’s number; and is the hydrophilic surface area
of the molecule expressed in nm?/molecule.

Optic Microscope. The lamellar phases that form
lipids demonstrate optical birefringence. The presence of
these types of structures was studied using a Nikon Eclipse
50i optic microscope equipped with crossed polarizers and
a Nikon Coolpix 8400 digital camera. These observations
were carried out for a minimum of two months, as the
state of the aggregation of the sample could have possibly
changed in the time needed to reach thermodynamic
equilibrium. The micellar samples are isotropic due to the
crossed polarizers, and therefore cannot be observed using
the polarizing optic microscope.

Rheology. To study the rheological behavior of the pre-
pared systems, rheological experiments using the Carrimed
CSL 100 rheometer were scheduled. The flow and the
oscillatory behavior were measured using a cone and plate
viscometer with a radius of 20 mm and an angle of 4: 0:
31 (deg: min: s). All measurements were made at 30.0 +
0.1 °C. The temperature was maintained by a Peltier device
in contact with a plate. A chamber was used to prevent
evaporation of the sample during measurement. All of the
results showed good reproducibility in the standard addi-
tions and in the oscillatory experiments, as well as in
repetitions of the experiments using the same samples.

The flow curves were measured using the application of a
series of increasing shear stresses for duration of two minutes
spaced logarithmically. The viscosity (1) was calculated by
taking the quotient of the shear stress and the sheer rate.

The oscillatory experiments were performed under linear
viscoelastic conditions, where deformation is independent of
the shear stress applied. The angular frequency of oscillation
(w=2rf) was varied from 0.1 a 20 Hz, at constant amplitude
of oscillating shear stress. In the analysis of the micellar
samples, the Maxwell model was applied (a spring and
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a damper connected in series). The dynamic properties of
Maxwell materials can be represented by a linear differential

equation whose solutions are:
2

, ntw
1+ (o) ®)
w__ N 4
G"=17 o)y 4)

o is the angular frequency and 7 is the relaxation time.
The storage modulus G' and the loss modulus G" are the
components of the complex modulus G* (the relaxation of
the force amplitude and the deformation amplitude), and are
related to the complex viscosity #* by Eq. 5:
[(Gy+(G"Y]
N ®)
The Maxwell model predicts that at a high angular
velocity, the value of the storage modulus will reach a
plateau, while the loss modulus reaches a maximum. The
inverse of the frequency at which G' and G" intersect is the
structural relaxation time.

Results and discussion

Determination of the critical micelle concentration (CMC).
The CMC value of the binary Acid S40P/water system was
determined to be the point of the sudden change in surface
tension by plotting said value as a function of the logarithmic
concentration of Acid S40P. In Figure 1, the CMC corre-
sponds to the point of intersection of the regression lines in
regions II and II1. The CMC value obtained was 5.1 X 10
M, reaching a constant surface tension value of around 40
mN/m. Using the slope of the line segment found in region

T T T T T T T T T T T

& ATSIAC (1)
— Linear fit error 3%

60 -

50

Surface Tension (mN/m)

40

107 10¢ 10° 10 103
Concentration S40P (M)

Figure 1. Change in surface tension as a function of the
concentration of Acid S40P. The bars in the data indicate the
measurement error. Least squares regression lines for regions
Il and Il before and after the critical micelle concentration (the
intersection of said regression lines)
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two of Figure 1, the excess surface tension was obtained
(I',), which was estimated using the equation Gibbs adsorp-
tion isotherm equation (Eq. 1), giving a value of 1.24 x 10°
mol-m2, This value corresponds to the hydrophilic surface
area per molecule of the air-water interface of 1.4 nm?
(obtained using Eq. 2). This area per molecule is relatively
large, and is consistent with the molecular structure of
PEG 40 stearate, which can exert a lot of lateral pressure
as a result of its large hydrophilic head with 40 groups of
poly (oxyethylene).

Determination of phase behavior. The determination
of the phase behavior was studied using two methods.
The first of which consisted of the preparation of aqueous
solutions with different concentrations of the polymer
Acid S40P to observe and establish the solubility of this
polymer in water (binary system). We call this system the
Acid S40P/water system. The second method involved
preparing solutions fixed Acid S40P/lecithin ratios of
1.9, 9, and 20. In this manner, the areas of interest were
delineated in the ternary phase diagram for the Acid S40P/
lecithin/water diagram.

The determination of the phases present in each sample
was performed initially by direct visual observation. Using
this method, the number of phases present in each sample
vial was determined, as well as the turbidity or transparency
and fluidity or isotropic nature of each sample using crossed
polarizers. This allowed for the delineation of the areas
shown in Figure 2 in magenta, blue, and green.

Study and characterization of the micellar phase...

In the diagram, the magenta area corresponds to the area
that is rich in water, where a region of emulsions appears,
which are separated into two phases, resulting in a white
precipitate on the bottom and an isotropic solution above it.
This separation occurred in less than a week, and said area
was not studied in detail. The area shown in blue extends
across the binary water/Acid S40P axis, and the region
of lecithin concentrations of less than 20% by weight. In
said area, samples with Acid S40P/Lecithin ratios of 9
and 20 were studied. These concentrations were chosen
because they are found within the region that can generate
the formation of the micellar phase, as the system has the
characteristics of a transparent phase (as seen in Figure 2 in
the magnified region) of low viscosity and isotropy.

When the content of Acid S40P and progressively the con-
tent of lecithin (green region) increase, there is a macroscopic
multi-phase region of dispersions with indeterminate milky
liquid yellow appearance, with a macroscopic appearance like
that seen in Figure 3a. The sample was observed to be 50%
Acid S40P, 33% lecithin, and 17% water by weight using
a polarizing microscope (see sample 20 shown in Figure 3a
regarding solubilization at an Acid S40P/lecithin ratio of
1.5) This sample was chosen to represent the multi-phase
region where New phases may form due to higher contents
of lecithin and the tendency of this lipid to form liposomes.

Figure 3b and 3c show the microphotographs taken
of the areas indicated by the arrows, which are the homo-
geneous intermediate and the turbid upper foam zones,
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[1] Two-phase region
70

[IJ Mono-phase region

[T] Multi-phases region
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Figure 2. Diagram of the ternary phases of the Acid S40P/lecithin/water system at a 30.0+0.1°C. The concentrations are shown in percentage
by weight (%W). The areas shown in in color were determined using direct visual observation. The red dots indicate samples prepared for
study at different degrees of dilution. The blue area in the magnified image corresponds to the single-phase region of the micelles, which

was the subject of study.
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respectively. The presence of a lamellar phase dispersed
in an isotropic phase was confirmed. The Maltese crosses
(refer to the area inside the green circle in Figure 3b for
details) and the mosaic birefringent areas (see Figure 3c)
are distinct characteristics of a lamellar structure (Cox
and Merz, 1958). Montalvo, et al., (2013) determined the
regions and the various structures that form in the Acid
S40P/lecithin/water system, creating a broader range of
concentrations in the phase diagram for higher contents of
soy lecithin than those presented in this study.

Figure 3. a) Location of sample 20 in the ternary diagram,
containing 50% Acid S40P and 33% lecithin, which displays
multiple phases separated macroscopically. b) Photograph taken of
the intermediate homogeneous phase of sample 20 shown in part a.
c¢) Photograph of the turbid upper foam zone of sample 20 shown
in part a. The photographs were taken using an optical microscope
with crossed polarizers at a magnification of 10X/0.25.
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Determination of viscoelastic behavior. To examine
and compare the changes in viscoelasticity, flow tests
were performed on the systems that are the subject of this
study, namely Acid S40P/water and Acid S40P/lecithin/
water. Samples from both systems that presented a stable
homogeneous phase were studied. In Figure 4, the curves
corresponding to the samples of the binary system Acid
S40P/water are shown. In each case, newtonian behavior was
present, with viscosity being independent of the gradient of
the shear velocity. The viscosity values that were estimated
presumably correspond to the micellar aggregates in the
aqueous solutions due to the data found regarding the CMC
using the surface tension method and due to the display
of newtonian behavior. Thus, the existence of aggregates of
spherical structure in the aqueous solution is proposed.

To evaluate the effects of the surfactant on viscosity,
the viscosity values are presented as a function of the
percentage of polymer composition. In Figure 4b, the
viscosity at a shear velocity of zero significantly increases
as the content of S40P increases, up to a value of 50% by
weight. The existence of a maximum can be attributed to the
presence of a large number of aggregates and an increase in
size. If the micelles are large enough to be highly flexible at
the maximum concentration value, viscosity will decrease.
The same behavior was found in microemulsions with HM-
PEG (Karlsson, et al., 1999) and for micelles in systems
with surfactants (Karlsson, et al., 1999; Antunes, et al.,
2003; Montalvo, et al., 2003). Continually increasing the
surfactant content (Acid S40P) resulted in an abrupt decrease
in the viscosity up to a composition of 70% surfactant.
The decrease in viscosity as a result of an increase in
concentration has been reported in aqueous solutions with
end-capped PEG polymers (Cox & Merz, 1958). At a value
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Figure 4. Flow tests of samples that presented a stable and homogeneous phase for the Acid S40P-water system. a) Logarithmic graph of
viscosity as a function of shear velocity at 30 °C. Corrections have been made to adjust for inertia; b) Logarithmic graph of the viscosity
values as a function of the percent content of Acid S40P at 30 °C for each of the samples. The regression line is for visual reference only.
Figure partially modified with permission from Montalvo, et al., (2013).
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of 75% surfactant content, viscosity begins to increase once
again, probably because this is the limit of the region where
turbid multiphase samples form.

The samples in the blue area of Figure 2 corresponding
to the single-phase homogeneous and stable system S40P/
lecithin/water with Acid S40P/lecithin ratios of 9 and
20 were also studied. In the stipulated conditions of the
experiments, the behavior shown in Figure 5a was observed,
where samples with a 65% Acid S40P content (sample 26)
and a 70% Acid S40P content (sample 23) act as newtonian
fluids, while all other samples displayed a pseudoplastic
behavior, that is to say, their viscosity is initially constant,
but decreases as the gradient of the shear velocity increases.

Regarding the samples with pseudoplastic behavior, the
high values of viscosity and the dependency of the viscosity
upon the gradient of the shear velocity are indications that the
aggregates in the aqueous solution were elongated (Karlson,
et al., 1999; Shikata, et al., 1988; Rehage & Hoffmann,
1991; Clausen, et al., 1992). Initially, the constant viscosity
value (newtonian regime) is due to the randomly distributed
elongated aggregates, but when a shear stress is applied
to these aggregates, they tend to orient themselves in the
direction of the flow, resulting in a decrease in viscosity.
The lower the gradient of the shear velocity produced by the
decrease in viscosity, the more flexible the micelles, which
can therefore orient themselves more easily.

The samples that displayed newtonian behavior had a
high viscosity value when compared to those of the Acid
S40P/water system with the same proportion of polymers,
and also possessed newtonian characteristics. Although
there is no clear evidence of the formation of a cylindrical
micelle structure for these systems, it is possible that the
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aggregates were already elongated, but were smaller in size,
meaning that in order to orient themselves in the direction of
the flow they would require higher shear velocities.

Figure 5b shows that as the viscosity (newtonian regime
values) increased, it reached a maximum of 50% and then
decreased in relation to the Acid S40P/lecithin up until
a value of 70%. When comparing these results to those
shown in figure 4b, the same behavior is observed. The rise
in viscosity can be explained by an increase in the size of
the aggregates in the solution and their greater flexibility,
corroborated by a lower critical shear velocity value at which
the drop in viscosity occurs (Figure 5a). When the surfactant
content is above 50%, viscosity decreases (Cortes, et al.,
1999). The open dots on the graph have a higher lecithin
content than those represented by the closed dots. The
different values evidence the interaction of the lecithin
with the Acid S40P.

Both moduli G' and G" increase with the angular
frequency predicted using Maxwell model 2 and 1, respec-
tively (see Figure 6b). Although the Maxwell model predicts
that at a high angular velocity, the value of the storage
modulus will reach a plateau, while the loss modulus
reaches a maximum. This did not occur within the range of
frequencies that were observed. The moduli G' and G™ were
adjusted simultaneously using the equations of the Maxwell
model, where the relaxation time t and the plateau value
for G, are the only adjustment parameters. The obtained
relaxation time values were 9.5 (+ 0.5) ms and 4.8 (+ 0.2)
ms for the samples with a 50% and 54% Acid S40P content
by weight respectively. These values are of the same order
of magnitude as those of micelles in viscoelastic rod form
(Khromova, et al., 2001).
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Figure 5. Flow tests of samples that presented a stable and homogeneous phase for the Acid S40P/lecithin/water system. a) Logarithmic
graph of viscosity as a function of the shear velocity at 30 °C. Corrections have been made to adjust for inertia. b) Logarithmic graph of
the viscosity of the newtonian regime as a function of the percent content of Acid S40P at 30 °C. The black dots () correspond to the Acid
S40P/lecithin=20 line, and the white dots (0) correspond to the Acid S40P/lecithin=9 line.
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Figure 6. Oscillatory tests for the samples of the stable single-phase micellar region of the phase diagram of the S40P/lecithin/water system.
a) Section of the phase diagram that indicates the samples measured and their macroscopic appearance: samples of 50% Acid S40P/5.5%
lecithin and 4% Acid S40P/6% lecithin compositions. b) The complex viscosity modulus (n*), the elastic modulus , and the viscous modulus
versus the frequency of oscillation obtained by applying amplitudes of ¢ = 4 Pa (sample 5) and 3.5 Pa (sample 28) at an interval of
frequencies from 0.5 to 20 Hz for the two samples. b) Loss tangents (defined as G/) versus the frequency of oscillation for said samples.

For the purposes of comparing the elasticity of each of
the samples, the loss tangent has been plotted against the
frequency of the oscillation (Figure 6c¢). The loss tangent is
a dimensionless parameter defined as the ratio of the loss or
viscous modulus G" and the storage or elastic modulus G'.

In examining Figure 6, it is observed that the loss tangent
continuously decreases as the frequency increases, with a
slope of approximately -1, in accordance with Maxwellian
behavior. All of its values are greater than 1, which indi-
cates a greater viscosity than elasticity in the samples
(Montalvo, et al., 2003). In this particular case, the sample
of composition 50% Acid S40P/5.5% lecithin (sample 28)
has higher tangent loss values than those of the sample of
composition 54% Acid S40P/6% lecithin (sample 5), which
means that the highest elastic contribution is found in sample
5, whose composition was 54% Acid S40P/6% lecithin.

Conclusion

The formation of multiple phases is possible in systems with
hydrophobically modified polymers, as evidenced by the
ternary phase diagram presented for Acid S40P/lecithin/
water. The use of a phospholipid mixture augments the com-
plexity of the system and its number of degrees of freedom.
In some cases, various macroscopically separated co-
existent phases were observed, emphasizing the lack of
homogeneity in certain regions. A micellar region forms
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in this system that has been characterized through the
determination of the CMC of the micelles of Acid S40P
in water and by measuring viscosity. The samples of the
Acid S40P/water system acted as newtonian fluids, which
suggests that their micelle formations tend to be spherical.
When linking the viscosity values obtained for each of the
samples to the Acid S40P value in percent by weight, a
decrease in viscosity is observed when the content of Acid
S40P exceeds 50%. This may be due to a gradual change at
the molecular level from a structure that contains micellar
aggregates that are interconnected via polymer bridging to
a more molten state where the hydrophilic and hydrophobic
microaggregation is less pronounced.

When the soy lecithin was added to the Acid S40P/water
system, it was concluded that it interacted with the Acid
S40P, and that the nature of the interaction was probably
hydrophobic. The majority of the samples behaved as
pseudoplastic fluids. Initially, the constant viscosity value
(newtonian regime) is due to the randomly distributed
elongated aggregates, but when a shear stress is applied
to these aggregates, they tend to orient themselves in the
direction of the flow, resulting in a decrease in viscosity. The
viscosity of the newtonian regime increases with the content
of Acid S40P, but as is the case with the system that does
not contain lecithin, the viscosity decreases when the Acid
S40P content is above 50%. With respect to the behavior
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of the samples analyzed in the oscillatory tests, the viscous
modulus G" was greater than the elastic modulus G'. This
behavior is consistent with the Maxwell model.
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Resumen

Los macroinvertebrados acuaticos (MA) exhiben una amplia variedad de funciones en los ecosistemas acuéticos
(detritivoros, depredadores y alimento) lo cual mantiene el equilibrio en el los flujos de materia y energia. En el
presente estudio se confirma la importancia tréfica de MA en la dieta de peces de sistemas loticos. El estudio se
desarrollé en la cuenca del rio Hacha (Caqueta, Colombia) en 6 estaciones de muestreo; se realizd la captura de peces
para el andlisis de sus contenidos estomacales. Adicional se tomaron muestras de MA como material de referencia para
comparar con los encontrados en los contenidos estomacales de los peces. Para el analisis de datos, se aplicaron tres
indices de diversidad en los MA; respecto a los contenidos estomacales en peces se estimo el porcentaje de frecuencia
de ocurrencia (%FO) y el porcentaje de dominancia (%D) y se evalué el solapamiento de nicho mediante un clister
con distancia euclidiana. Las estaciones de la cuenca alta y media presentaron los mayores valores de diversidad
de MA. Respecto a los peces, la familia Characidae agrupé la mayor riqueza de especies; Astyanax abramis fue el
taxon mas representativo en distribucion y abundancia. En términos de habitos alimenticios, se identificaron especies
de peces generalistas que consumen MA y especialistas que pueden o no consumir. Characidium zebra y Astyanax
abramis, presentan una fuerte relacién con el consumo de MA. Leporinus frieredici y Leporinus y-ophorus fueron las
especies con mayor solapamiento de nicho. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.

Palabras clave: Diversidad; Habitos alimenticios; Peces; Invertivora; Solapamiento de nicho.
Aquatic macroinvertebrate present in fish diets of the basin of Hacha river (Caquetd, Colombia)
Abstract

Agquatic macroinvertebrates (MA) are vital to the daily health of their related habitats, as detritivores, predators, and
prey. In this study we demonstrate the trophic importance of MA’s, as prey items to fishes in the river basin Hacha
(Florencia-Caquetd) by analyzing their stomach contents. Six sampling stations were defined taking into account
upper, middle and lower part of the basin; Field samples of MA as reference material and fish were collected were
captured 3 arts used traditional fishing. For data analisys, three indices of diversity were calculated for MA; regarding
fish stomach contents was estimated percentage frequency of occurrence (%FO) and the percentage of dominance
(%D), plotting their values; niche overlap was also evaluated using a cluster with euclidean distance. Stations 1,
2, 3 and 4 showed the best values of diversity of MA. The Characidae family has the highest species richness of
Characiformes fish, being Astyanax abramis with better distribution and abundance. Generalist species that consume
aquatic macroinvertebrates and specialist species that may or may not consume aquatic macroinvertebrates were
identified. Characidium abramis zebra and Astyanax, are more related to consumption MA. Leporinus friderici and
Leporinus y-ophorus were those with high niche overlap. © 2016. Acad. Colomb. Cienc. Ex. Fis. Nat.

Key Words: Diversity; Eating habits; Fish; Invertivora; Niche overlap.

Introduccion a 0,5 mm de longitud, habitando en los ecosistemas I6ticos,
Los macroinvertebrados acuéticos (MA) eces se con piedras, troncos, hojarasca, enterrados en el fondo, adheridos
nv uatl yp a vegetacion y nadando libremente dentro del agua o sobre

sideran las principales comunidades de animales que se 1 cficie (Rolda .
. i oldan, Posada & Gutiérrez, 2001).
desarrollan en los ecosistemas de agua dulce (Roldan, 1992), a superficie ( )

encontrando una gran diversidad de especies en la region E
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Los peces son los principales vertebrados existentes en
los ecosistemas acuaticos; la presencia de esta comunidad
define las redes troficas (Ramirez & Vifa, 1998), incidiendo
sobre la estructura del ecosistema (Carpenter, et al., 1987;
Quirdés & Boveri, 1999; Meijer, De Boois, Scheffer,
Portielje & Hosper, 1999; Kasprzak, Benndorf, Mehner
& Koschel, 2002), cuyos efectos dependen de laselectividad
del alimento, estructura demografica, distribucion espacial,
dominancia de especies (Roche & Rocha, 2005) y solapa-
miento de nichos. Asi mismo, sus habitos alimenticios
permiten conocer el rol tréfico que puede tener con las
diferentes comunidades acuéaticas (Hyslop, 1980; Barros,
2004), en términos de consumo Yy disponibilidad de alimento
en el medio (Mufioz, Romani, Rodriguez-Capitulo,
Gonzalez & Garcia-Berthou, 2009). Estos habitos se
pueden clasificar a partir de los items ingeridos, identificando
asi especies omnivoras, planctivoras, detritivoras, ilidfagas,
piscivoras, insectivoras, herbivoras e invertivoras (Hahn,
Fugi, De Almeida, Russo & Loureiro, 1997).

Las especies icticas que consumen macroinvertebrados
acuaticos se clasifican como invertivoras (Ortaz, Martin
& Lo6pez-Ordaz, 2011); estas especies moldean constan-
temente la estructura de la comunidad presa (Flecker, 1992;
Taphorn, 1992), incidiendo como variable hioldgica sobre
su abundancia y riqueza.

Una de las metodologias que se emplea para establecer
la relacion trofica entre MA y peces es el analisis de
contenidos estomacales (Hyslop, 1980; Amundsen, Gabler
& Staldvik, 1996; Ren6, Bornatowski & Simdes, 2012).
En Colombia, Sanchez, Galvis & Victoriano (2003), Aten
et al. (2005), Maldonado-Ocampo, et al. (2005), Galvis,
et al. (2006), Torres, Roldan, Asprilla & Rivas (2006),
Zamudio, Urbano, Maldonado-Ocampo, Bogota-Gregory
& Cortes-Millan (2008), Olaya-Nieto, Soto-Fernandez &
Barrera-Chica (2009), Olaya-Nieto, Arellano-Padilla &
Martinez-Gonzélez (2012), utilizaron diferentes métodos
para el analisis de contenidos estomacales, identificando
a la comunidad de MA como item alimenticio importante.

En la presente investigacion se identificaron las especies
icticas que se alimentan de macroinvertebrados acuaticos y
cudles son los taxones consumidos, a partir de la proporcion
y composicion en sus contenidos estomacales.

Metodologia

Area de estudio: El estudio se llevo a cabo en la cuenca alta
(estacion 1y 2), media (estacion 3y 4) y baja (estacién 5y
6) del rio Hacha (Florencia-Caquetd), con un rango altitudinal
que va desde los 919 msnm hasta los 253 msnm, en la region
andino-amazonica del departamento del Caquetd; entre las
coordenadas de referencia N 1° 47" 16,4 — W 75° 39" 13,8”
yN1°35" 39,1 -W 75°35" 42,1”" (Figura 1). En términos
de paisaje se identificaron bosque, agricultura, pastoreo y
asentamientos humanos, principalmente en la estacién 5
relacionada con la cabecera municipal de Florencia; en
la mayoria de estaciones se identifico vegetacion de tipo

Macroinvertebrados acuéticos como alimento en peces

arbérea, arbustiva, herbacea y pasturas, a excepcion de la
estacién 6 donde dominan los pastos, con alta fragmentacion
del bosque. En la cuenca alta y media se registré un 90 a 70%
de vegetacion riparia, disminuyendo en la cuenca baja hasta
un 20% (estacion 6). El agua se observé transparente en las
primeras 4 estaciones, aumentando la turbidez en la estacion
5y 6, cuyas caracteristicas estan dadas por la geomorfologia
del lecho del rio, dominando el sustrato rocoso en la cuenca
alta y media, y fino en la cuenca baja.

Fase de campo y laboratorio: El tiempo de muestreo
abarco los meses de mayo a diciembre de 2014 y enero de
2015. En las seis estaciones que se trabajaron, la informacion
bioldgica se colecto en un tramo de 100 m de longitud,
realizando una réplica por punto. Para la colecta de MA,
se utilizo una red surber de marco de 30 cm?con poro de
malla de 150 micras y se tuvo en cuenta la composicion
del sustrato en el lecho rio para asi abarcar los diferentes
microhabitats disponibles, y los sitios donde se capturaron
peces. Posteriormente, el material fue preservado en etanol al
95% y llevado al laboratorio para conteo ¢ identificacion de
los diferentes taxones con la ayuda de guias y claves taxo-
némicas de McCafferty (1981), Roldan (1988), Klemm
(1995), Epler (1995, 1996), Merrit, Cummins & Berg
(2008), Voshell (2002), Pescador, Ramussen & Harris
(2002), Pescador & Barton (2004), Heckman (2008),
Dominguez & Fernandez (2009), Springer, Ramirez &
Hanson (2010).

Cuenca hidrografica del rio Hacha (Florencia, Caquetd)
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Figura 1. Mapa Cuenca del Rio Hacha. Se identifican las estaciones
de muestreo en circulos.
Fuente: Remicio (2014), modificado por los autores.
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Los peces fueron capturados utilizando tres artes tradi-
cionales, chile, anzuelo y caretaje nocturno manual. Con
el chile se realizaron en promedio 50 lances aleatorios
sobre el tramo de estudio. Los anzuelos se fijaron en varas
ancladas en los dos méargenes del rio. El caretaje se realizo
en la noche, utilizando linterna, pistola y una malla de mano
para la captura de especimenes, sumergiéndose en el agua
y buscando en los diferentes sustratos presentes (se empled
principalmente para la captura de individuos de Characidium
zebra). Los individuos cuya longitud no superaron los 50
mm se preservaron en frascos plasticos de 500 cm?® con
solucién Transeau; los peces con talla mayor se inyectaron
por el ano con formol al 10% y se guardaron en bolsas
herméticas. Posteriormente se llevaron al laboratorio para
su identificacion utilizando las guias y claves taxondomicas
de Géry (1977), Galvis, et al. (1997, 2006), Mojica
(1999), Maldonado-Ocampo, et al. (2005), Gregory &
Maldonado-Ocampo (2006), Roman-Valencia (2007),
Rubio (2007) y Sanabria, Daza & Beltran (2007).

Para analizar los contenidos estomacales en peces
se tuvo en cuenta las recomendaciones expuestas por
Marrero (1994) y Mufioz, et al. (2009), diseccionando
los especimenes y retirando el estomago; el contenido se
deposito en una caja de Petri con alcohol al 70%. Los restos
de MA fueron separados y comparados con el material de
referencia colectado en campo.

Anélisis de datos: Para la comunidad de MA se
determinaron los indices de diversidad de Shannon-Weaver,
Pielou y la riqueza especifica, en cada una de las estaciones
de estudio, utilizando el programa Past V2.1 (Hammer,
Harper & Ryan, 2002).

Respecto a la estimacion de los items alimenticios
en los estdbmagos examinados, se utiliz el porcentaje de
frecuencia de ocurrencia (%FO), quien relaciona el nimero
de estdbmagos con el item alimenticio especifico, respecto al
numero total de estémagos registrados (Hyslop, 1980). La
formula es la siguiente:

) %FO= ip x 100
Donde:

J: estdbmagos con item alimenticio especifico.

p: total de estdémagos con item registrados.

También se tuvo en cuenta la propuesta de analisis de
items alimenticios en peces evaluado por Bennemann,
Cassatti & Cristiane de Oliveira (2006), expresado
como dominancia relativa, haciendo referencia al nimero
de veces en que un item especifico ocupa la mayor parte
del contenido estomacal en funcién del ndmero total de
estdmagos analizados. )

%D= ]Tx 100

Donde:

J: estdbmagos con item alimenticio especifico.

p: total de estbmagos con item registrados.

Los datos obtenidos en los estimativos anteriores
fueron graficados teniendo en cuenta la metodologia de
Costello (1990), ubicando la Dominancia (%) en el eje Yy
la Frecuencia de Ocurrencia (%) en el eje X. Bennemann,
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et al. (2006) modifica la ecuacion de Costello (1990)
sustituyendo Peso (%) por Dominancia (%). Esta gréfica
permite visualizar la importancia de cada items alimenticio.
Las graficas se realizaron con el programa “R V3.3.2
utilizando la libreria plot™.

Ademas se evalud el solapamiento de nicho entre peces
a través de la distancia euclidiana, teniendo en cuenta los
valores de dominancia representativos en las especies que
presentan MA como items significativo. Para este analisis
se utilizo el programa “Past V2.1” (Hammer, et al., 2002).

Resultados

Macroinvertebrados acuaticos: Se recolectaron en total
5 phylum, 6 clases, 15 6rdenes, 41 familias, 63 géneros
y 971 organismos, donde la clase Insecta fue la categoria
taxondmica con mayor abundancia de individuos (Tabla
1). A nivel de érdenes, Trichoptera, presento la mayor
dominancia de géneros en las seis estaciones de estudio,
seguido de Diptera y Coleoptera. En términos de diversidad,
las estaciones 1, 2, 3, 4 tienen una mayor riqueza, diversidad
y mejor distribuciéon de taxones en el medio acuatico, a
diferencia de las estaciones 5 y 6, cuyos valores fueron los
maés bajos (Tabla 2).

Peces: se colectaron 2 6rdenes, 9 familias, 24 especies
y 752 individuos (Tabla 3). El orden Characiformes tiene la
mayor riqueza de especies, al igual la familia Characidae,
siendo la especie Astyanax abramis el taxén mas abundante
y con mayor distribucién a lo largo de la cuenca del rio
Hacha. Loricaridae es una familia que también presento
igual nimero de especies que Characidae, pero su individuos
son bentonicos detritivoros y no tienen una relacion fuerte
con los MA, al revisar algunos contenidos estomacales en
el presente estudio.

Analisis de contenidos estomacales: teniendo en cuenta
la Tabla 4 se observa que la mitad aproximada de taxones
del orden Characiformes presentan macroinvertebrados
acuéticos como item alimenticio representativo. En el caso
de los Siluriformes, Pimelodella cf. cristata y Pimelodus
blochii son las Unicas dos especies que se relacionan con
el item de estudio. De los 24 taxones pre-seleccionados se
escogen solo 9, teniendo en cuenta una mayor presencia de
macroinvertebrados acuticos en los contenidos estomacales
(Tabla 4). Astyanax abramis es la especie con mayor nimero
de items alimenticios.

Graficas de Costello: al hacer la representacion por el
método grafico de Costello (1990), (Figura 2), se identi-
ficaron claramente 2 grupos troficos: Especies generalistas
omnivoras que contienen MA, Astyanax abramis (familias
Baetidae, Chironomidae y Libellulidae) y Leporinus
friederici (Chironomidae). En el caso de Pimelodella cf.
cristata, se observo una tendencia hacia el grupo trofico
especialista de chironémidos (especie invertivora). El
segundo grupo son especies especialistas con dominancia
del algun item particular, que pueden o no contener MA.
Pimelodus blochii, Hemibricon sp. Brycoamericus sp. y
Creagrutus cochoui, se alimentaron principalmente de
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Tabla 1. Composicién macroinvertebrados acuaticos. Se muestran las abundancias de los diferentes taxones recolectados en campo. No

determinado (N.D).

PHYLLUM CLASE ORDEN FAMILIA GENERO El E2 E3 E4 E5 E6
Annelida Oligochaeta Haplotaxida Naididae N.D 6 84 26
Hirudinea Rhynchobdellida Glossiphoniidae Helobdella spp. 3
Arthropoda Arachnoidea Acari N.D N.D 1 4
Insecta Coleoptera Dytiscidae cf. Celina 1
Elmidae Phanocerus spp. 3 1
N.D1 6 2 2 9 2
N.D 2 2
Heterelmis spp. 14 7 22 22 4
Hexanchorus spp. 2 1 1
Macrelmis spp. 3 2 1 5
Cylloepus spp. 2 3
Microcylloepus spp. 2
Pseudodisersus spp. 1 3 3
Psephenidae N.D 2
Ptilodactylidae Anchytarsus spp. 4 8 1 4
Diptera Blephariceriidae N.D 1 12 3
Ceratopogonidae Atrichopogon spp. 2 3
Chironomidae N.D1 24 16 12 33 95 56
N.D2 7 1 7 8 2
N.D3 2 6
Empididae Hemerodromia spp. 4 1 1 2
Simuliidae Simulium spp. 1 1 2
Psychodidae Pericoma spp. 2 1
Psychoda spp. 2
Tabanidae N.D 1 1
Tipulidae Hexatoma spp. 1
Molophilus spp. 2
Ephemeroptera Baetidae Camelobaetidius spp. 9 10 7 14
Baetodes spp. 4 1 1 1 5
N.D 1
Leptophlebiidae Thraulodes spp. 5 8 1 1 5
Terpides spp. 1
Traverella spp. 4 2 1
Leptohyphidae Leptohyphes spp. 16 4 2 25 7
Tricorythodes spp. 1 1 8
Oligoneuriidae Lachlania spp. 2
Hemiptera Naucoridae Cryphocricos spp. 3 1
Limnocoris spp. 1 4
Veliidae Rhagovelia spp. 9 5 1
Lepidoptera N.D N.D 1
Megaloptera Corydalidae Corydalus spp. 2 2 1
Odonata Gomphidae N.D 1
Libellulidae N.D 4 1 1 10
Calopterygidae Hetaerina spp. 2
Coenagrionidae Enallagma spp. 1
Plecoptera Perlidae Anacroneuria spp. 8 2 4 13
Trichoptera Calamoceratidae Phylloicus spp. 2
Glossosomatidae Mortoniella spp. 13 1 1
Leptoceridae Atanatolica spp. 4
Grumichella spp. 43
N.D 1 1
Hydrobiosidae Neoatopsyche spp. 1
Helicopsychidae Helicopsyche spp. 2
Hydropsychidae Leptonema spp. 6 5
Smicridea spp. 25 2 3 12 2 8
Hydroptilidae N.D 7 1 1 2
Ochrotrichia spp. 2
Philopotamidae Chimarra spp. 3 1 2 2
Polycentropodidae Cyrnellus spp. 3
Mollusca Lymnaeidae Lymnaea spp. 2
Mesogastropoda Hydrobiidae N.D 1
Nemathomorpha  N.D N.D N.D N.D 1
Plathelminthes Turbelaria Tricladida Planariidae Dugesia spp. 1
5 6 15 41 63 971
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Tabla 2. indices de diversidad, macroinvertebrados acuaticos. indice de diversidad de Shannon-Weaver (H"), equitatividad de Pielou (J°).

INDICES E1l E2 E3 E4 E5 E6
Riqueza 31 24 28 36 18 15
Diversidad (H") 2,9260 2,7080 2,8390 3,0050 1,5220 1,8060
Equitatividad (J°) 0,8522 0,8521 0,8518 0,8385 0,5267 0,6670

Tabla 3. Composicion ictica. Se muestran los diferentes taxones colectados con la metodologia propuesta.

ORDEN FAMILIA

ESPECIE El E2 E3 E4 E5 EG6

Characiformes ~ Anostomidae

Characidae

Crenuchidae
Curimatidae
Parodontidae

Prochilodontidae
Heptapteridae
Loricariidae

Siluriformes

Pimelodidae
2 9

Leporinus friderici (Bloch, 1974) 42
Leporinus y-ophorus (Eigenmann, 1922) 38
Leporinus striatus (Kner, 1858 ) IDEM A LO ANTERIOR 1 1

Astyanax abramis (Jenyns, 1842) 35 56 57 66 36
Astyanax fasciatus (Cuvier, 1819) 4
Creagrutus cochui (Géry, 1964) 2 2
Bryconamericus sp. ( Eigenmann, McAtee and Ward, 1907) 7
Hemibrycon sp. (Glinter 1864) 56 44 55

Knodus sp. (Eigenmann 1911) 1

Tetragonopterus argenteus (Cuvier, 1816) 12
Characidium zebra (Eigenmann, 1909) 7 8 10

Steindachnerina bimaculata (Steindachner, 1876) 6
Parodon cf. Pongoensis (Allen 1942 en Eigenmann & Allen, 1942) 2
Parodon sp. (Cuvier and Valenciennes,1850) 14
Prochilodus nigricans (Spix & Agassiz, 1829) 1 5 5
Pimelodella cf. Cristata (Miiller & Troschel, 1849) 47
Ancistrus spl. (Kner, 1854) 12 9
Ancistrus sp2. (Kner, 1854)

Cordylancistrus sp. ( Isbriicker, 1980) 15 2
Chaetostoma sp. (Tschudi, 1846) 6 3
Hypostomus plecostomus (Linnaeus, 1758)

Rineloricaria spl. (Bleeker, 1862 )

Rineloricaria sp2. (Bleeker, 1862 ) 8
Pimelodus blochii (Cuvier & Valenciennes, 1840) 45
24 752
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hormigas (especies insectivoras que consumen individuos
de la familia Formicidae), encontrando MA frecuentes pero
no dominantes. Leporinus y-ophorus es una especie con
caracteristicas detritivoras, pero contiene un valor signifi-
cativo de MA, al igual que Brycoamericus sp. que consume
hormigas (especie insectivora), con un valor importante de
quirondmidos. Characidium zebra es una especie inverti-
vora que consume principalmente tricopteros de la familia
Hydropsychidae, ademas de otros MA y restos vegetales.

Contrastando los resultados de habitos alimenticios
para cada especie con la literatura se encontrd resultados
similares, resumidos en la Tabla 5.

Solapamiento de nicho: Leporinus friederici y Leporinus
y-ophorus fueron las especies con mayor similitud en el
consume de items alimenticios (Figura 3). Este agrupamiento
esta determinado por el consumo de quironomidos, restos
vegetales y detritus. También se conform6 un segundo grupo
con Astyanax abramis y Pimelodella cf. cristata, cuyos items
de agrupamiento son semillas, hormigas y quironémidos.
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Characidium zebra y Brycoamericus sp. fueron las especies
que mas difieren del grupo; para la primera, su dieta alimen-
ticia esta conformada principalmente por MA, respecto a la
segunda se caracteriz6 por consumir hormigas (Formicidae).

Discusién

Macroinvertebrados acuéticos: la clase Insecta constituye
el grupo méas numeroso de los Artrépodos, cuyo caracter
distintivo es la presencia de estructura articuladas (Masiac,
Guilbot & Albouy, 2006). En el rio Hacha, se encontraron
principalmente en estados inmaduros (ninfas, larvas), al
igual que en los contenidos estomacales, con excepcion de
los vélidos y algunos coledpteros de la Familia EImidae en
estado adulto.

El dominio de Trichoptera, Diptera y Coleoptera,
contrasta con los resultados reportados por Lépez, Gaspar
& Pelaez (2012), para la misma cuenca. En los contenidos
estomacales (Tabla 4) se identificaron 3 familias de tricop-
teros que se fijan en sustratos duros, Hidroptylidae y
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Tabla 4. Analisis de contenidos estomacales.

Pimelodus blockii (Rango longitud estandar: ACP=13-15,6; n=30)

Macroinvertebrados acuéticos como alimento en peces

Characidium zebra (Rango longitud estandar: ACP=6,6-7,1; n=15

item alimenticio FO %FO D %D
Resto vegetal 15 50,0 5 16,7
Semilla 7 23,3 2 6,7
Escama 16 53,3 5) 16,7
Formicidae 26 86,7 15 50,0
Vertebrado 3 10,0 2 6,7
Detritus 1 3,3 1 3,3
Mineral 9 30,0 - <0,1
Invertebrado 8 26,7 - <0,1
Chironomidae 26 86,7 - <0,1
Psychodidae 5 16,7 - <0,1
Elmidae 6 20,0 - <0,1
Naididae 2 6,7 - <0,1
Hidroptylidae 1 3,3 - <0,1

Pimelodella cf. Cristata (Rango longitud estindar: ACP=9,2-12,5; n=30

Item alimenticio FO %FO D %D
Semillas 4 13,3 5 16,7
Restos vegetales 7 23,3 9 30

Formicidae 4 13,3 2 6,7
Chironomidae 21 70,0 14 46,7
Invertebrado 4 13,3 - <0,1
Detritus 2 6,7 - <0,1
\ertebrado 5 16,7 - <0,1
Piedras 4 13,3 - <0,1
Mineral 21 70,0 - <0,1
Elmidae 1 10,0 - <0,1
Escama 5 16,7 - <0,1

Item alimenticio FO %FO D %D
Material vegetal 1 20,0 0,7 13,3
Hydropsychidae 3,7 73,3 3,0 60,0
Philopotamidae 0,7 13,3 0,7 13,3
Chironomidae 0,3 6,7 0,3 6,7
Leptoceridae 0,3 6,7 0,3 6,7
Hemibrycon sp. (Rango longitud estandar: ACP=7-9,5; n=90)

item alimenticio FO %FO D %D
Formicidae 24,0 80,0 21,0 69,7
Resto vegetal 9,3 31,1 5,0 16,3
Invertebrado 5,0 16,7 2,7 8,9
Semilla 2,7 8,9 1,3 43
Veliidae 4,7 15,6 - <0,1
Hydropsychidae 6,0 20,0 - <0,1
Elmidae 358 11,1 - <0,1
Baetidae 18,3 61,1 - <0,1
Chironomidae 6,0 20,0 - <0,1

Astyanax abramis (Rango longitud estandar: ACP=7,6-13,4; n=150)

Leporinus friederici (Rango longitud estandar: ACP=12-20; n=30)

Item alimenticio FO %FO D %D
Detritus 23 76,7 12 40,0
Chironomidae 23 76,7 4 13,3
Resto vegetal 24 80,0 10 36,7
Escama 9 30,0 3 10,0
Mineral 8 26,7 1 3,3
Formicidae 4 13,3 - <0,1
Psychodidae 8 26,7 - <0,1
Leporinus y-ophorus (Rango longitud estandar: ACP=14-18; n=30

Item alimenticio FO %FO D %D
Detritus 20 66,7 16 53,3
Chironomidae 27 90,0 2 6,7
Hydropsychidae 7 23,3 1 33
Resto vegetal 15 50,0 11 36,7
Acari 2 6,7 - <0,1
Empididae 5 16,7 - <0,1

Brycoamericus sp. (Rango longitud estandar: ACP=4,6-5,2; n=7)

Item alimenticio FO %FO D %D
R